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A.S.M. Metals Handbool^ contains approximately five hundred 
articles on metals and their alloys. These articles were prepared by 
authors or by committees under the direction and supervision of the 
Metals Handbook Committee. The men who have prepared Metals 
Handbook are all specialists and authorities in their particular field. 
This Handbook has been made possible by the co-operation of a large 
number of the members of the American Society for Metals. Approx¬ 
imately 2500 members have contributed in some way in the compila¬ 
tion of this Handbodk^ 

Our thanks and appreciation are extended to the authors, to 
members of all the committees, to the reviewers of abides and to 
the many firms who have so generously permitted their men to devote 
hours of valuable time to the preparation of tfS volume, who by 
their whole-hearted co-operation have made possible this edition of 
Metals Handbook- 

A considerable portion of Metals Handbook deals with non- 
ferrous metals and was prepared under the direction of the Tipn- 
ferrous Data Sheet Committee of the Institute of Metals Division 
of the American Institute of Mining and Metallurgical Engineers. 
We wish to take this opportunity to record the sincere appreciation 
of the membership of the American Society for Metals for the pro¬ 
duction of this very valuable portion of Metals Handbook* 

The volume is now presented to the members of the American 
Society for Metals u;ith the hope and belief that it will be of great 
service not only to the members but to the entire metal industry. 
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PREFACE 


0 

the preparation of Metals Handbook, the endeavor has been 
made to prepare a comprehensive volume of metallurgical subjects pertaining 
to the manufacture, treatment, and application of metals so that the metallurgist, 
engineer, student, and all those interested in metals will have readily available an 
jhauthoritative reference boo\ covering the field of metals and their alloys. In 
compiling the material for this edition, the committees in charge of the wor\ 
have selected those subjects having the most extensive interest. It is the aim to 
ma\e Metals Handboo\ a complete boo\ of reference on the subject of metals 
and this edition indicates that the attempt towards this end is becoming suc' 
cessful. Additional articles will be added and it will, therefore, eventually 
include the more specialized subjects dealing with metals. 

The same plan for the selection of subjects and for the arrangement and 
compilation of the subjects in the Handboo\ has been followed that was used 
in previous editions. This plan, formulated by R. S. Archer, consists of arrange 
ing the articles under several major headings as shown in the Table of Contents. 
Metals Handbook Committee has found this system very helpful in assigning 
subjects to authors and subcommittees and properly classifying them in the 
Handbocti. 

The material in this Handbook has been prepared by men tvho are all 
specialists and authorities in their particular field. They obtained the material 
either from their own researches or from sources considered trustworthy and 
reliable. The articles were carefully reviewed by Metals Handbook Committee 
and special reviewing committees. It is, however, recommended that the informa' 
tion in this Handbook should be interpreted by the reader in the light of his 
own personal experience and in accordance with his own plant equipment and 
practices. 

It is desired to emphasize that the material published in this Handboo\ is 
not intended for specifications and should not be interpreted by the reader as such. 

The American Society for Metals does not, by the publication of an article 
in this Handbook, insure anyone using such information against liability, nor 
does the Society assume any liability for infringement of any patent that may 
now exist or that may be issued later. Also, it should be understood that the 
^ publication of any article in this Handboo\ does not constitute a recommenda' 
tion of any patent or proprietary rights that may be involved. 



A considerable portion of this Handbook is devoted to a variety of subjects 
on nonferrous metallurgy. This is an important section of the HandbooJ^ and it 
is believed that it constitutes a section that meets a valuable need among the many 
readers. Material for the nonferrous section has been prepared and compiled by 
members of the Institute of Metals Division of the American Institute of Mining 
and Metallurgical Engineers through a co-operative arrangement with the Amer¬ 
ican Society for Metals. The ?{onferrous Data Sheet Committee of the Institute 
of Metals has completed a very successful and important program for this edition 
of Metals Handbook. The completion of this program has aided greatly in develop¬ 
ing the nonferrous section of the Handbook,, contains more than ever before 
information on the properties, technology, and application of nonferrous metals 
and their alloys. The personnel of the T^onferrous Data Sheet Committee of the 
Institute of Metals Division was as follows: Jerome Strauss, Chairman; W. L 
Fink; Remmers; E. E. Schumacher; E. M. Wise; and Lyall Zickrick- 

We especially wish to express our thanks and appreciation to the members 
of Metals Handbook Committee, its predecessors, its subcommittees, to the indi¬ 
vidual authors, to the T^onferrous Data Sheet Committee of the Institute of 
Metals Division of the American Institute of Mining and Metallurgical Engineers, 
and the many reviewers who have given so generously of their time and technical 
information in the preparation of this Handbook- 

We are indebted to Ralph Dowdell, Professor of Metallography, School of 
Mines and Metallurgy, University of Minnesota, and Miss Carrie Green, Teach¬ 
ing Assistant in Metallography, School of Mines and Metallurgy, University of 
Minnesota, for the preparation of the index. They have devoted much time and 
thought in the endeavor to prepare an adequate index for this volume. It is our 
hope and belief that their endeavors are successful. 

The users of Metals Handbook will be rendering a service if they will point 
out any errors that may come to their attention so that corrections can be prop¬ 
erly made in future printings. 

Each member of the Society should feel free to offer his constructive criticisms 
and suggestions, all of which are an indispensable auxiliary to the preparation 
and enlargement of future editions of this Handbook. It is only by the continua¬ 
tion of such co-operation that we may expect to have Metals Handbook continue 
its growth in the future as it has in the past. 
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Glossary of Selected Iron and Steel Terms and Definitions 
of Terms Relating to Heat Treatment Operations* 


(Especially as Related to Ferrous Alloys) 


Foreword to Definitions—In the development of the knowledge of heat treating 
operations some confusion has arisen concerning the terms commonly used. For 
example, the term “annealing” is applied by some to any operation of heating and 
cooling which results in softening, while as applied by others, the term does not 
mean softening primarily but describes a treatment consisting in heating above the 
upper critical temperature in steel and cooling very slowly. Similar confusion has 
for many years attended the use of the terms “hardening” and “tempering.” 

In any attempt to define accurately commonly used 
terms, it is necessary to decide whether the terms are to 
relate to the operation performed, or to the properties 
thus determined; in general, the terms given will relate 
to the operations performed, though this is not always 
possible. 

By critical temperatures, or by a critical temperature 
range, is meant those temperatures or that temperature 
range at which and in which iron-carbon alloys undergo 
transformation. Fig. 1 represents those schematically; all 
temperatures indicated are designated as transformation 
temperatures as determined on heating—this is the mean¬ 
ing of the c included in each term; it will be understood 
that Fig. 1 is not intended to give exact temperatures, 
for these vary with the rate of heating, are quite different 
on cooling, and vary with a number of factors. In Fig. 1 
each line is appropriately designated; modem usage is 
veering toward the use of simple letters to designate the 
various lines, and these are also indicated in Fig. 1. 

Acid Bottom and Lining—^The inner bottom and lining of a melting furnace composed of ma> 
terlals having an acid reaction in the melting process. The materials may be sand, siliceous rock, 
or silica bricks. 

Acid Brittleness—^The brittleness induced in steel, especially wire or sheet, when pickled In 
dilute acid for the purpose of removing scale or upon electroplating. This brittleness is commonly 
attributed to the absorption of hydrogen. 

Acid Steel—Steel melted in a furnace with an acid (siliceous) bottom and lining and under a 
slag which is dominantly siliceous. 

Aging—The spontaneous change in properties of a metal which occurs at relatively low tem¬ 
perature after a final heat treatment or a final cold working operation. Aging is a process in 
which the trend is toward a restoration of real equilibrium, and away from an unstable condition 
induced by a prior operation. The fundamental reaction involved is generally one of precipitation, 
sometimes submicroscopic. The method employed to bring about aging consists of exposure to a 
favorable temperature subsequent to (a) a relatively rapid cooling from some elevated temperature 
(quench aging) or (b) a limited degree of cold work (strain aging). 

Air Hardening Steel—An alloy steel which does not require quenching from a high temperature 
to harden, but which is hardened by simply coolmg in air from above its critical temperature range. 

Alloy—A mixture with metallic properties composed of two or more elements of which at least 
one is a metal. 

Alloy Elements—Chemical elements comprising an alloy; in steels usually limited to the 
metallic elements added to steel to modify its properties. 

Alpha Iron—See the article *Tron-Carbon Diagram" in this Handbook. 

Amorphous—Noncrystalline. 

Annealing—A heating and cooling operation implying usually a relatively slow cooling. 

Note—Annealing is a comprehensive term. The purpose of such a heat treatment may be: 

(a) To remove stresses. 

(b) To Induce softness. 

(c) To alter ductility, toughness, electrical, magnetic, or other physical properties. 

(d) To refine the crystalline structure. 

(e) To remove gases. 

(f) To produce a definite microstructure. 

In annealing, the temperature of the operation and the rate of cooling depend upon the 
material being heat treated and the purpbse of the treatment. 


^Prepared by the Committee on Definitions: R. F. Mehl, Chairman; ,C. H. Mathewson, R. B. 
Abom, and R. B. Schenck. 
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Certain specific heat treatments coming under the comprehensive term **annealing” are: 

A. Full Annealing—nesting Iron-base alloys above the critical temperature range, holding above 
that range for a proper period of time, followed by slow cooling to below that range. 

Note—^The annealing temperature is generally about lOO^F. above the upper limit of the 
critical temperature range, and the time of holding is usually not less than 1 hr. for each inch of 
section of the heaviest objects being treated (see tool steel section in this Handbook for tool 
steel practice). The objects being treated are ordinarily allowed to cool slowly in the furnace. 
They may, however, be removed from the furnace and cooled in some medium which will 
prolong the time of cooling as compared to unrestricted cooling in the air. 

B. Process Annealing —^Heating iron-base alloys to a temperature below or close to the lower 
limit of the critical temperature range followed by cooling as desired. 

Note—This heat treatment is commonly applied in the sheet and wire Industries, and the 
temperatures generally used are from 1020-1200”F. 

C. Normalizing —^Heating iron-base alloys to approximately 100°F. above the critical temperature 
range followed by cooling to below that range in still air at ordinary temperature. 

D. Patenting—'Renting iron-base alloys above the critical temperature range followed by cooling 
below that range in air, or in molten lead or a molten mixture of nitrates or nitrites maintained 
at a temperature usually between 800-1050“F., depending on the carbon content of the steel 
and the properties required of the finished product. 

Note—^Thls treatment is applied in the wire Industry to medium or high carbon steel as a 
treatment to precede further wire drawing. 

E. Spheroidizing —Any process of heating and cooling steel that produces a rounded or globular 
form of carbide. 

Note—The spheroidizing methods generally used are 

(1) Prolonged heating at a temperature Just below the lo^er critical temperature, usually 
followed by relatively slow cooling. 

(2) In the case of small objects of high carbon steels, the spheroidizing result is achieved 
more rapidly by prolonged heating to temperatures alternately within and slightly below the 
critical temperature range. 

(3) Tool steel is generally spheroldlzed by heating to a temperature of 1380-1480“F. for 
carbon steels and higher for many alloy tool steels, holding at heat from 1-4 hours and cooling 
slowly in the furnace. 

F. Tempering —(also termed drawing)—^Reheating hardened steel to some temperature below the 
lower critical temperature, followed by any desired rate of cooling. 

Note—^Although the terms “tempering’* and “drawing” are practically synonymous as used 
in commercial practice, the term “tempering” is preferred. 

G. Malleahllzing —^An annealing operation performed on white cast iron partially or wholly 
to transform the combined carbon to temper carbon, and in some cases wholly to remove the 
carbon from the iron by decarburization. 

Hote —^Temper carbon is free graphitic carbon in the form of rounded nodules composed 
of an aggregate of minute crystals. 

H. OrapAffizfnp—Oraphitlzing is a type of annealing for gray cast iron whereby some or all 
of the combined carbon is transformed to free graphitic carbon. 

Anstenlte—See the article “Iron-Carbon Diagram” in this Handbook. 

Banded Stmcture— A segregated structure of nearly parallel bands which run in the direction 
of working. 

Bark—^The decarburized skin or layer Just beneath the scale found after heating steel in an 
oxidizing atmosphere. 

Basie Bottom and Lining—The inner lining and bottom of a melting furnace composed of 
materials having a basic reaction in the melting process. The materials may be crushed burnt 
dolomite, magnesite, magnesite bricks, or basic slag. 

Basic Steel—Steel melted in a furnace with a basic bottom and lining and under a slag which 
Is dominantly basic. 

Bessemer Process—A process for making steel by blowing air through molten pig iron con¬ 
tained in a suitable vessel. The process is one of rapid oxidation mainly of silicon and carbon. 
Beta Iron—See the article “Iron-Carbon Diagram” in this Handbook. 

Billet—See "bloom. 

Billet Mill— See blooming mill. 

Binary Alloy —^An alloy containing two elements, apart from minor impurities. 

Black Annealing— A process of box annealing of sheets prior to tinning whereby a black color 
Is imparted to the surface of the product. 

Blast Furnace—A shaft furnace supplied with air blast, usually hot, for producing pig iron by 
smelting iron ore. The furnace is continuous in operation, the raw materials (iron ore, coke, and 
limestone) are charged at the top, and the molten pig iron and slag are collected at the bottom 
and are tapped out at intervals. 

Blister—A defect in metal produced by gas bubbles either on the surface or formed beneath 
the surface. Very fine blisters are called pinhead or pepper blisters. 

Blister Bar —^Wrought iron bars Impregnated with carbon and formerly used in the manufacture 
of crucible steel. Also called blister steel. 

Bloom (slab, billet, sheet bar)—Semifinished products of rectangular cross section with rounded 
comers, hot rolled from ingots. The chief differences are in cross sectional area, in ratio of width 
to thickness, and in their intended use. American Iron and Steel Institute Manual classifies general 
usage as follows: 
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Cross Section 

Type Width, In. Thickness, in. Area, sq. in. 


Bloom . Width equals thickness 36 (min.) 

Billet . IVi (min.) IVa (min.) 3y4-36 

Slab . 10+ (min.) 1*72 (min.) 16 (min.) 

Sheet bar . 8-16 y4-2* 2-32* 


*Calculated from weight range 7-54 lb. per lineal foot. 


Rerolling quality blooms, slabs, and billets are'^intended for hot rolling into shapes, 

plates, strip, bars, and wire rod. 

Forging quality blooms, billets, and slabs are intended for conversion into forgings. 

Sheet bar is converted by rolling into sheet, black plate, and tin plate. 

Blooming Mill—mill used to reduce ingots to blooms, billets, slabs, or sheet bars. Depending 
upon the product, the mill is called a blooming mill (cogging mill in England), a billet mill, or 
a slabbing mill. 

Blowhole—A hole produced during the solidification of metal by evolved gas which, in failing 
to escape, is held in pockets. 

Blue Annealing—^A process of annealing sheets after rolling. The sheets, if fairly heavy, are 
allowed to cool slowly after the hot rolling; if of lighter gage, as is usually the case, they are 
passed singly through an open furnace for heating to the proper annealing temperature. As the 
name indicates, the sheets have a bluish-black appearance. 

Blue Brittleness—Brittleness occurring in steel when worked in the temperature range of 
300-700®P., or when cold after being worked within this temperature range. 

Box Annealing—Softening steel by heating, usually at a subcritical temperature, in a suitable 
closed metal box or pot to protect It from oxidation, employing a slow heating and cooling cycle; 
also called close annealing or pot annealing. 

Bright Annealing—A process of annealing, usually with reducing gases, such that surface 
oxidation is reduced to a minimum, thereby yielding a relatively bright surface. 

Burning—The heating of a metal to temperatures sufficiently close to the melting point to 
cause permanent injury. Such injury may be caused by the melting of the more fusible constitu¬ 
ents. by the penetration of gases such as oxygen into the metal with consequent reactions, or per¬ 
haps by the segregation of elements already present in the metal. 

Capped Steel—See rimmed steel. 

Carbon Free—Metals and alloys which are practically free from carbon. 

Carbon Steel—Steel which owes its properties chiefly to various percentages of carbon without 
substantial amounts of other alloying elements; also known as ordinary steel or straight carbon 
steel or plain carbon steel. 

Carbonization—Coking or driving off the volatile matter from fuels such as coal and wood. 
(Carbonizing should not be confused with "carburizing”.) 

Carburizing (Cementation)—^Adding carbon to the surface of iron-base alloys by heating the 
metal below its melting point in contact with carbonaceous solids, liquids, or gases. 

Note—The term "carbonizing” is inadvisable and its use should be discouraged. 

Case—^The surface layer of an iron-base alloy which has been made substantially harder than 
the interior by the process of case hardening. 

Case Hardening—^A heat treatment or a combination of heat treatments in which the surface 
layer of an iron-base alloy is made substantially harder than the interior by altering its com¬ 
position (carburizing or cyaniding, both of which are ordinarily followed by quenching, or by 
nltriding). 

Cast Steel—Any object made by pouring molten steel into molds. 

Casting Strains—Strains accompanied by internal stresses resulting from the cooling of a 
casting. 

Cementite—See the article "Iron-Carbon Diagram” in this Handbook. 

Chill Cast Pig—Pig iron cast into metal molds or chills. If a machine is used the product is 
known as machine cast pig. 

Chipping—One method for removing seams and other surface defects with chisel or gouge, 
so that the defects will not be worked into the finished product. If the defects are removed by 
means of gas cutting the term "deseaming” or "scarfing” is used. Chipping is often employed 
simply to remove metal apart from defects. 

Cleavage Plane—It is frequently possible to fracture a crystal of a metal or other substance so 
that the surface of fracture is smooth and plane, and always parallel to some definite crystallo¬ 
graphic plane. This crystallographic plane is known as a cleavage plane. A substance may cleave 
on more than one crystallographic plane. 

Cogging—Rolling or forging ingots to reduce them to blooms. 

Cogging Hammer—^A forging hammer used to reduce ingots to blooms. 

Cogging Mill—See blooming mill. 

Cold Rolling—See cold working. 

Cold Shut—^A defect produced during casting of molten metal which may result from splashing, 
surging. Interrupted pouring, or the meeting of two streams of metal coming from different direc¬ 
tions. It may be due to the freezing of one surface before the other metal flows over it, or to 
tjie presence of Interposing surface films or dirt on cold sluggish metal, or to any factor that will 
prevent a perfect union where two surfaces meet that should fuse and blend. 

Cold Working—Plastic deformation of a metal at a temperature low enough to Insure strain 
hardening. 
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Combined Carbon—All the carbon In Iron or steel which Is combined with Iron or alloying ele¬ 
ments to form carbide. 

Core—The Interior portion of an Iron-base alloy which Is substantially softer than the surface 
layer as the result of case hardening. 

Note—Also, that portion of a forging removed by trepanning; the inner part of a rolled 

section of nmmed steel as distinct from the rimmed portion or rim; a body of sand or other 

material placed in a mold to produce a cavity in a casting. 

Cored Structure—A grain structure having composition gradients caused by the progressive 
freezing of the components in different proportions; the term “zonal structure” is in general pref¬ 
erable. In dendrites the cored or zonal 2 rt;ructure is manifested by solvent-rich crystal axes and 
solute-rich interstices. 

Critical Potnts-4-See the article “Iron-Carbon Diagram” in this Handbook. 

Critical Range—See critical points. 

Critical Temperature—See critical points. 

Crop—^The end or ends of an ingot containing the pipe or other defects which are cut off and 
discarded; also termed “crop end” and “discard.” 

Cup Fracture—^The form of fracture of a tension test specimen when the exterior portion Is 
extended and the interior relatively depressed, so that It looks like a cup. as the name implies. 
When only a portion of the exterior is extended the terms “half cupped” and “quarter cupped” 
are used, as the case may be. 

Cupping—A defect in wire which causes it to break with a cup fracture accompanied by very 
little reduction of area. 

Cyaniding—Surface hardening by carbon and nitrogen absorption of an iron-base alloy article 
or portion of it by heating at a suitable temperature In contact with a cyanide salt, followed by 
quenching. 

Decalescence—The absorption of heat which occurs when steel is heated through the Ac^ point. 

Decarburization—The removal of carbon (usually refers to the surface of solid steel) by the 
(normally oxidizing) action of media which react with carbon. 

Dendrite—A crystal formed by solidification, or in any other way. having many branches and 
a tree-like pattern; also termed “pine tree” and “fir tree” crystals. 

Deseaming—See chipping. 

Differential Heating—^Heating conducted in such a way that various portions of an object 
attain different temperatures so that upon cooling different properties are produced. 

Discard—See crop. 

Dissolved Carbon—Carbon in solution in either the liquid or solid state. 

Divorced Cementite—^The cementlte resulting from partial or complete spheroidizatlon, fre¬ 
quently observed In some slowly cooled steels, particularly fine grained, aluminum killed steel. 

Drawing Back—See tempering under annealing. 

Elongation—^The amount of permanent extension In the vicinity of the fracture in the tension 
test; usually expressed as a percentage of the original gage length, such as 25% in 2 in. It may 
also refer to the amount of extension at any stage in any process which continuously elongates a 
body, as In rolling. 

Endurance Limit—A limiting stress, below which metal will withstand without fracture an 
Indefinitely large number of cycles of stress. If the term is hsed without qualification, the cycles 
of stress are usually such as to produce complete reversal of flexural stress. Above this limit 
failure occurs by the generation and growth of cracks until fracture results in the remaining 
section. 

Endurance Ratio—The ratio of the endurance limit for cycles of reversed flexural stress to the 
tensile strength. 

Equilibrium—See the article “Iron-Carbon Diagram” in this Handbook. 

Eutectic Alloy—^The composition in an alloy system at which two descending liquldus curves In 
a binary system or three de.scendlng liquldus surfaces in a ternary system Intersect at a point. 
Such an alloy has thus a lower melting ' point than neighboring compositions. More than one 
eutectic composition may occur in a given alloy system. 

Eutectold Steel—A steel of the euctectold composition. Composition S on the iron-carbon dia¬ 
gram. This composition in pure iron-carbon alloys is 0.80% C. but variations from this composition 
are found In commercial (impure) steels, and particularly in alloy steels in which the eutectokl 
composition is usually lower. 

Exfoliation—The spalling or flaking off of the outer layer of an object. 

Fatigue—^The phenomenon of the progressive fracture of a jnetal by means of a crack which 
spreads under repeated cycles of stress. 

Fatigue Limit—Usually used as synonymous with endurance limit. 

Ferrite—See the article “Iron-Carbon Diagram” in this Handbook. 

Ferrite Ghost—A faint band of ferrite. 

Ferroalloy—An alloy of iron with a sufficient amount of some element or elements, such as 
manganese, chromium, or vanadium, for use as a means of introducing these elements into steel 
by admixture to molten steel. 

Fiber—^A characteristic of wrought metal manifested by a fibrous or woody appearance of frac¬ 
tures and Indicating directional properties. Fiber is caused chiefly by the extension in the direc- 
tion of working of the constituents of the metal, both metallic and nonmetallic. This term also 
refers to the characteristic reorientation of the crystalline particles of the metal produced by a 
given deformation process; see “flbering” in the Glossary of Terms used In X-ray Metallography.« 

Fiber Stress—^Local unit stress at a point or line on a section over which stress is not uniform, 
such as the cross section of a beam under a bending load. 

Fin—See flash. 
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Finished Steel—Steel which is ready for the market without further work or treatment. Blooms, 
billets, slabs, sheet bars, and wire rods are termed semifinished. 

Finishinf Temperature—The temperature at which hot mechanical working of metal is com¬ 
pleted. 

Fir Tree Crystal—See dendrite. 

Flakes (or <*snow flakes**)—Internal fissures In large steel forgings or massive rolled shapes. 
In a fractured surface or test piece they appear as sizeable areas of silvery brightness and coarser 
grain size than their surroundings. Sometimes known as **chrome checks” and (when revealed by 
machining) ‘‘hairline cracks.** Not to be confused with “woody fracture.’* 

Flash—A thin fin of metal formed at the sides of a forging or weld where a small portion of 
the metal is forced out between the edges of the forging or welding dies. 

Forging Strains—Elastic strains resulting from forging or from cooling from the forging tem¬ 
perature. 

Fracture—^The irregular surface produced when a piece of metal is ruptured or broken. 

Fracture Test—Breaking a piece of metal for the purpose of examining the fractured surface 
to determine the structure or carbon content of the metal or the presence of internal defects. 

Free Ferrite—^Ferrite formed from austenite on cooling, without simultaneous rejection of car¬ 
bide. 

Full Annealing—See annealing. 

Fusible Alloys—group of nonferrous alloys which melt at relatively low temperatures. They 
usually consist of bismuth, cadmium, lead, and tin in various proportions, and iron only as an 
Impurity. 

Gamma Iron—A crystal form of Iron (face-centered cubic) stable between As and A 4 . See the 
article “Iron-Carbon Diagram” In this Handbook. 

Ghost, Ghost Lines, or Ghost Structure—See ferrite ghoit. 

Globular Cementlte—See spheroidal cementite. 

Grains—^Individual crystals in metals. 

Grain Growth—An increase in the grain size of metal. 

Granular Pearlite (also globular pearlite and divorced pearlite)—A structure formed from 
ordinary lamellar pearlite by long annealing of steel at. a temperature below but near to the lower 
critical point, causing the cementite to spheroidize in a ferrite matrix. Since “pearlite** connotes 
a lamellar structure, this name is not recommended; the word “spheroidite” has been proposed. 

Granulation—The recrystallization of columnar crystals and dendrites in freshly solidified 
steel to more or less equiaxed grains at temperatures near the solidus. 

Graphitizing—See annealing. 

Hair Seam—Sec seam. 

Hardening—Heating and quenching certain iron-base alloys from a temperature either within 
or above the critical temperature range for the purpose of producing a hardness superior to that 
obtained when the alloy is not quenched. Usually restricted to the formation of martensite. 

Heat Tinting—Heating a specimen with a suitable surface In air for the purpose of developing 
the structure by oxidizing or otherwise affecting the different constituents. 

Heat Treatment—An operation or combination of operations Involving the heating and cooling 
of a metal or alloy in the solid state for the purpose of obtaining certain desirable conditions or 
properties. 

Note—Heating and cooling for the sole purpose of mechanical working are excluded from 

the meaning of this definition. 

Hot Shortness—Brittleness in metal when hot. 

Hot Top—See sinkhead. 

Hot Working—Plastic deformation of metal at a temperature high enough to prevent strain 
hardening. 

Hypereutectoid Steel—A steel containing more than the eutectoid percentage of carbon; see 
eutectoid steel. 

Hypoeutectoid Steel—A steel containing less than the eutectoid percentage of carbon; see 
eutectoid steel. 

Impact Test—Tensile and bend Impact tests or test specimens are described in other parts of 
the Handbook. 

Inclusions—Particles of impurities, usually oxides, sulphides, silicates, and such which are 
mechanically held during solidification or which are formed by subsequent reaction of the solid 
metal. 

Ingot—A special kind of casting for subsequent rolling or forging. 

Ingot Iron—^An open hearth iron very low in carbon, manganese, and other impurities. 

Killed Steel—A steel sufficiently deoxidized to prevent gas evolution during solidification. The 
top surface of the ingot freezes immediately and subsequent shrinkage produces a central pipe. A 
semikiiled steel, having been less completely deoxidized, develops sufficient gas evolution internally 
in freezing to replace the pipe by a substantially equivalent volume of rather deep-seated blow¬ 
holes. (See section on Open Hearth Process.) ^ 

Lap—A surface defect appearing as a seam caused from folding over hot metal, fins, or sharp 
corners and then rolling or forging, but not welding, them into the surface. 

Lap Weld—^A term applied to a weld formed by lapping two pieces of metal and then pressing 
or hammering, particularly, to the longitudinal Joint produced by a welding process for tubes or 
pipe in which the edges of the skelp are beveled or scarfed so that when they are overlapped they 
can be welded together. The product is known as lap weld or lap welded pipe. 



8 


DEFINITIONS 


Ledeburite—The cementite-austenite eutectic forming at point C on the iron-carbon diagram. 
During cooling the austenite in ledeburite may transform to ferrite and carbide-cementite. It is 
found in cast iron and high alloy steels such as high speed steel. 

Llqnidus—^The line on a temperature-composition (phase) diagram of a binary system, or sur¬ 
face on a diagram of a ternary system, representing the temperatur^^s at which freezing begins on 
cooling or melting ends on heating under equilibrium conditions. 

Lttder*s Lines (stretcher-strains, flow flgures)—^Elongated surface markings that appear on the 
surface of some materials, particularly iron and low carbon steel, when deformed Just past the 
yield point. These markings lie approximately parallel to the direction of maximum shear stress 
and are the result of localized yielding. They consist of depressions when produced in tension and 
of elevations when produced in compression; they may be made evident by localized roughening 
of a polished surface or by localized flaking of scale from a scaled surface. 

Lute—A mixture of fire clay used to seal up cracks between crucible and cover or between 
annealing box and cover to make a gas tight Joint when heat Is to be applied; also applied to the 
operation. 

Macroscopic—Visible either with the naked eye or under low magnifications (up to about 10 
diameters). 

Macrostructure—The structure and internal condition of metals as revealed on a ground or 
polished (and sometimes etched) sample, by either the naked eye or under low magnifications (up 
to about 10 diameters). 

Malleablising—See annealino. 

Martensite—microconstituent or structure in quenched steel characterized by an acicular or 
needle-like pattern on the surface of polish. It has the maximum hardness of any of the decom¬ 
position products of austenite. 

Note—Martensite is a transition lattice formed by the partial transformation of austenite 
It is not an equilibrium lattice and thus not an equilibrium phase. The lattice is tetragonal. 
Matrix—The ground mass or principal substance in which a constituent Is embedded. 
Mechanical Properties—^Those properties that reveal the reaction, elastic and inelastic, of a 
material to an applied force, or that involve the relationship between stress and strain, for ex¬ 
ample. Young’s modulus, tensile strength, fatigue limit. These properties have often been designated 
as physical properties, but the term mechanical properties is much to be preferred. 

Mechanical Testing—Testing methods by which mechanical properties are determined. 
Mechanical Working—Subjecting metal to pressure exerted by rolls, presses, or hammers, to 
change its form, or to affect the structure and therefore the mechanical and physical properties. 

Metalloid—Originally a chemical element that has the physical characteristics of a metal such 
as metallic conduction and metallic luster, but which behaves chemically as both nonmetal and 
metal; that is. it reacts directly with other metals yet also combines with the halogens to form 
salts. Typical examples are arsenic, antimony, and tellurium. With increasing knowledge of 
metallic compounds the term has become less useful, and it is now considered obsolete. In metal¬ 
lurgical practice it has come to have a special meaning as applying to the elements such as C. 
Si, P, S, and Mn. which are commonly present in small amounts in iron and steel. 

Modulus of Elasticity—The ratio, within the limit of elasticity, of the stress to the correspond¬ 
ing strain. The stress in pounds per square inch is divided by the elongation in fractions of an 
inch for each inch of the original gage length of the specimen. 

Network Structure—A structure in which the grains or crystals of one constituent are partially 
or entirely surrounded with envelopes of another constituent. The appearance of an etched section 
through the crystals is that of a network. 

Neumann Bands—Mechanical twins in alpha iron, in the form of narrow bands parallel to 
planes of the form (211). Customarily formed only on deformation by impact, but in some alloy.s 
(silicon-ferrite) and particularly at low temperatures formed more readily, as in ordinary cold 
working processes. 

Nitriding—Adding nitrogen to iron-base alloys by heating the metal in contact with ammonia 
gas, or other suitable nitrogenous material. 

Note—Nitriding is conducted at a temperature usually in the range 935-1000“F. and pro¬ 
duces surface hardening of the metal without quenching. See article on “Nitriding.” 
Normalizing—See annealing. 

Overheating—Heating to such high temperatures that the grains have become coarse, thus im¬ 
pairing the properties of the metal. 

Patenting—See annealing. 

Pearllte—^The lamellar aggregate of ferrite and carbide resulting from the direct transformation 
of austenite at Ar,. 

Note—It is recommended that this word be reserved for the microstructures consisting of 
thin plates or lamellae—that is, those that may have a pearly luster in white light. The 
lamellae can be very thin and resolvable only with the best microscopic equipment and tech¬ 
nique. 

Permanent Mold—^A mold ordinarily of metal which Is used repeatedly for the production of 
many castings of the same form. Not commonly applied to ingot molds. 

Permanent Set—Permanent deformation. 

Phosphoma Banding—See ferrite ghost. 

Physical Properties—^Those properties familiarly discussed in physics, exclusive of those described 
under mechanical properties; for example, density, electrical conductivity, coefficient of thermal 
expansion. This term has often been used to describe mechanical properties, but this usage is not 
recommended. (See mechanical properties.) 

Physical Testing—^Testing methods by which physical properties are determined. This term is 
also inadvisedly used to mean the determination of the mechanical properties. 
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Pieroinf—Producing a hole in metal by forcing an instrument through it. Usually refers to 
making steel tubes from solid steel bars. 

Pig Iron—See the article '*Cast Iron” in this Handbook. 

Pine Tree Crystals—See dendrite. 

Pinhead Blister—See blister. 

Pipe—A cavity formed in metal (especially ingots)' during the solidification of the last portion 
of liquid metal. Contraction of the metal causes this cavity or pipe. 

Pit—A sharp depression in the surface of metal. 

Pot Annealing—See box annealing. 

Pouring—Pouring molten metal from the ladle into ingot jnolds or other types of molds (as. 
for example, in castings). 

Process Annealing—See annealing. 

Quaternary Alloy—An alloy containing four principal elements. 

Quenching —Rapid cooling by immersion in liquids or gases or by contact with metal. 

Recalescence—The liberation of heat when steel is cooling through the Ar, point. 

Red Shortness—Brittleness in steel when it is red hot. 

Reduction in Area—The difference between the original cross sectional area and that of the 
smallest area at the point of rupture It is usually stated as a percentage of the original area; 
also called “contraction of area.” 

Refining Temperature or Heat—A temperature employed in heat treatment to refine the struc> 
ture. in particular, the grain size. Usually Just above Acg in steel. 

Regenerative Quenching—A double quenching of carburized objects to refine the case and core 
The first quench is from a high temperature to refine the core, and the second quench is from a 
lower temperature to further refine and harden the case. 

Rimmed Steel—An incompletely deoxidized steel normally containing less than 0.25% carbon 
and having the following characteristics: (a) During solidification an evolution of gas occurs 
sufficient to maintain a liquid ingot top (“open” steel) until a side and bottom rim of substantial 
thickness has formed. If the rimming action is intentionally stopped shortly after the mold is 
filled the product is termed capped steel, (b) After complete solidification, the ingot consists of 
two distinct zones* A rim somewhat purer than when poured and a core containing scattered 
blowholes with a minimum amount of pipe and having an average metalloid content somewhat 
higher than when poured and markedly higher in the upper portion of the ingot. 

Riser—See sinkhead. 

Scab (Scabby)—A rough projection on a casting caused by the mold breaking or being washed 
by the molten metal, or occurring where the skin from a blowhole has partly burned away and is 
not welded 

Scarfing—See chipping. 

Seam—A crack on the surface of metal which has been closed but not welded; usually pro¬ 
duced by blowholes which have become oxidized. If very fine, a seam may be called a hair crack 
or hair seam; also see cold shut and lap. 

Secondary Hardening—Hardness developed by tempering high alloy steels. 

Self Hardening Steel—A steel carrying sufficient carbon or alloy content (or both) to form 
martensite through rapid heat removal from a locally heated portion (as in welding) by conduction 
Into the surrounding cold metal. See also air hardening. 

Semifinished—See finished. 

Sheet Bar—See bloom. • 

Shortness—Brittleness in metal 

Silky Fracture—A steel fracture having a very smooth fine grain or silky appearance. 

Sinkhead or Hot Top (also called a Riser when applied to castings)—^A heat Insulated reservoir 
for excess metal on top of an Ingot mold or casting mold which feeds the shrinkage of the ingot 
or the casting. 

Skelp—A plate of steel or wrought iron from which pipe or tubing is made. This Is done by 
rolling the skelp up longitudinally into shape and welding or riveting the edges together. 

Slab—See bloom. 

Slabbing Mill—A heavy plate mill usually of the two-high universal type. 

Slip Bands—A series of parallel lines running across a crystalline grain and produced by de¬ 
forming the body after the surface on which these lines appear has been polished. They are traces 
of the slip planes, or planes joining the displaced crystalline blocks or lamellae, and may be dis¬ 
tinguished from twin markings by repollshing and etching: Twin markings will reappear, but slip 
lines will not. 

Slip Plane—See slip bands 

Soaking—Holding steel at an elevated temperature for the attainment of uniform temperature 
throughout the piece. 

Solidification Range—Temperature range through which metal freezes or solidifies. 

Solidus Line—The line on a phase diagram below which (at lower temperature) the alloy is 
entirely solid under equilibrium conditions. 

Sonims—Solid nonmetallic inclusions in a metal or alloy. 

Sorbite—A late stage in the tempering of martensite, when the carbide particles have grown 
so that the structure has a distinctly granular appearance. Further and higher tempering causes 
globular carbides to appear clearly. 

Note—Many times the term sorbite is erroneously given to an imperfectly developed pearllte 

or mixed structure in steel. 
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Spftlllnf^The cracking and flaking of small particles of metal from the surface. 

Spheroidal or Spheroidiied Cementite>-The globular condition of iron carbide resulting from a 
$pheroidizing treatment (see under annealing). The initial structure may be either pearlltlo or 
martensitic. 

Note—The term '*spheroidized pearllte** should be avoided, even when the structure is un¬ 
doubtedly the result of spheroidizlng anneal of a pearlitic ste'^l. The term ''spheroidite'* has 
been proposed. 

Spheroidising—6ee annealing, 

Spiegel (also Splegeleisen)—A pig iron containing 15-30% manganese and 4.5-6.5% carbon. 
Stead's Brittleness—condition of brittleness yielding rectangular transcrystalline fractures in 
the coarse grain structure produced by prolonged annealing of thin sheets of very low carbon steel 
previously rolled at a relatively low temperature (below 1300*^.). 

Tapping—Removing molten steel from the melting furnace by opening the tap hole and allow¬ 
ing the steel to run into the ladle. 

Teeming—See pouring. Usually refers to pouring of metal into molds. 

Tempering—See annealing. 

Temper Carbon—^A form of graphite in iron-base alloys produced by heating below the melting 

point. 

Ternary Alloy—An alloy containing three principal elements. 

Troostite—^A mlcroconstituent of hardened and tempered steel which etches rapidly and there¬ 
fore usually appears dark. It consists of a very fine aggregate of ferrite and cementite and is not 
resolved under the microscope. 

Note—Two entirely different structures are frequently confused and called troostite. The 
nodular quick etching mlcroconstituent, found in steels which are cooled Just too slowly to be 
fully martensitic, can be resolved into very fine pearlite. It is recommended that the use of 
the term troostite or '‘quenching or nodular troostite” to denote this structure be avoided. 
"Temper troostite" is the flrst product of the tempering of martensite and consists of sub- 
microscopic particles of carbide in ferrite, and is frequently indistinguishable in general 
appearance from a quickly etching line pearlite. If the word troostite is to be retained it 
should be reserved for temper troostite. It changes on higher tempering by Indistinguishable 
degrees into sorbite. 

Twin Crystals (twins, twinned crystals)—A crystal gram in which the crystal lattices of two 
parts are related in orientation to each other as mirror images across the interface, which is 
known as the twinning plane. 

Twin Bands—^In a polished and etched section, a band across a crystal grain, brought by 
twinning into relation with the main body of the grain as described above. 

Widmanst&tten Stmctore—When a new solid phase forms from a parent solid phase, such as 
ferrite from austenite, the new phase generally develops plates parallel to lattice planes of a single 
form in the parent phase, for example, the four families of octahedral planes in austenite. On 
the polished and etched surface the traces of these plates intersect in a geometrical pattern. 
Needles and polyhedra may also form. The orientation of the lattice in the new phase is related 
crystallographically to the orientation of the lattice in the parent phase. Familiarly seen in cast 
steel and in overheated wrought steel when cooled rather rapidly, but may occur in any alloy in 
which a phase change occurs. 

Wire Bod—^A semifinished product from which wire is made. It is generally of circular cross 
section approximately V* in. in diameter. 

Woody Fracture—A descriptive term for fracture of sound though dirty steel, frequently also 
reedy or concholdal in appearance, and often containing dlscemable slag particles. Woody fractures 
sometimes contain many small silvery areas, too numerous and small to be correctly termed 
"flakes”, and of a different nature. 

Work Hardness—Hardness developed in metal resulting from cold working. 

Yield Point—^The load per unit of original cross section at which, in soft steel, a marked 
increase in deformation occurs without increase in load. In other steels and in nonferrous metals, 
"jrield point" is the stress corresponding to some definite and arbitrary total deformation, perma¬ 
nent deformation or slope of the stress deformation curve; this is more properly termed the yield 
strength. 

Yield Strength—Stress corresponding to some fixed permanent deformation such as 0.1 or 0.2% 
offset from the modulus slope. 

Young's Modulus—See modului of elaeticitg. 
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Glossary of Terms Used in X-Ray Metallography 

By Dr. L. W. McKeehan* 

This glossary is primarily intended for those who, while not themselves con¬ 
ducting experiments or tests, in which X-rays are used, have occasion to consult 
publications in this field. It may have secondary value to those who prepare such 
publications and who wish to use terms that are unambiguous. A part of the glossary 
has appeared in the Proceedings of the A.S.T.M.^ with a report of its Committee 
on X-Ray Metallography. It is here revised and extended and is supplemented 
by a list of German terms with their English equivalents. English compound nouns 
have generally been hyphenated, although the hyphen tends to drop as the terms 
become more familiar. 

A (abbreviation)^AngstrSm unit, 10** cm.; also written A.n.. A.n., A. 

absorber (for X-rays)—A sheet of matter placed between the source of X-radlatlon and the place 
where it is detected or measured. When the absorber contains elements so chosen that the 
intensity of X-rays with undesired wave lengths is especially reduced, the absorber is usually 
called a filter. 

absorption eoefllcient (for X-rays in a substance)—The rate of decrease, per unit distance traversed 
in a substance, of the natural logarithm of the intensity of a parallel beam; usually written /l. 
absorption-limit—See limit. 

amorphous—Without crystal structure, so that the X-ray diffraction-pattern is like that of a 
liquid. 

angle—See glancing angle. 

Angstrdm unit—A, 10** cm. 

anisotropic—^Raving different properties in different directions. 

antieathode (in X-ray tubes)—^The part of the anode which receives most of the cathode-rays, and 
in which the target. If any. is mounted. 

asterism (in X-ray diffraction-patterns)—^The appearance of streaks or bands approximately along 
radii of the pattern. 

axial ratio (in crystals)—^In the tetragonal system and in the hexagonal division of the hexagonal 
system, the ratio of the parameter for the principal crystallographic axis of highest multi¬ 
plicity to the parameter for either one of the other principal axes, usually written C = c/a; in 
less symmetrical systems the continued ratio of all three parameters. usuaUy written a:b:c. 
axis (crystal)—One of three noncoplanar Intersecting lines, fixed with respect to a crystal, which 
meet any crystal plane at points whose distances from the intersection of the axes, in terms 
of three parameters (a, b, and c), one for each axis, are in the ratios of small Integers; the 
principal crystal axes are those about which the symmetry is the highest possible to the crystal 
considered. Less properly, the length of an edge of the unit cell. See parameter, 
axis of symmetry—A line in a crystal about which a rotation through 360*’/N. where N is 2, 3, 4 
or 6, with or without a translation parallel to the line and with or without a refiection in a 
plane perpendicular to the line, replaces every element (point, line, and plane) of the crystal 
by an equivalent element. The axis is said to be N-fold and is a rotation-axis if neither trans¬ 
lation nor reflection is Involved, is a screw-axis if any other than a primitive translation is 
involved, and is a rotatory-reflection-axis (N not equal to 3) if reflection is involved, 
back reflection—X-ray diffraction at deviations near 180°, especially useful in precise measure¬ 
ment of interplanar distances. 

balanced Alters (for X-rays)—^A pair of filters adjusted to give the same absorption except in the 
range of wave lengths lying between their characteristic absorption-limits. When used alter¬ 
nately the difference in effect, if any, is due to X-rays having wave lengths in this range, 
basal plane—In tetragonal and hexagonal crystals, a plane perpendicular to the c-axis. 
beam (X-ray)—A nearly parallel group of X-rays from a common source, 
body—See bulb. 

body-centered (concerning space-lattices)—Having the equivalent lattice-points at the comers of the 
unit cell, and at its center; sometimes called centered, or space-centered. 

Bragg equation (for X-ray reflection)—The equation n\ = 2dsin9; see also reflection. 

Bragg method (for X-ray or crystal analysis)—^Using monochromatic or polychromatic X-ravs and 
a single crystal of large size rotated through a small angle about an axis lying in a crystal 
face. 

bulb (in X-ray tubes)—The glass (or other pressure-tight) part; when of metal, more usually called 
the body. 

calcite—Natural rhombohedral CaCOs, the primary standard crystal used in X-ray spectrometry, 
cassette (in X-ray spectrographs)—A box for holding a photographic film or plate in position to 
receive the X-ray diffraction-pattern, 
cell—See unit cell. 

centered (concerning space-lattices)—^Body-centered. 

channel (in X-ray spectrographs)—A collimating system consisting of a hole through a thick piece 
of metal (usually in two parts to permit cleaning). 


*Prof. of Physics and Director of Sloane Physics Laboratory. Yale University. New Haven. Conn. 
^“Proceedings,” A.S.T.M.. v. 26. pt. 1, p. 582, 1926. 
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ehadtie—See orientation. 

eharaeteristio X-rays—Series of monochromatic X-rays which are emitted (in addition to hetero- 
chromatie X-radiation) by a particular element when exposed to cathode-rays (or x-rays) of 
sufficiently high energy. 

elose-paeked (concerning atomic arrangement In crystals)—Having one of the two possible arrange¬ 
ments, one cubic and one hexagonal, in which equal hard spheres can be made to occupy the 
least total volume, and, by extension, having any of the hexagonal arrangements derived from 
the second of these by expansion or contraction of the hexagonal axis. See face-centered and 
hexagonal dose-packed. 

eoefflclent—See absorption coefficient, mass-absorption coefficient, mass-scattering coefficient 
eollimate—^To isolate a parallel, or nearly parallel, beam of rays, as by slits, pinholes, or a channel 
continuous spectrum—^Heterochromatic X-rays. 

Coolidge (concerning X-ray tubes)—^Having a high vacuum and a hot-wire cathode, 
covering-operation—A general name for translations, symmetry-operations, and their combinations 
in extended structures by which every element (point, line, and plane) of the structure is 
replaced by an equivalent element. Besides translations and symmetry-operations there are 
screw-rotations about screw-axes and glide-reflections in glide-reflection-planes, 
critical (concerning voltage, wave length or frequency)—^Limiting; see limit, 
cross-direction (in rolled metal)—The direction parallel to the axes of the rolls during rolling 
crystal (noun)—coherent piece of matter all parts of which have the same anisotropic arrange¬ 
ment of atoms; in metals usually synonymous with grain and crystallite, 
crystal (adjective)—Of. or pertaining to, crystals, 
crystal analysis—^The determination of crystal structure, 
crystal unit—Unit of structure, 
crystalline—Composed of crystals. 

cube-centered (concerning space-lattices)—Body-centered cubic 

cubic (concerning crystals)—Having nonparallel 3-fold axes of symmetry, with other symmetry- 
elements. Sometimes called isometric or regular. The typical cubic crystal has three equiva¬ 
lent axes (2-fold or 4-fold) mutually perpendicular, and the common parameter is usually 
written a (or ao). 

dashed (concerning X-ray diffraction-patterns from crystal aggregates)—Made up of separately 
distinguishable Images of the source. 

Dcbye-Scherrer method (for X-ray crysta. analysis)—Using a monochromatic (or polychromatic) 
X-ray beam defined by pinholes, an aggregate of small crystals oriented more or less com¬ 
pletely at random and a photographic film bent into an almost complete cylinder with Its 
axis perpendicular to the X-ray beam at the crystalline specimen; practically indistinguishable 
from the Hull method; sometimes called the powder method, 
define (X-rays)—^To limit in angle, as by slits or pinholes; to collimate. 

deviation (X-ray)—^The angle between the direction of Incidence (produced through the substance) 
and the direction of diffraction; twice the glancing angle of Incidence; usually written 26. 
diagram (for X-ray diffraction-patterns)—A representation, either a photograph as taken, or a 
projection therefrom; for example, the index-diagram, 
diamond-cubic (concerning atomic arrangements)—Similar to the diamond in having two face- 
centered cubic arrangements of atom-centers either of which is displaced with respect to the 
other by one-fourth of the diagonal of the unit cube, 
diffraction (X-ray)—^The deviation of an X-ray beam by scattering from atoms which have some 
regularity of arrangement or spacing. 

diffraction-pattern (X-ray)—The totality of the intersections, with a plane or other surface, of the 
beams diffracted by a crystal or by a crystalline aggregate, 
discontinuity (in absorption)—^The ratio between absorption coefficients at a limit, 
doublet (in characteristic X-ray spectra)—A pair of lines from the same element which differ little 
in wave length; for example, the Ka—doublet, Koi, and Kuz. 
electron X-ray tube—An X-ray tube in which the current is maintained by thermionic emission 
from a hot cathode. See Coolidge, 

end-centered (concerning orthorhombic space-lattices)—Having equivalent points at the corners of 
the unit cell and at the centers of the pair of opposite faces perpendicular to the c-axis. Same 
as side-centered with a different choice of axes. 

equivalent (concerning points, lines, planes, and atoms)—Being interchangeable by the covering- 
operations appropriate to the structure, 
excite (X-rays)—^To cause to be emitted. 

exposure (to X-rays)—^The time-integral of the intensity; with X-ray tubes of the same kind and 
operated under the same conditions the exposure is proportional to the product of the electron 
current through the tube by the time of operation, 
face (crystal)—A natural surface, or a cut surface parallel to a possible natural surface, 
face-centered (concerning cubic space lattices)—Having equivalent points at the corners of the 
unit cell and at the centers of its six faces. A face-centered cubic space-lattice is character¬ 
istic of one of the close-packed arrangements of equal hard spheres. 

family (of crystal planes)—The planes in any one crystal which have common indices, 
fiber-axis—See flbering. 

fiber-diagram—An X-ray diffraction-pattern, or a chart prepared therefrom, showing the existence 
of flbering or measuring its completeness. 
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flberinf (in crystalline aggregates)—The state of a crystalline aggregate in which the preferred 
orientations are obtained by rotation about a line, the flber-axis. If flbering is eompl<*te 
all azimuths about the flber>axis are equally probable. If flbering is incomplete the preferred 
orientations may reduce to a small number and the notion of flbering loses its value. Besides 
simple flbering there may be helical flbering in which the fiber axis has all the orientations 
assumed by the tangent to a helix of constant' pitch. In rlng>flberlng the pitch of the helix 
is zero. % 

Alter (for X-rays)—A sheet of matter selectively absorbing secondary or other undesired X-rays. 
See also balanced filters. 

fluorescent screen (for X-rays)—A sheet of matter (usually mounted on paper or other non¬ 
absorbent material) which emits visible or actinic light when exposed to X-rays, 
fluorescent X-rays—Characteristic X-rays excited by X-rays. 

focus (in X-ray tubes)—^The spot on the target where the cathode rays are concentrated and 
which is therefore the principal source of X-rays; its shape and size are controllable by 
design. 

focusing (concerning methods of X-ray or crystal analysis)—Using such a shape and position of 
sample and position of source that the diffracted X-rays from many (or all) parts of the 
sample fall close together in the diffraction-pattern;. such methods permit the use of wide 
beams and require relatively short exposures. See Bragg method and Seemann-Bohlin method 
form (for equivalent crystal planes or lines)—Having the same indices, except for sign or order, 
for example, the planes (110). (101) in a cubic crystal are both of the form <110); the 
planes (110). (101) in a tetragonal crystal are not of the same form. The lines [2101. [1201. 
[012] in a cubic crystal are of the form <210>. 

frequency (X-ray)—Measured by the equation v = c/X, wherein c is the velocity of propagation 
of light (3 X lO^o cm. per sec.) and X is the wave length in centimeters, 
frequency-factor (for crystal planes of a form)—The number of different families of planes having 
the same form 

gas X-ray tube—An X-ray tube in which the current is initiated by ionization of residual gas at 
a pressure of the order of 10-’ mm. of mercury. This gas pressure must be kept within 
narrow limits during operation, 
general (concerning X-radiation)—Heterochromatic. 

glancing angle—The angle between the incident X-ray beam and the crystal planes from which 
reflection takes place, however these may be inclined to the bounding surface of the crystal 
usually written 0. 

glide-reflection-plane—See plane of symmetry. 

gnomonio projection—A projection in which each plane of a crystal is represented by the point in 
which the perpendicular let fall upon it from a fixed point meets the plane of the projection 
goniometer—An instrument for measuring angles or for setting objects in known orientations 
Spectrographs and spectrometers are goniometers of a special sort, 
grating-constant (in crystals)—Interplanar distance 
grating-space (in crystals)—Interplanar distance, 
halo (in X-ray diffraction patterns)—A diffuse circular band 

hard (concerning X-rays)—Having great penetrating power, short wave length, high frequency 
hemihedral (concerning crystals)—Having but one-half of the symmetry-elements possible to the 
crystal system in which the crystal belongs; having different properties in opposite directions, 
or on opposite faces, or lacking symmetrically opposite faces, 
heterochromatic (concerning X-rays)—Having a continuous series of wave lengths, as from a 
tube operated below the critical voltage for its target, 
heterogeneous (concerning X-rays)—Heterochromatic. 

hexagonal (concerning crystals)—Having parallel 6-fold rotation-axes of symmetry, or a single 
set of parallel 3-fold rotation-axes of symmetry with planes of symmetry perpendicular thereto, 
and with or without other symmetry-elements. The typical hexagonal crystal has two equal 
axes b = a inclined at the angle 120^ and a third axis (c) perpendicular to their plape. 

hexagonal close-packed (concerning atomic arrangements in crystals)—Having atoms at the corners 
of the hexagonal unit cells, which are right prisms with rhombic bases, and at the centers 
of those (isosceles) triangular prisms which are similarly located halves of the hexagonal unit 
cells. The two sets of atoms are not crystallographically equivalent. If the atoms are ar¬ 
ranged like hard equal spheres in contact. G = 1.633 or 2V6/3. 

holohedral (concerning crystals)—^Having all the symmetry-elements possible to the crystal system 
in which the crystal belongs. 

homogeneous (concerning matter)—Having the same properties in every small region containing 
many atoms (but not necessarily isotropic), 
homogeneous (concerning X-rays)—Monochromatic. 

Hull method (for X-ray crystal analysis)—Using a monochromatic (or polychromatic) X-ray beam 
defined by slits (or pinholes), an aggregate of small crystals oriented more or less completely 
at random and a photographic plate or a photographic film (if the latter, bent around a 
cylinder with its axis perpendicular to the X-ray beam at the crystalline specimen); practically 
indistinguishable from the Debye-Scherrer method; sometimes called the powder method, 
identity-period (along a crystal line)—^A primitive translation. 

image (in X-ray diffraction-patterns)—^By analogy with optics, a recognizable copy of the source 
of X-rays or of any aperture defining the X-ray beam. 

Index-diagram—A chart based upon an X-ray diffraction-pattern and permitting the assignment of 
Indices to the families of planes responsible for the intensity maxima in the pattern, 
indices—See Miller indices, Mlller-Bravais indices, line-indices. 
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Inittiitlfler (for X-rays)—substance placed in, on, or under a photographic emulsion or a 
fluorescent screen, or used in photographic development, to make the effects of X-rays more 
conspicuous. 

Intensifying factor (for X-ray Intenslflers)—The ratio between the exposure when no Intenslfler Is 
used to the exposure, for the same effect, when the Intenslfler Is used, all other conditions 
remaining unaltered. 

Intensifying screen (in X-ray spectrographs)—A separately mounted Intenslfler. 

intensity (X-rays)—The flux of energy per unit of time and per unit of cross-section perpendicular 
to the direction of propagation. 

Interplanar distance (in crystals)—The perpendicular distance between the nearest equivalent 
planes of a family; usually written d. The indices of the planes may be written as a 
subscript, for example, dioo. 

Inversion—A symmetry operation by which each point of a structure is replaced by a point at 
the same distance from a fixed point (the inversion-center) but in the opposite direction 
therefrom. See also symmetry-operation. 

ionisation method—Any method of X-ray or crystal analysis which depends upon measuring the 
electrical conductivity of a gas exposed to the diffracted X-rays; great accuracy in angular 
measurement is possible, but npt easy. 

Isometric (concerning crystals)—Cubic. 

isotropic—^Raving the same properties in every direction. 

K—The letter used to designate the series of characteristic X-rays having, for each element, the 
shortest wave lengths; Greek letters and Arabic subscripts are used to distinguish the lines 
of the K-serles; for example copper Kai, molybdenum Kj8, L and M are used to designate 
characteristic groups of X-rays of successively greater wave length ,but these are rarely used 
in crystal analysis. 

lattice—Space-lattice. Lattice-lines and lattice-planes are lines and planes so chosen as to pass 
through more than one lattice-point, and noncollinear lattice-points respectively. 

Lane method (for crystal analysis)—Using heterochromatic X-rays, a small fixed crystal and a 
plane screen, usually a photographic plate; the Laue spot is the image (of a pinhole or of the 
small crystal Itself) characteristic of the resulting diffraction-pattern. 

layer-line (in revolving-crystal and osclllating-crystal methods)—A row of spots due to families 
of planes equally inclined to the axis of rotation or oscillation. Compare with side spectrum, 
zero spectrum. 

limit (in voltage, wave length or frequency of X-rays)—A value, characteristic of the particular 
chemical element in question, on the two sides of which excitation, absorption, photographic 
effect, or the like, have sharply different values. 

line (crystal)—A possible edge of a crystal. 

line (in X-ray diffraction-patterns)—^A straight or slightly curved narrow region of maximal 
intensity. 

line (X-ray)—A group of monochromatic X-rays, not necessarily collimated. 

line-foens (in X-ray tubes)—^A focus with one dimension reduced to such an extent that the focus 
approximates to a segment of a straight line on the target in the plane determined by the 
axis of the tube and the direction from the target to the irradiated object. (This secures 
the advantages of a point source of X-rays without extreme local heating). 

Une-lndtees—^The smallest integers proportional to the coordinate-differences, in terms of the 
parameters (a, b, and c), between equivalent points lying on a crystal line; written, in general 
[HKL], in particular, for example [210]; in cubic crystals the line Lpqr] is perpendicular 
to the plane (pqr). 

mass-absorption coefficient (for X-rays in a substance)—The rate of decrease, per unit mass 
traversed, of the natural logarithm of the intensity of a parallel beam; usually written /t/p. It 
is often more convenient than the absorption-coefficient because its use does not require 
knbwledge of the density p. See also mass-scattering coefficient. 

mass-scattering coefficient (for X-rays in a substance)—The rate of decrease, per unit mass 
traversed, of the natural logarithm of the intensity of a parallel beam, due to scattering 
alone; usually written o/p; the excess of the mass-absorption coefficient, a/p# over o'/p is called 
the true mass-absorption coefficient, ii'/p* 

Miller indioes (for crystal planes)—^The smallest integers proportional to the reciprocals of the 
intercepts, in terms of the parameters (a, b, and c), of the plane on the three crystal axes: 
written, in general, (hkl), in particular, for example (210); see also form. 

Miller-Bravais indices (for crystal planes in the hexagonal division of the hexagonal system only)— 
The smallest integers proportional to the reciprocals of the Intercepts, in terms of the para¬ 
meters (a. a. a, and c), of the plane on the four axes; written, in general (hjkl), in par¬ 
ticular, for example (1120); the index for the hexagonal axis is always written last; 
k = — (h 4* J) and may be replaced by a period, thus (1120) and (11.0) are the same. 
Any two of the three equivalent axes 120* apart in the basal plane together with the fourth 
axis are crystallographically sufficient, but the use of four axes makes it easier to recognize 
planea of the same form. 

monoebromatie (concerning X-rays)—Having only a single wave length. 

m^noclinie (concerning crystals)-Raving only parallel 2-fold axes of symmetry, or parallel planes 
of symmetry, or both of these with the axes perpendicular to the planes. The typical mono- 
clinic crystal has three unequal axes, only one of which is perpendicular to two others. The 
unique axis is usually taken as the b-axU. 

mnitipUeity (for axes of symmetry)—The value of N if the axis is N-fold. 
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order (In X-ray reflection)—The Integral value of n In the equation nX s: 3d Bln d. 
orientation (crystal)—Arrangement In space of the axes of a crystal; every crystal must at every 
moment have a definite orientation, only aggregates, in space or in time, can possess chaotic 
orientation; if not chaotic some one or more orientations must be preferred, 
orthohexagonal (concerning crystal axes)— A set of mutually perpendicular axes for hexagonal 
crystals. In terms of the more usual hexagonal parameters (a, a, c) the orthohexagonal 
parameters are aV3, a, o. 

orthorhombie (concerning crystals)—Having only parallel 3-fold axes of symmetry, with planes of 
symmetry parallel to the axes or with additional 2 -fold axes perpendicular thereto, or with 
both. The typical orthorhombic crystal has three unequal ‘axes mutually perpendicular, 
oselllating-erystal method (for X-ray or crystal analysis)—Using a single crystal rotating at con¬ 
stant speed, but alternately in both directions, through less than a complete rotation (usually 
much less). 

parameter (In crystals)—A characteristic magnitude defining the unit cell or the position of a 
point within it. The edges of the unit cell. a. b, c, and the angles, a (between b and c), 
p (between c and a», 7 (between a and b), are its parameters. The edge of the unit cube, So, Is 
the single parameter of a cubic lattice. When the fractional co-ordinates of a point within 
the unit cell may vary the values of these fractions: x, y, z, are parameters of the structure, 
pattern—Diffraction-pattern. 

photogoniometer—An X-ray goniometer with photographic registration, 
pinhole—^A small round hole used to define a beam of X-rays, 
plane (crystal)—A possible face of a crystal. 

plane of symmetry—A plane in a crystal in which a reflection, with or without a translation 
parallel to the plane, replaces every element (point, line, and plane) of the crystal by an 
equivalent element. The plane is a reflection-plane if no translation is involved, and is a 
glide-reflection plane if translation la Involved. 

point-groap—^A limited group of points (from 1 to 48 in number) possessing the same symmetry- 
elements as one of the 32 possible classes of crystals, 
pole-figure (for crystalline aggregates)—A stereoscopic projection showing the preferred orienta¬ 
tions of the normals to planes of a given form. 

polychromatic—Having several distinct wave lengths, for example, the characteristic X-rays from 
a single element. 

powder method (for X-ray or crystal analysis)—^Using a loose aggregate of small crystals with 
chaotic orientation; applied, early but somewhat illogically, to methods using solid metals com¬ 
posed of crystalline aggregates; see Debye-Scherrer method, Hull method, 
preferred—See orientation. 

primary (concerning X-rays)—^Emitted directly from the anticathode in the X-ray tube, 
primitive—See translation. 

prineipal spectrum (in revolving-crystal and oscillating-crystal patterns)—Zero spectrum, 
pscudoorystallinc—^Possessing regularities of structure which result in a diffractlon-pattem unlike 
that of a liquid or an amorphous solid, although true crystals are not present, for example, 
stretched rubber is pseudocrystalline. 

radiography—^The use of X-rays in studying the macrostructure of single objects or assemblies 
(Internal boundaries. Inclusions, variations in density or composition), 
random (concerning orientation)—Chaotic. 

rating (for X-ray tubes)—^The product of the allowable current by the (peak) operating voltage, 
ratio—See axial ratio. 

reciprocal lattice (for a crystal)—A group of points so arranged about a center that the line 
joining each point to the center is perpendicular to a family of planes in the crystal, and its 
length is inversely proportional to their interplanar distance, 
reflection (X-ray)—Diffraction considered as due to scattering by crystal planes as units, these 
being the reflecting planes; monochromatic X-rays are reflected only when nX = 2d sin d. 
where n is order. X wave length, d, interplanar distance, and d, glancing angle of incidence 
upon the planes considered, 
reflection-plane—See plane of symmetry, 
regular (concerning crystals)—Cubic. 

revolving-crystal method (for crystal analysis)—Using a small single crystal rotating uniformly 
through many complete rotations during the time of the exposure, 
rhombohedral (concerning crystals)—Raving parallel 6 -fold rotatory-reflection-axes, or a single 
set of parallel 3-fold rotation-axes, in either case without planes of symmetry perpendicular 
thereto, and with or without other symmetry-elements. The typical rhombohedral crystal has 
three equal axes (c =: a, b = a) mutually inclined at an angle a not usually equal to 90*. 
rook salt—^Natural (cubic) NaCl, the secondary standard crystal used in X-ray spectrometry, 
rolling-direction (in rolled metal)—^The direction, in the plane of the sheet, perpendicular to the 
axes of the rolls during rolling, 
rotation-axis—See axis of symmetry. 

rotation-diagram—^A chart used in assigning indices to families of planes giving spots in the 
diffraction-patterns obtained in revolving-crystal or oscillating-crystal methods for crystal 
analysis. 

rotatory-rcflection-axis— See axis of symmetry. 

scattering (X-ray)—The re-emission of X-rays from irradiated matter, without obange of wave¬ 
length (except as modified by the Compton effect, which is negligible in crystal analysis); it 
takes place in all directions with respect to the incident X-rays, but more intensely (or more 
often) in some directions than in others. 
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screen iln X-ray spectrographs)—A flat or curved surface on which a diffraction-pattern may 
be observed, for example, a fluorescent screen; sometimes, but not so properly, a shield, 
serew-axis—See axis of symmetry. 

seeondary (concerning X-rays)—^Emitted elsewhere than from the anticathode, 
secondary spectrum (in revolving-crystal and oscillatlng-crystal patterns)—Side spectrum. 
Seemann-Bohlin method (for crystal analysis)—^Using a monochromatic (or polychromatic) X>ray 
beam of wide angular aperture, an aggregate of small crystals oriented more or less completely 
at random and spread on a cylinder an element of which also passes along the single slit 
defining the X-ray beam, and a photographic film bent to fit another segment of the same 
cylinder; it is a focusing method. 

series (in X-ray spectra)—A group of characteristic X-rays having the same excitation-limit. 

distinguished as K-serles and L-serles. See also K. 
shield (in X-ray spectrographs)—^A plate, block, or the like, which prevents X-rays (usually sec¬ 
ondary) from reaching the measuring or detecting device; a complete absorber, 
shutter (in X-ray spectrographs)—A removable shield. 

side-centered (concerning orthorhombic space-lattices)—Having equivalent points at the corners 
of the unit cell, and at the centers of the pairs of opposite faces perpendicular to the 
a-axls and to the b-axis. Same as end-centered with a different choice of axes, 
side spectrum (in revolving-crystal and oscillating-crystal patterns)—A row of spots due to planes 
equally inclined to the axis of rotation or oscillation, but not parallel thereto. Compare with 
layer-line, zero spectrum. 

simple (concerning space-lattices)—Having equivalent points only at the corners of the unit cell, 
slit—A narrow opening with parallel sides, used to define a beam. 

slit-system—^A series of slits used to define a beam and to shield against secondary X-rays, 
slitless spectrograph—^Wedge-spectrograph. 

soft (concerning X-rays)—^Having little penetrating power, long wave length, low frequency 
source (X-ray)—See focus. 

space-centered (concerning space-lattices)—Body-centered. 

space-group—An infinitely extended group of points possessing the same symmetry-elements and 
the same translations as one of the 230 different arrangements theoretically possible for atoms 
in cr 3 rstal 8 . The great number of space-groups as compared with point-groups is due to the 
fact that a different location in space for the same symmetry-elements is possible in the 
space-group but not in the point-group. 

space-lattice (crystal)—A system of equivalent points formed by the intersections of three sets of 
planes parallel to pairs of principal axes; the space-lattice may be thought of as formed 
by the corners of the unit cells. See translation-group 
spacing (between crystal planes)—Interplanar distance. 

spectrograph (X-ray)—An instrument using an extended surface—a photographic plate or film, or 
a fluorescent screen—for receiving the X-ray diffraction-pattern 
spectrometer (X-ray)—^An Instrument using a movable measuring device for exploring the X-ray 
diffraction-pattern. 

spectrum (X-ray)—A distribution of X-rays along a line in accordance with wave length, or a 
group of X-rays so distributable. The set of layer-lines furnished by the revolving-crystal 
method is sometimes called the complete spectrum. See also side spectrum, zero spectrum 

stereographic projection—A projection in which each plane of a crystal is represented by the point 
in which a perpendicular let fall upon it from a fixed point meets a sphere centered at the 
fixed point, and these representative points on the sphere are then represented in turn b> 
the points in which lines drawn to them from the pole of a great circle of the sphere meet the 
diametral plane through the great circle. 

structure—^The arrangement of parts; especially, in crystals, the shape and dimensions of the 
unit cell and the number, kinds and positions of the atoms within it. 
symmetry—See axis of symmetry, inversion, plane of symmetry. 

symmetry-element—A general name for axes of symmetry, planes of symmetry and centers of 
inversion. 

symmetry-operation—A geometrical operation which interchanges equivalent elements (points, lines, 
and planes) of a rigid geometrical figure. The possible symmetry-operations are rotations 
about rotation-axes passing through the center of the figure and reflections in reflection-planes 
passing through the same point. A rotary-reflection is a compound operation in which the 
rotation-axis must be perpendicular to the reflection-plane. An Inversion is equivalent to a 
2-fold rotatory-reflection about any rotatory-reflection-axis, 
system (crystal)—One of the 6 classes into which the 32 possible types of crystal and the 230 
possible types of structure have been divided on the basis of symmetry. They are tricllnlc, 
monoclinic, orthorhombic, tetragonal, hexagonal (including rhombohedral and hexagonal divi¬ 
sions), and cubic. 

target (in X-ray tubes)—The part of the anticathode, wholly or predominantly of a single metal, 
or coated with a substance to be analyzed, where the focus lies, 
tetartohedral (concerning crystals)—^Having but one-fourth of the symmetry-elements possible to 
the crystal system in which the crystal belongs. 

tetragonal (concerning crystals)—Having parallel 4-fold axes of symmetry but no 3-fold axes of 
symmetry. The typical tetragonal crystal has two equal axes (b = a) perpendicular to each 
other and to a third axis (c). 

translation (in a crystal or space-group)— A displacement parallel to a crystal line. A primitive 
translation is the least translation, without accompanying rotation or reflection, which replaces 
every element (point, line, and plane) by an equivalent element. Suitable fractional parts of 
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a primitive translation may be combined with rotation or reflection in screw-rotations and 
glide-reflections. 

translation-group—An inflnltely extended group of points possessing the same translations as one 
of the 14 possible space-lattices in crystals. 

transmission method (for X-ray or crystal analysis)—Raving the diffracted X-rays emergent from 
a surface which does not face the source. 

triolinie (concerning crystals)—^Having no symmetry-elements, or only inversion-centers. The 
typical triclinlc crystal has three unequal axes no two of which are perpendicular. 

uniform (concerning X-ray diffraction-patterns)—^Not dashed. 

unit cell (in crystals)—The least parallelopiped which possesses the full symmetry of the crystal, 
and repetition of which without change of orientation builds up a crystal of any size. 

unit cube (in crystals)—The unit cell in cubic crystals. 

unit of structure (in crystals)—^The group of atoms included by the unit cell, especially if the 
arrangement of the group indicates chemical relations between its members. 

2 d sin e 

wave length (X-ray)—The value of X in the equation, X = -; wherein d is the interplanar 

n 

distance in a crystal which reflects the X-rays at the glancing angle 9 in the nth order. 

wedge-speotrograph—An X-ray spectrograph (due to Seemann) in which the beams of Incident 
and diffracted X-rays are limited by a wedge brought into contact with a face of the crystal; 
also called slitless spectrograph. 

Weissenberg photogoniometer—A photogoniometer with a cylindrical film so shielded and axially 
advanced during exposure that the spots of a single layer line are consecutively recorded 
along its direction of travel. 

white (concerning X-rays)—Heterochromatic. 

X (abbreviation)—X-unit, 10*^ cm.; also written X.U. 

X-radiation—X-rays in general, especially when their direction of propagation is not emphasized. 

X-ray (adjective)—Of or pertaining to X-rays. 

X-ray analysis—^The measurement of X-ray wave lengths and intensities 

X-ray tube—^An assembly of cathode, anticathode, and bulb (or body) suitable for the production 
X-rays. 

X-rays—Light-rays, excited usually by the impact of cathode-rays on matter, which have wave 
lengths between about 10-* cm., and 10-* cm.; also written x-rays; same as Rbntgen-rays. 

zero spectrum (in revolving-crystal and oscillating-crystal patterns)—A row of spots due to planes 
parallel to the axis of rotation or oscillation. Sometimes called zero line. Compare with 
layer-line, side spectrum. 

zone-axis (in a crystal)—A line parallel to several crystal planes; the planes to which it is parallel 
form its zone 


German Terms with English Equivalents 
This list contains principally those German terms likely to be mistranslated. 
Many of the short words here given will usually be found m combination. Such 
combinations are only included if their proper translations cannot be derived from 
the translations for their parts. It must be understood that the translations given 


are to be preferred only when the term 
technical uses other equivalents will often 

Ablenkungs\% mkel— deviation 
Absorptionssprung—absorption-discontinuity 
Auregung—excitation 
basisflachenzentriert— end-centered 
Basiszelle—unit cell. 

Belichtung - - exposure 

Beugung—diffraction 

Beugungsflgur -diffraction-pattei n 

Bezifferuiig—indexing 

Bild—image 

Blende-shield 

Bremsstrahlung—heterochromatic X-radiation. 
Brennfleck—focus. 

Deckoperation—covering-operation. 

dlchteste Kugelpackung—close-packing of spheres. 

Drehachse—rotation-axis. 

Drehkristall—revolving-crystal. 

Drehspiegelnng—rotatory-reflection. 

Eigenstrahlung—characteristic X-rays. 
Elementarzelle—unit cell. 

Erregung—excitation. 

Faser—fiber. 

Faserztruktur—flbering. 

Feinstruktur—fine structure, as may be revealed by 
diffraction. 

Flkohe—face. 

Gitter—lattice. 

Gleitsplegelang—glide-reflection. 

Grobstrnkiur—coqrse structure, as may be revealed 
by radiography. 

Hkuflgkeitsfaktor—^frequency-factor. 

Hauptspektrum—principal spectrum. 


is used m its technical sense. In non¬ 
better. 

Lagerung—orientation. 

Leuchtsohirm—fluorescent-screen. 

Loch—pinhole. 

Nebenspek tru m—side-spect rum. 
Netzebene—lattice-plane. 

Ordnung—order. 

Punktgruppe—point-group. 

Quelle—source. 

Querriehtung—cross-direction. 
Raumgruppe—space-group, 
regellos—chaotic, 
rhombisch—orthorhombic. 
Rdntgenrdhre—X-ray tube. 
Kdatgenstrahlen—^X-rays. 
Rbntgenstrahlang—^X-radiatlon. 
Mekstrahl—^back reflection 
Sohicbtllnie—^layer-Une. 

Sohnelde—wedge. 

Sohraubenaohse—screw-axis. 
Schraubnng—screw-rotation. 

Spall—slit. 

Spiegelebene—reflection-plane. 
Spiralfaserstmktnr—helical flbering. 
Symmetrlezenimm—Inversion-center. 
Tasitti^texture, especially orientation 
texture (preferred orientation) In 
crystalline aggregates. 
Walzrlehtnng—rolling-direction. 
Wttrfel—cube. 

Zfthllgkeli—multiplicity. 

Zerstrenung—scattering. 
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Tool Steel Trade Names 

The manufacturer’s and the trade names of tool steels with the approximate composition of 
the Important alloying elements are given In the following compilation. The firms are arranged 
alphabetically and then numbered. 

If the trade name Is known but not the manufacturer, this can be ascertained by referring 
to the second section which gives the trade names alphabetically arranged and each name pre> 
ceded by the firm’s number which corresponds with the listing in the first section. 

Manufacturers are Indicated by the superior •. the dealers by and Importers by «. 



C 

Mn 

Cr 

W 

Mo 

1. Achom Steel Co.,t>, e Boston 






Achom Fagersta Best . 

,.1.05-1.15 

0.20-0.25 




Achorn Fagersta Extra . 

. 1 . 00 - 1.10 

0.20-0.25 




Achom Fagersta Standard . 

.0.90-1.00 

0.25-0.30 




Achom Fagersta Silver Die . 

1.00 

0.20-0.30 




Achom Fagersta Cold Heading . 

.0.95-1.00 

0.25-0.30 




Achom Fagersta Extra Cutlery . 

. 1.07-1.12 

0.20-0.25 




Achorn Fagersta Standard Cutlery .. 

.0.85-0.95 

O.SO-0.40 




Achom Fagersta Chisel. 

.0.80-0.90 

0.25-0.30 




Achorn Fagersta Envelope Die . 

.1.05-1.15 

0.35 




Achorn Fagersta Shoe Die . 

.0.90-0.95 

0.35 




Achorn Fagersta Solid Drill . 

.0.80-0.90 

0.30-0.35 




Achorn Fagersta Smooth Bor Hollow. 

. 0.75-0.80 

0.25-0.30 




Achom Kloster Rema . 

.0.02-0.05 

0.02-0.07 




Achorn Fagersta Special Alloy Die ... 

.0.45-0.55 

0.20-0.30 

0.85-0.95 

1-1.25 

0.15-0.20 

Achom Fagersta Finishing . 

1 15 

0.40 

0.40 

2.50 


Achom Fagersta Hot Die . 

. 0.65 

0.45 


5.00 

Ni 3 

Achorn Fagersta Unbreakable Chisel . 

.0.40-0.45 

0.20-0 30 

0.85-0.95 

1-1.25 

0.15-0.20 

Achom Fagersta White Gold . 

. 1.15 

0.40 

0.40 

1.25 

Achom Fagersta Superior Oil . 

1.00 

1.00 

0.40 

0.40 


Achom Kloster Brilliant AX . 

0.70 


4.00 

18 

V 0.75 

Achom Kloster Prior Extra. 

. 0.60-0.70 


4.50-5.00 

18-19 

V 1.25 Co 1 

Achom Kloster Brilliant WKE . 

0.70’ 

1.00 

4.50 

18 

V 1.50 Co 5 

Achom Fagersta High Production ... 

.1.55-1 70 

0.70-0 90 

11.50-12.50 

V 0.15-0.25 


la. Allegheny-Ludlnm Steel Corp.* 



C 

Mn 

Cr 

W 

Mo 


8 . Amalgamated Steel Co«,** ^ 







Cleveland 







Malga. 



not available 




Oreston. 

0.58 

0.25 

1.20 

1.90 


V0.35 

Kromal . 

0.55 

1.00 

0.80 


0.20 


Malgaloy. 



not available 




Malax. 

0.70 


4.25 

19.00 

1.00 

VI Co 5 

Dymal . 

Thermal .. 

1.65 

0.58 

0.26 

11.50 

3.40 

14.50 

0.90 

V0.35 

V0.60 

8 . Anchor Drawn Steel Co.,« 



Latrobe, Pa. 







Red Anchor Drill Rod. 

0.95-1.10 

0.15-0.40 

0.10 



Ni 0.16 

Blue Anchor Drill Rod.... 
Carbon Vanadium Drill 

1.20-1.36 

0.15-0.40 

0.10 ■ 



Nl 0.10 

Rod . 

0.90-1.10 

0.10-0.30 




V 0.16-0.25 

Gold Anchor Drill Rod.... 

0.68-0.73 


3.75-4 25 17 5-18 5 


V 0.95-1.15 

4. Atlantic Steel Co.,b New York 





[SI 0.75 

1 Mo 0.75 


Atlantic No. 33. 

0.83 

0.75 

0.75 


Ou 0.75 

Atlantic 44. 

0.44 

0.75 

0.75 


[ SI 0.76 
' Mo 0.75 

. Ou 0.75 

Atsco Special. 

0.60-1.00 

0.50-1.00 



0.30 


Atlantic Die Steel. 

0.55-0.65 


90-1.00 


Nl 1.50- 1.70 

A-O-T H.S. Steel. 

0.66 



17-18 

0.60-0.80 Co 9.50-10.50 







V 1.25- 1.50 

Atl. H.S. Steel. 

0.60-0.70 


4.00 

18 


V 1.00 



C 

Mn Cr W 

Mo 

SI Nl 

V Co 


ff. Bethlehem Steel Co.,« Bethlehem, Pa. 


Bearing (Standard). 


0.30 

1.40 

0.25 

Bearing (H. T. W.). 

. 0.90 

0.40 

1.76 

0.25 

Bearing (Or-Mo). 

. 1.05 

0.30 

1.15 0.25 

0.20 

Best . 


0.30 


0.20 

Broaching . 


0.20 


0.20 

Cellini .. 


0.30 


0.70 

Channeller.. 


0.20 


0.15 

Oobafiux “A»». 


0.45 

6.00 4.00 

0.30 


0.20 

0.20 

0.25 


37.00 


* See Ludlum Steel Co. 


(Continued) 















































TOOL STEEL TRADE NAMES 


19 




O 

Mn 

Cr 

W Mo 

Si 

Nl 

V Co 

6 . Bethlehem Steel Co.,* Bethlehem, Pa.—Con 








tlnued 








Cobaflux **B’'... 

0.90 

0.45 

4.50 

9.00 

0.30 


19.00 

Collet . 

0.95 

0.70 



0.25 


0.20 

Comokut High Speed. 

0.73 

0.30 

4.50 18.25 0.75 

0.50 


1.25 6.00 

Extra Special High Speed. 

0.70 

0.25 

4.25 ] 

14.00 

0.40 


2.25 

67 Hot Work. 

X 

0.30 

2.75 

9.00 

0.30 


0.50 

67 Hot Work (Special). 

X 

0.30 

2.75 

12.50 

0.30 


0.50 

445 Hot Work. 

0.85 

0.30 

3.73’ 


0.25 



Finishing . 

1.30 

0.30 


4.00 0.40 

0.40 



H. V. High Speed. 

0.80 

0.30 

4.50 18.50 0 60 

0.25 


2.15 

Lehigh Die and Tool, “H” Temper.. 

1.65 

0.35 

12.00 

0.80 

0.30 


0.30 

Lehigh Die and Tool, “L” Temper. 

0.85 

0.25 

11.50 

0 45 

0.30 

0.95 

0.30 

H. M. High Speed. 

X 

0.20 

3.75 

1.55 8.75 

0.35 


1.10 

Nall Die. 

1.15 

0.30 



0.35 



Omega . 

0.55 

0.70 


0.45 

2.15 


0.20 

Permanent Magnet No. 1. 

0.65 

0.30 


6.00 

0.20 



Permanent Magnet No. 2. 

0.90 

0.30 

3.75 


0.20 



Piston . 

1.16 

0.30 

0.55 


0.20 


0.20 

6 Nickel. 

0.20 

1.05 



0.25 

35 


7 Nickel. 

0.25 

0.90 



0.20 

42 


65% Nickel — 15% Chromium. 

0.08 

2.25 

14.00 


0.35 

62 


67 Chisel. 

0.45 

0.25 

1.25 

2.15 

0.20 


0.20 

67 Tap. 

1.20 

0.25 

0.75 

1.50 

0.20 


0.20 

71 Alloy. 

0.65 

0.80 



2.00 



Special High Speed. 

X 

0 25 

4.00 ; 

18.00 

0.25 


1.00 

Superior.... 

X 

0.25 



0.20 


0.20 

Tool Room Oil Hardening. 

0.90 

1.15 

0.50 

0.50 

0.25 


0.20 

Tough, “H” Temper. 

0.70 

0.20 

0.80 


0.25 


0.20 

Tough, “M" Temper. 

0.50 

0.65 

0.95 


0.25 


0.20 

Tough. "S’* Temper. 

0.50 

0.30 

1.30 


0.20 


0.20 

Tong Rein. 

X 

0.30 



0.20 



X, XCL, XX, XXX. 

X 

0.30 



0.20 



X —As specified or needed for a particular purpose. 








O 

Mn 

Cr 

W 

*Mo 

81 


6 . Boyd>Wagner,i> Chicago 








Rekord Superior.. 

0.70 

0.30 

4.00 

18.00 


0.20 

Co 0.30 

Rekord Extra. 

0.80 

0.30 

5.00 

18.50 

1.50 

0.20 

V 1.50 








Co 2.20 

Rekord Select. 

0.80 

0.30 

5.00 

18.50 


0.20 

V 1.60 








Co 5.50 

Rekord Eminent. 

0.75 

0.30 

5.00 

18.50 


0.20 

V 1.50 








Co 10.00 

E. Z. 14 W Hot Die. 

0.45 

0.30 

3.00 

14.00 


0 20 

V 0.20 

E. Z. 9 W Hot Die. 

0.30 

0.30 

3.00 

9.00 


0.20 

V 0.20 

Extra Fraz. 

2.20 

0.60 


1.00 


0.40 

Co 1.00 








Ni 0.50 

Hypro No. 62... 

2.00 

0.60 

12.00 



0.40 


Crown W Fast Finishing. 

1.30 

0.30 

1.80 

4.00 


0.20 

V 0.20 

Special No. 18 S. 

0.45 

0.30 

1.40 

2.20 

0.30 

too 

V 0.20 

Arrow Oil Hardening. 

0.95 

1 20 

0.50 

0.50 


0.20 

V 0.10 

Hy-Lo Oil Hardening. 

0.85 

2.25 

0.04 



0.30 

V O.IO 

Bowco Oil Hardening Tubing. 

1.00 

0.50 

1.50 



0.20 


Bowco Water Hardening Tubing. 

0.90 

0.30 

1.00 



0.20 


Impress. 

0.50 

0.30 

1.50 

2.00 


0.20 

V 0.20 

Die Cast. 

0.45 

0.40 

1.40 

2.30 


0.25 

V 0.20 

Moldie . 

0.80 

2.00 

0.10 



0.30 

V 0.10 

Very Best... 

1.05 

0.30 

0.50 



0.20 

V 0.10 

Best Carbon. 

l.OG 

0.30 




0.20 

V 0.05 

No. 4. 

0.90 

0.30 




0.20 


Standard . 

1.10 

0.30 




0.20 


No. 41. 

1.10 

0.60 




0.20 


B.W. Point 5. 

0.02 

0.18 






B.M.S. Plate. 

0.15 

0.30 






C Mn 

Or 

W 


Mo 

Si 


V 


7. Braeburn Alloy Steel 
Corp.f* Braeburn, 


Bonded Carbide.. 

0.65-0.70 

0.15-0.30 

4.26-4.75 17.50-18.50 

0.60-0.80 

0.15-0 30 

2.00-2.25 

Co 9.50-10.50 

Twinvan ... 


0.78-0.84 

0.25-0.35 

4.00-4.50 18.00-19.00 

0.50-0.80 

0.20-0.50 

2.00-2.25 

Cobalt. 


0.65-0.73 

0.15-0.30 

3.75-4.26 17.50-18.50 

0.75-1.00 

0.15-0.30 

0.85-1.00 

Co 4-4.50 

Vinco . 


0.50-0.75 

0.15-0.30 

3.75-4.25 17.50-18.60 


0.15-0.30 

0.95-1.05 

T-AUoy. 


0.30-0.35 

0.16-0.30 

3.00-3.50 10.00-11.50 

0.15-0.30 

0.20-0.35 

0.30-0.50 

Mo-Cut. 


0.60-0.85 

0.30 max, 

. 3.50-^0 1.20-1.80 

8.20-9.20 

0.20-0.45 

0.90-1.30 

Superior No. 

1 ... 

2.05-2.20 

0.40-0.60 

11.50-13.50 


0.20-0.40 

0.55-0.65 

Superior No. 

3... 

1.40-1.60 

0.20-0.40 11.00-13.00 
(Continutd) 

0.70-0.90 

0.20-0.40 

0.75-1.00 
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c 

Mn 

Cr 

W 

Mo 

Si 

V 


7. Brmcbani Alloy Steel 
Cerp.,* Braebura, Pa. 
—CoDtlnued 


Kiakl. 

0.90-1.00 

1 .00-1.20 

0.43-0.57 

0.45-0.70 


0.30-0.45 

0.15-0.25 

Hot Die No. 2.... 

a90-1.05 

0.20-0.40 

3.90-4.30 



0.25-0.40 


Vibro. 

0.50 

0.20-0.30 

1.30-1.50 

1.75-2.00 


0.15-0.30 

0.20-0.30 

Special . 

0.60-1.40 

0.20-0.35 




0.10-0.25 

0.15-0.25 

B^tra . 

0.60-1.40 

0.20-0.35 




0.10-0.25 


Standard . 

0 60-1.40 

0.20-0.35 




0 10-0.25 


Chrome Vanadium 

0.46-0.85 

0.35-0.50 

0.60-0.80 



0.10-0.35 

0.15-0.20 

R. B. Special.... 

0.45-0.S0 

0.70-0.80 

0.75-0.85 



0 50-0 60 


Die Casting. 

0.40-0.50 

0.50-0.70 

2.40-2.65 



0.20-0.35 

0.20-0 30 

Pressurdle No. 1.. 

0.30-0.40 

0.20-0.35 

4.75-5.50 

4.75-5.50 

0.15-0.25 

0.80-1.00 

0.15-0.25 

Co 0.40-0.60 

Pressurdle No. 3.. 

0.32-0.37 

0.55-0.65 

4 90-5.25 


0.45-0.60 

0.85-1.00 

0.10-0.15 

Viking . 

1 .00-1.10 

0.30-0.50 

1 00-1.10 


0.35-0.50 

0 20-0.35 


Z. N. 

0 45-0.50 

0 60-0.80 

0 80-0.90 



0 15-0.30 





C 

Mn 

Cr 

W Mo 

V 


8. Canadian Atlas Steels, Ltd.,* Welland, Ont. 
Canada 


Atlas Refined (Reg. C). 

... 0.80-1.10 






Atlas Extra (Ex. C). 

... 0.95-1.26 






Atlas Double Extra (Sp Ct. 

0.90-1.10 






Atlas Special Alloy (Va) .... 

.. 0.80-1.10 





0 15 min. 

Atlas “Q” (Cr). 

1 20 


0.50 




Atlas Triple Extra (Wi (Pin.)_ 

1.35 



3.75 



Monark (Shock Resisting). 

0.60 

0.75 

0.30 


0.20 

Si 2 

Falcon (Cr, W). 

0.50 


1.25 

2.00 


0.20 

Badger (Cr, W). 

1.25 


0.40 

1.50 


0.20 

E. B. Alloy (Cr. Hot Work). 

0.85 


3.75 



0.20 

Ultimo No. 6 (Cr, Ni). 

0.55 


0.76 


0.76 

Ni 1.60 

Hot Die (Cr, W# Va). 

0.35 


3 25 

11.00 


0.40 

Keewatin (Mn) . 

0 90 

1.15 

0.50 

0.50 



N N (Cr). 

2.25 

12.00 




0.25 

P N S (Cr). 

1.50 

12.00 



0.80 

0 25 

Spartan . 

.. 0.50-0.75 


4.00 

18.00 


1 00 

Trojan (W, Cr, Mo, Va). 

0 80 


4.00 

18.00 

0.50 

2 00 

Nipigon (CJo) . 

0 75 


4.00 

18 00 

0.80 

2.00 







Co 7 


9. Cannen-Stein Steel Corp.,b 
Syracuse, N. Y. 

Rita Standard. 

Rita Electric . 

Rita Extra. 

Rita Standard Drill Rod 
Rita Special Drill Rod. 

Rita Special Tool .. .. 
Rita Extra Special .. . 
Rita Chrome-Vana¬ 
dium C.V.K. 

RiU T.C.V. Alloy (W) .. 

Rita Car-Van Die (C, V) 
Rita Hot Forging Die 

No. 1 (W). 

Rita Hot Forging Die 

No. 2 (W) . 

Rita Carbon Vanadium 

Drill Rod (V) . 

Rita Carbon-Vanadium 

Drill Rod . 

Rita HlTh Speed (W) . 
RiU 3-Point Die-Hi- 
Carbon Hi-Chrome .. 
Rita No-change Oil 

Hardening (Mn) . 

Rita Oil Hardening 

DrUl Rod. 

Rite Cobalt High Speed 
**Rita’' Composite Die . 


C 

Mn 

Cr 

W 

V 

81 

As 

Desired 

0.40 max 




0.20 

0 80-0 90 
As 

0.30 max. 




0.10-0.25 

Desired 

0.40 max. 




0.20 

1 00-1.10 

0.25-0.40 




0 10-0.25 

1.25-1.35 

As 

0.20-0.25 




0 15-0.30 

Desired 

0.20-0.30 



0.15-0 20 

0 15-0.30 

1.40 

0 20-0.30 

0.15 

4.00 

0 30 

0 15-0 30 

0 76 


0.90 



0.20 

• 0 45-0 55 
As 

0.20-0.30 

1.35 

2.28 

0.25 

0.20-0.30 

Desired 

0.20-0.30 

0.10 max. 


0.20 

0.15-0.30 

0.30 

0.20-0.35 

4.00 

15.00 

0.50 

0.30 max 

0.45 

0.20-0.35 

2.75 

15.00 

0.50 

0.50 max. 

0.95 

0.35 

0.95 


0.15-0.18 


0.50 

0.65 

0.96 


0.15-0 18 


0.68 

0.20 

4.00 

18.00 

1.00 

0.30 

2.25 

0.55 

13.00 



0.30-0.35 Ni 50 

0.95 

1.50-1.75 

0.15-0.25 



0.30 

0.95 

1.50-1.75 

0.15-0.25 



0.30 

0.70 

0.20 

4.00 

17.25 

1.00 

0.33 Co 4.50 

1.00 

0.30 ^ 




0.20 Co 5-10 
Iron Portion 


(CQniinu€4) 
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10. Carboloy Co., Inc.,* Detroit 

Carboloy (Cemented Carbides & Tungsten Cobalt Alloys) 


c 

Mn Cr 

W 

V 

Si 

Mo 

11. Carpenter Steel Co.,* 






Beading, Pa. 






Comet (Reg. C) ... 1.10 



• 



Extra (Ex. C) .... 1.10 






Special (Sp. C) ... 1.10 






Solar . 0.50 

0.40 



1.00 

0 50 

Excelo . 0.56 

0.40 1 50 

2.50 

0.35 

0 30 


K-W. 13 


3.5 




T-K (Hot Work) .. 0 5 

3.0 

8.0 




Gold Star . 0.72 

3.76 

12.5 

2.1 


Co 3.75 

Star Zenith. 0.70 

3.75 

18.5 

1.1 



Stentor (Mn) . 0.90 

1 60 





Hampden . 2.1 

12 5 




N1 0.50 

610 Air Hardening. 1.6 

0.8 12 


0.20 



R.D.S. 0.76 

0.3 1.0 



0 25 

N1 1.75 

D Y. O . 0.3 

0.3 4 

14.5 

0.5 

0.25 


Carpenter Moly ... 0.78 

. 3.76 

1.50 

1.15 


8.60 


C Mn 

Cr 

W 

V Mo 


12. Colonial Steel Div., 






Vanadium Alloy Steel Co.,* Pittsburgh 





Vascoloy-Ramet (Cemented Carbide) 





Red Cut Superior (W, Cr, V)... 

....0.56-0.75 

4.00 

18.00 

1.05 


CoCo Turning (Co). 

.... 0.72 

4.00 

18.00 

1.00 

Co 4 50 

Colonial No. 3 (Hot Work) (W) 

. . 0.33 

3.50 

9.50 

0.45 


Colonial No. 4 (Pin.) (W). 

.... 1.30 


3.50 



Ohio Die (Cr). 

.... 1.65 

12.00 


0.85 0 80 

Co 0 40 

Colonial No. 6 (Mn). 

0.95 1 30 

0.50 

0.50 

0.15 


Colonial No. 7 (V). 

... .0.60-1.40 



0.18 


Red Star Tungsten (W). 

. . 1.20 

0.45 

1.60 

0 20 


Tungo (W). 

.... 0.50 

1.65 

2 00 

0.25 


Silman (SI Mn). 

.... 0.55 0.85 

0.25 


0.30 

SI 2.10 

Colonial No. 35 (Hot Work) (Cr).. 0 95 

4.00 




Colonial No. 14. 

...0.60-1.30 





Red Star Tool. 

....0 60-1.30 






C Mn 

Cr 

W 

V Mo 


I.S. Columbia Tool Steel Company,* Chicago 





Heights, ni.« 






Clarite High Speed. 


4.00 

18.00 

1 25 


Vanlte High Speed. 


4 00 

18 00 

2 00 0 65 


Maxite Super High Speed. 


4.00 

14 00 

2.00 0 60 

Co 4 

Formlte (Hot Work). 

. 0.40 

3.75 

14.50 

0.65 


Columbia Double Special (Fin.) 

. 1.30 

0 55 

3.25 



Superdie (High C, Cr). 

. 2.20 

10.50 

1.00 



Special Wire Drawing Alloy ... 

. 2.30 

1.85 

10.50 



Silvanite . 

. 1.26 

4.00 

8.00 



Self Hardening . 

. 1.60 

3.75 

9.50 



Olldle (Non-Deforming). 

. 0.90 

1.60 

0.50 



Exl-Dle (Non-Deforming). 

. 0.90 1 15 

0.50 

0.50 



Tapdie . 

.. . 1.26 

0.20 

1.00 



Cutter Alloy. 

. 1.05 

0.25 

0.25 



Phoenix (Heat Resisting) . . . 

. 0.95 

3 95 




Buster (Shock Resisting). 

. 0.50 

1 20 

2 25 

0 25 


Artdie . 

. 0.95 

0.30 


0.02 


Columbia Special (Sp. C). 

. Any 

0 18 


0.02 


Columbia Extra Vanadium. 

. Any 



0.20 


Columbia Extra . 

. Any 





Waterdle. 

. LOO 

0.50 




Waterdie B. 

. 1.00 

0.50 




Columbia Standard Vanadium. 

. Any 



0.20 


Columbia Standard. 

. Any 





Airex . 

. 0.6’5 0 75 




Si 2 

Columbia Electrex. 

. Any 






C Mn Cr W Mo V 81 


14. Craine-Schrage Steel Co.,o> « 

Detroit 

Crasco Green Label.O.OS-l.OS 0.16-0.36 .16-.36 

Crasco White Label. 1.00-1.10 0.16-0.36 .16-.36 

Crasco Drill Rod. 1.00-1.10 0.16-0.35 .16-.35 


*These steels are also carried by the Pratt Inman Co., Worcester, Mass. 

(Continued) 
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0 

Mn Cr 

W 

Mo 

V 

SI 

14. Craine-Schrage Steel Ce.,^« *• 

Detroit—Continued 

Crasco Red Label (M&, W, 

Cr) .0.85-0.95 

Crasco Black Label (Cr). 1.40-1.60 

1.00-1.25 0.40-0.6G 
0.25-0.35 0.11-0.13 

0.40-0.60 

0.70-0.90 

0.15-0.25 

.25-.35 

.25-.36 

Crasco Special Vanadium 0.95-1.05 

Crasco High Speed. 0.65 

Crasco Tool Bits. 0.65 

Crasco Finishing. 1.35-1.45 

0.15-0.35 

4.00 

4.00 

0.15-0.3$ 

18.00 

18.00 

3.75-4.25 


0.15-0.25 

1 .00-2.00 

1.00 

0.15-0.25 

.15-.35 

.40-.50 


C Mn Cr W 

Mo V 

CO 

Si 


15. Craeible Steel Co. of America,* 
New York 


Rex AAA .As desired 

Rex AA. 

Rex A . 

Rex Supervan. 0.80 

Rex Champion. 0.75 

Rex 95 . 0.80 

Rex TMO .As desired ’ 

Rex VM . 0.86 

H.Y.C.C. 2.25 

Airdi . 2.26 

C.C.A. 1.50 

La Belle No 24. 1.10 

Sanderson Double Special. 1 30 

Crescent Double Special. UO 

Wortle No. 1 Drawing Die. 2.10 

Wortle No. 2 Drawing Die. 1.85 

Wortle No. 3 Drawing Die. 2.10 

Wortle No. 4 Drawing Die. 1.95 

Wortle No. 5 Drawing Die. 1.85 

Peerless A . 0.30 

Peerless B . 0.45 

“Peerless C . 0.30 

Peerless D . 0.45 

Crescent Hot Work No. 2. 0.95 

LaBelle No. 89 (Hot Work). 0.55 

LaBelle Special Hot Die. 0.40 

LaBelle Cromonlc (Hot Work)... 0 50 

Pyro Die (Hot Die). 0.40 

Atha Pneu (Hot Work). 0.55 

Atha Pneu (Cold Work). 0.45 

Paragon Oil Hardening. 0.90 

Champion Non-Changeable . 0 90 

LaBelle 2-70 . 0.80 

LaBelle Silicon No. 2. 0.60 

Alva Special. 0.75-1.20 

Alva Extra . 0.75-1.20 

Champion Extra . 0.75-1.20 

Crescent Special Alloy Chisel_ 0.45 

Atha Rim Roll. 1.00 

Crescent Rim Roll. 1 00 

Atha Chrome Roll. 0 90 

Sanderson Special .As desired 

Crescent Special . ** 

Sanderson Extra . ** 

Crescent Extra . ** 

Sanderson Tool . 

Crescent Tool . “ 



4.00 

18.00 

0.50 

1.00 

5.00 



4.00 

18.00 


1.00 




4.00 

18.00 






4.00 

18.00 

0.65 

2.00 




4.00 

14.00 


200 




4.00 

14.00 

0.50 

2.00 

5.00 



3.75 

1.50 

8.75 

1.10 




4.00 


8.00 

2.00 




12.00 



0.25 




12.00 


1.00 

0.25 




12.00 


0.80 

0.25 




12.00 


1.00 

0.25 




0.26 

3.60 







3.60 






2.00 

4.25 






1.90 

4.25 







1.50 







3.00 





1.90 

1.85 

12.00 






3.25 

9.00 


0.25 




2.75 

15.00 


0.40 




2.76 

15.00 


0.40 




2.00 

11.00 


0.20 




3.76 







4.00 


0.50 

1.00 




2.25 





Ni 2.50 

1.25 

7.00 


0.75 



NI 1.50 


1.00 



0.25 




1.25 

2.75 


0.25 




1.25 

2.75 


0.26 



1.60 




0.25 



1.15 

0.50 

0.50 





0.80 






2.00 

0.80 



0.30 

0.25 


1.90 





0.25 





1.29 






1.25 

2.40 






0.50 







0.50 







1.35 







Black Diamond Tool. 
Granada Tool .. 


16. Cyclops Steel Co.* 



C 

Mn 

Cr 

W 

MO 

V 

Co 

Si 


17. Darwin A Milner, Inc., * Cleve- 










land 










A-B-C (W, CD. 

0.40 

0.50 

0.25 

0.50 




0.30 


Cannon (W. Cr, V). 

0.60 


3.50 

16.00 


1.00 




Cannon-Special (High Speed).. 

0.70 


4.00 

18.00 

0.50 

2.00 




Cobaltcrom PRK-33 . 

1.40 

0.30 

13.00 


0.80 


3.30 

0.60 

Ni 0.50 

Darwin No. 1 (Air Hdg). 

1.40 

0.30 

13.00 


0.80 

0.30 


0.20 


Darwin 605 (High Speed). 

0.60 

0.30 

4.50 

18.00 

0.50 

1.00 

6.00 

0.30 


Darwin No. 1366 (High Speed) 

0.70 

0.40 

4.00 

18.00 

0.50 

2.00 

15.00 

0.30 


Plrex (Cr, Ni). 

0.40 


1.10 





0.30 

Ni 4.50 

Firex-Speclal . 

0.40 


1.50 


0.80 




Ni 4,25 


•See Universal-Cyclops Steel Corp. 


(Continued) 





































































C Mn Cr W Mo V Co 81 

19. Detroit Alloy Steel 
Co..b Detroit 
Krokoloy (Cr, 

Co) . 1.40-1.60 12.00-14.00 8-.9 , 3.0-3.5 .SO-.OO 

Martin Steel (Co. 

Cr. Mo) . 1.40-1.60 12.00-14.00 1.10-1.25 .35-.40 1.10-1.25 

Castaloy (Cr. Mo) 1.40-1.60 0.45-0.55 12.00-14 00 .7-.8 .7-.8 

Carbomang 

(C, Mn) . 0.90-1.00 1.0-1.25 0.45-0.60 .40-.60 


C Mn Cr W Mo V Co Si N1 

20. Henry Disston A Sona»* Ine., Phila¬ 
delphia 


Best (Sp. C) . As ordered 0.25 0.20 

Extra (Ex. C). As ordered 0.25 0.20 

Standard (Reg. C). ** 0.25 0.25 

D-1 . 1.05 0.25 0.25 

Celero . 1.35 0.25 0 25 2.75 0.20 

Keystone Alloy Chisel. 0.50 0.30 1.10 1.95 0.25 0.20 

max. 

812 Die Steel. 1 75-1.85 0.30 12.25 0.29 

Kutkwik . As ordered 0.25 4.00 18.00 1.00 0 25 

D-6-Co . 0.80 * 0 30 4.00 19.25 0.90 2 00 6.00 0.20 

Mansil Oil Hardening. 0.90 1.15 0.50 0.50 0.35 

Croloy . 1.50 0 30 12.00 0.80 1.00 0.30 

D-29 . 0.58 0 74 0.12 0 49 0.15 1.35 

max. max. 

Nivan . 1.10 0.30 40 0.25 0.25 1.40 

max. 

Polaris . As ordered 0.30 0.20 0.25 0.70 

max. 

D-9 Va. •• 0.55 0.25 0 50 

max. 

VaTool Best ] 

" Standard). ** 0.25 0.25 0.15 

“ Extra J 

Nicroman . 0.65 0 40 1.00 0.20 1.65 

H.R.W. 0.95 0.25 3.75 0.20 0.30 

max. 

Semi High Speed. 1.10 0 25 0 30 1.15 0.25 0.15 

max. 


21. Edfcomb Steel Company, Philadelphia*. 


C Mn Cr W Mo V 

82. Elbert Steel Corp.,b New York 

Elberts High Speed. 0.72 4 00 18 1.00 

Elberts Elbit Molybd. High Speed. 0.81 4.25 9 00 2 20 

Elberts C-T High Speed. 4.25 20.50 0 60 1.30 


Ci 


12 25 


*Same trade names as Allegheny-Ludlum. 

(Continued) 
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TOOL STEEL TRADE NAMES 


Mn Cr W Mo 


22. Elbert Steel Corp.,^ New York-Continued 








Elbert's Hi-Chrome 

Die Steel.... 


12.00 


0.80 

0.50 


Elberts Air Cool Die Steel. 

. 1.65 

12.00 

0.80 0.85 

0.40 


Elberts EZ Oil Hardening Stee 

.. 0.95 1.30 0.50 0.50 

0.10 



Elberts Tool Steel 


. 1.00 0.20 





SI 0.20 

Elberts C-Van .... 


. 1.00 0.20 



0.15 


Si 0.20 

Elberts HW Hot Work Steel .... 

.... 0.33 

3.50 9.25 

0.45 



Elberts Hot Tool.. 


. 0.32 

4 75 0 75 

.00 



Elberts Grip Die... 


.0 98 0.35 3.90 




SI 0.35 

Elberts TcV Alloy 

Chlsei Steel. 

0 50 

1.65 2 00 

0.25 





C 

Mn 

Cr 

W 

MO 

SI Nl 

V 

CO 

23. Engelsted, K.,e New 

York 









1 . 


... 0 60 

0.30 




0.20 



2 . 


0 70 

0.30 




0.20 



3 . 


0 80 

0 30 




0.20 



3^. 


0.90 

0.30 




0.20 



4. 


1.00 

0 30 




0.20 



5 . 


. 1.10 

0 30 




0.20 



6 . 


1.20 

0.30 




0.20 



7. 


1.30 

0.30 




0.20 



8 . . . 


. 1.45 

0.30 




0.20 



9B ... 


0.60-1.45 

0.30 

0 15 



0.20 



9A. 


0.60-1.45 

0 30 

0 25 



0.20 



9 ... . 


0 60-1.45 

0.30 

0 45 



0 20 



10 . 


0.60-1 45 

0.30 

1 00 



0.20 



11 . 


0.60-1.45 

0 30 

1 50 



0.20 



12 . 


... 0.80 

0 30 

0 45 



0.20 

0.10 


13. 


.. 0.95 

0.30 

0 45 



0.20 

0 10 


14 .,. 


. 1 05 

0 30 

0 45 



0.20 

0.10 


16 . 


6.95 

1 25 

0 50 

0 50 


0.20 

0 10 


17 . 


1.15 

0.30 


1 00 


0 20 



18 . 


0.45 

0.30 

1 40 

2.20 

0.30 

0.25 

0 20 


19. 


. 1.15 

0.40 

0 50 

1.50 


0.10 



20 . 


.. 1.30 


1,80 

4 00 



0 20 


21 . 


... 1.30 


0.50 

5 00 





22 . 


0.45 


3.00 

9 00 





23 . 


.. 0.45 


3.00 

14 00 





25 . 


.. 0.70 


4 00 

18 00 



1.00 


26 . 


. . 0 80 


5 50 

18 

1 50 


1.50 

2 00 

27 . 


. 0.80 


5 50 

18 

1.50 


1.50 

5.50 

28. 


0 75 


5 50 

18 

1.00 


1.50 

10.00 

41 . 


0 50-1.30 

0 55 




0.20 



42 . 


0.45-0.70 

0.90 




0.70 



43 . 


.. 0 60 

0.90 




1.90 



61 . 


.. 2.20 


13 00 






62 . 


2 20 


12 50 






85 . 


.. 0.50 

0.60 

0 80 


0.20 

0.30 3.25 




C 

Mn 

"Cr~ 

W 

Mo 

SI Nl 

V 

Co~~ 

24. Faitoute Iron Sc Steel 

Co.,*’ Newark 









Red Cut Superior 


0 50-0.75 

0.20 

4.00 

18.00 


0.32 

1 00 


E V.M. 


0.82 

0.25 

4 25 

18 .50 

0 65 

0 35 

2.10 


Red Cut Cobalt. 


0.72 

0.20 

4.00 

17 25 

0.50 

0.32 

1.00 

4.50 

Gray Cut Cobalt . 


0.80 

0 20 

4.25 

20 50 

0.60 

0.30 

1.30 

12 25 

Crocar . 


.. 2.20 

0.20 

•12 00 



0.30 

0 80 

0 50 

Ohio Die. 


. . 1.55 

0.20 

12 00 


0 80 

0.35 

0 85 

0 40 

Vanadium Type D . 


.. 0.50 

0 20 

0.80 



0.25 

0.20 


Vanadium Type G . 


.. 0.60 

0.20 

0.80 



0.25 

0.20 


Vanadium Type H . 


.. 0.70 

0 20 

0 80 



0 25 

0 20 


Vanadium Type K , 


.. 0.80 

0.20 

0.80 



0 25 

0.20 


Vanadium Type N . 


.. 0.92 

0 20 

0.80 



0.25 

0.20 


Vanadium TH>e BB 


.. 1.00 

0 20 

0.80 



0.25 

0.20 


Colonial id . 


.. 0.95 

1.30 

0 50 

0 50 


0.22 

0.10 


Red Star Tungsten. 


As 










Temper 

0.25 

0.42 

1 60 


0 30 

0 20 


Hotform . 


.. 0.32 

0.30 

4.75 

0 75 

1 00 

0.90 



Par-Exc . 


... 0.60 

0.20 

1.65 

2.00 


0.28 

0 25 


Colonial $14 . 


... 0.90 

0.25 




0.20 



Red Star .. 


Varies 








Ideal . 


Varies 










C 

Mn 


'Tr 

W 

Mo 

Ni 

Co V 


t5. A. Finkl A Soni Oo.,* OhlMfp 


DlirodI (Cr. 111. Mo) . 0.60-0.70 0.45-0.65 0.75-1.00 0.60-0.90 1.25-2.00 

PX (Cr, Nl. Mo) . 0.60-0.70 0.45-0.65 0 50-1.00 0.15-0.35 1.25-2.00 

F8 (Cr.Nl, Mo) .0.60-0.70 0.45-0 05 0 50-1.00 0.15-0.35 1.25-2.00 

PM (Or. Mo) . 0.60-0.70 0.50-0.90 0.75-1.00 0.15-0.25 

Oold-Hot iCr, Nl, Mo).0.70-0.90 0.20-0.50 0.40-0 80 0.15-0.25 0.50 max. 


(Continued) 





























































TOOL STEEL TRADE NAMES 25 









0 

Mn Cr 

W 

Mo 

Ni 

Co 

V 


26. Firth'Sterllng Steel Co.,» McKeesport* 
Pa. 


Circle 0 . 

.. 0.77 

4.50 

18.50 

1.00 

9.00 1.75 

Blue Chip. 

0.72 

4.00 

18.00 


1.00 

HV. Blue* Chip . 

0 81 

4.50 

18 50 

0.75 

2.20 

XDM Steel . 

.. 0.45 

4 00 

18 00 


0.50 

Cromovan. 

.. 1.60 

12 00 


0.80 

1 00 

Triple Die Steel. 

2.25 

12 50 

• 


0.20 

J. S. Punch & Chisel Steel. 

.. 0.50 

0.30 1.40 

2 25 



C. Y. W. Choice (Hot Work) .. 

.. 1 00 

0.50 3 50 




Invaro Oil-Hardening. 

... 0 90 

1 15 0 50 

0 50 



R. T. Steel (Past Finishing). 

.. 1.30 

0 40 0 25 

3.50 



Special A S.V. (Sp.C). 

. . Varies 





Special (Sp.C) . 

... Varies 





Diamond “M” (Sp.C). 

.. Varies 





Best (Sp.C) . 

... Varies 





Extra (Extra C). 

.. Varies 





Sterling XX . 

... Varies 





Sterling “V“ . . 

. Varies 





Sterling (Reg.C) . 

... Varies 





Silver Star . 

Varie.s 





H. M. Blue Chip. 

Not 

Available 




L. C. Blue Chip. 

... Not 

Available 




X. D. H. Steel. 

... Not 

Available 




X. D. L. Steel. 

Not 

Available 




L. T. Forging Steel.. 

... Not 

Available 




Sterling Nltrard No. 1 

.... Not 

Available 




Meteor. 

Not 

Available 




Chimo 

Not 

Available 




Double Special .. 

Not 

Available 





27. D. C. Gautier St Co..^ New York 

Standard G . 0 80-0 90 

Extra G 0 90-1 05 

Special O 0.80-0 90 

Standard G Chisel .. 0 70-0 85 


O Mn Cr W Mo Si NI V 


28. Great Western Steel Co.* Ino.**'> ^ 

Los Angeles 

Fagersta Standard . 

Fagersta Special . 

Fagersta Hollow Drill. 

Fagersta “30’* Drill. 

Fagersta Header Die. 

Fagersta Oil Hardening. 

Fagersta High Production. 

Fagersta Piercer . 

Fagersta Hock Drill Piston. 

Fagersta Hot Work . 

MiRyCal Chisel . 

Polhem Drawing Die. 

Dannemora A D 95 Coining Die 


1.00 

0.35 




0.15 


1.00 

0.35 




0 15 


0.80 

0.30 




0 10 


1.00 

0 30 

1 10 


0 35 

0 30 


1.05 

0.35 




0 20 

0.50 

0.95 

1 05 

0.45 

0 45 




1.60 

0 30 

12 00 


0 80 

0.30 

0.20 

0.60 

0 40 


5 00 


0 27 

3 00 

0 95 

0.20 




0 15 

0.25 

0.30 

0 30 

3 50 

9 00 


0 45 

0.40 

0.45 

0 25 

0 90 

1 00 

0.20 

0.20 


1.80 

2.00 

2.00 

13.00 




0.70 


0.25 

1.00 



0.15 


O Mn Cr W Mo V Co Si 


29. Halcomb Steel Div., Crucible Steel Co. 
of America** Syracuse, N. T. 


Special . 

Extra Epecial . 

Extra Warranted . 

Standard . 

Ketos. 

Krovan . 

Liberty . 

Special Vanadium . 

Peerless Cold Header Die 

Halcut . 

Krosil Chisel Steel. 


As 






Desired 

As 

Desired 

As 

Desired 

As 

Desired 






. 0.90 

1 25 

0.50 

0.50 



. 0.90 


1.00 


0.20 


. 1.20 


0.30 

1.26 



As 






Desired 




0.20 


. 0.95 

0.25 




0.25 

. 0.45 


1 25 

2.60 


0.20 

. 0.50 

0.90 


0.35 


1.50 


(Continued) 
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TOOL STEEL TRADE NAl^AES 









0 

Mn Or 

W 

Mo 

V 

Co 

81 


t9. Halcomb Stool Div., Crooiblo Stool Co. 


of Amoricaf Syracuse, N. Y.—Continued 


Haldi . 

... 2.26 


12.00 


0.90 

0.20 


Marathon ... 

... 2.25 


12.00 


0.90 

0.20 


Air Hardening.. 

... 1.80 

0.35 

4.00 


4.10 


0.65 

Double Special . 

As 








Desired 

0.30 . 

0.25 

3.50 



0.45 

O.C.S. Die Casting. 

... 0.35 

0.35 

5.25 

4.25 


0 40 

1.15 

NuDie Casting . 

... 0 38 

0.40 

5.00 


1.40 

0.40 

1.00 

Thermo Die .. 

... 0.40 

0.65 

2.40 



0.20 

0.25 

Pyro (Hot Die). 

... 0.45 

0.70 

0.95 



0 20 

0.25 

L. C. T. Alloy (Hot Work). 

... 0.45 


3.00 

15.00 


0.40 


L. C. T. $2 (Hot Work). 

... 0.40 


3.00 

11.50 


0.40 


L.L.C.T. (Hot Work). 

... 0.25 


4.00 

15.00 


0.40 


Halcomb Hot Work. 

... 0.40 


3.50 

8.75 

0.25 



Wortle 54 Drawing Die. 

... 1.95 

0.45 


3.00 



0.15 

Dreadnought High Speed. 

As 








Desired 


4.00 

18.00 


1.15 


Supervan Dreadnought High Speed. 0.80 


4.25 

18.50 

0.75 

2.10 


Super Dreadnought High Speed.. 

... 0.76 


3.75 

14.00 


1.85 


Halcomb 999 High Speed. 

... 0.80 


3.75 

14.00 

0.55 

1.80 5.35 


VM Dreadnought High Speed_ 

.... 0.86 


4.00 


8.00 

2.00 



C 

Mn 

Or 

V 

Si 


SO. Hawkridge Brothers* Co.,^ Boston 








Hawk Brand . 

0.60-1.40 

0.16-0.30 



0.15-0 30 


Hawk Impacto . 

0.90-1.10 

0.30-0.40 



0.40-0.50 


Hawk Special . 

0.00-1.40 

0.15-0.30 0.20-0.30 


0.40-0.60 


Hawk Vanadium . 

0.70-1.40 

0.15-0.30 


0.15-0.25 0.15-0.30 


Hawk H (Cr, V). 

0.85-1.10 

0.30-0.60 1.00-1.60 


0.15-0.30 



C Mn 

Cr 

V 

Si Co 

W 

31. Haynes Stellite Co.,« Kokomo, Ind. 








Haynes Stellite J-Metal. 




30-35 


45-55 

12-17 


C 

Mn 

Cr 

W 

Mo 

V 


82. Holler Brothers Co.,« Newark, N. J. 


Purple Label . 


.0.50-1.10 

0.20-0.90 





Electric Brand White Label.... 

.0.75-0.90 






Green Label . 


.0.80-1.10 






Blue Label . 

_. 

.0.80-1.10 






Yellow Label (V)... 


.0.80-1.10 





0.15-0.25 

Orange Label Chisel 

(Cr.W.V).. 

.0.45-0.55 


1.25-1.75 

2-3 


0.20-0.30 

Gray Label (Mn.W) 


.0.80-0.90 

1.20-1.40 


0.30-0.60 



Brown Label (Cr)... 


.0.85-1.00 


3.00-4.00 




Red Label Peerless 

(W.Cr.vj... 

.0.60-0.70 


3.00-4.00 

18-20 


1.20-1.50 

Die L (Cr, Mo). 


,1.40-1.60 

0.20-0.40 

11-13 


0.70-0.90 


Cold Label Peerless i 

(W,Co,br,V) 

.0.60-0.70 


3.00-4.00 

18-20 


1.25-1.50 







Co 2-3 

70-20 M (Mo) . 


.0.60-0.70 




0.15-0.25 



c 

Mn 

Cr 

W 


Si 

V 


38. Houfhton St Bichards,^ Inc., 
Boston 


Yellow Label. 

.1.30-1.40 

0.25-0.30 



0.20-0 25 


Grey Label . 

0.90-1.00 

0.20-0.25 



0.20-0.25 


Silver Label . 

.1.30-1.40 

0.25-0.30 



0.20-0.25 


Purple Label . 

.1.05-1.15 

0.22-0.25 



0.20-0.25 


Red Label . 

. 1 . 10 - 1.20 

0.20-0.25 



0.20-0.25 


Blue Label . 

.0.80-0.90 

0.25-0.30 



0.20-0.25 


Rose Label . 

. 1 . 10 - 1.20 

0.20-0.25 



0.20-0.25 


Brown Label . 

.0 90-1.05 

0.20-0.26 



0.20-0.25 


Extra M G. 

.0.90-1.00 

0.85-1.00 

0.50-0.60 


0.20 


Special K . 

.2.25-2 40 

0.26-0.40 

12.75-13.25 


0.15-0.30 

0.15-0 25 

Super Rapid Extra. 

.0.65-0.76 


3.80-4.50 

17-18 


1.30-1.60 

M Y . 

.0.38-0.46 

0.20-0.40 

1.25-1.56 


1.30-1.70 

0.20-0.30 

White Label . 

.0.70-0.80 


3.50-4.00 

16 


0.60-0.75 

B&R gl High Speed. 

.0.55-0.75 

0.15-0.30 

3.80-4.25 17.76-18 10 

0.20-0.35 

0.90-1.25 

Hi^R Cobalt High Speed. 

.0.75-0.80 


4.00 

18 


1.00 

H&R K . 

.8.40-3.60 

0.30-0.40 

12.75-13.26 


0.15-0.30 

0.15-0.25 


*Also same trade names as Halcomb Steel. DIt. 

(Continued) 
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0 

Mn 

Or 

W 

81 V 


88 . Houghton & Blehards,** Inc. 
Boston—Continued 

8 






H&R High Speed. 

H&R Hot Work. 

H&R K-2 . 

H&R Oil Hardening. 

H&R Vanadium. 

H&R M Y-A . 

H&R Grey Label. 

.0.80-0.85 

.0.30-0.35 

.1.50 

.0.90-1.00 
.1.05-1.15 
.0 40-0.43 
.0.90-1.05 

0.25 

0.90-1.00 
0 25 

0.30 

0.20-0.30 

4.00-4.50 

3.00-3 50 

11 50 
0.50-0.60 

1.40-1.50 

18-19 

10-11.50 

0.20-0 50 2.00-2.25 

0.20-0.35 0.30-3.50 
0 30 0.25 

0.20 

0.20 0.18 

1.40-1.50 0 20-0 30 
0.15-0.25 

Mo 0.60 
-0.80 

Mo 0.75 



C Mn Cr 

W 

V Ni 

Mo 


S4. Jessop Steel Co.,* Washinffton, Pa. 



0.75-1.00 





E. 25 . 

. 0.85-1.05 



0.15-0.25 


Washington . 

. 0.60-1.40 





Lion . 

. 0.60-1.40 





Chippaway. 

0.60-1.40 





Dacar . 

0.95-1.10 





Centaur . 

. 0.90-1.05 





Miner’s Drill . 

. 0.75-0.85 





Extra Tough No. 4. 

0.65-0.75 

0 50 



l.S*' 0.25 

96 KC . 

0.60-0 80 

0.30 



1.50 

139 B. 

0 70-0 85 

0.30 



2 50 

Top Notch . 

0.50 

1.25 

2 50 

0.25 


Magic T. R. 

0.50 




Si 2 

89 "MC . 

. 0 50-0 60 

0.80-1 10 


0.15-0.25 


Ball Bearing Steel, 136 . ... 

1 00-1.10 

1 25-1.50 




Special Alloy. 51V. 

. 1.10-1.20 


1.30 



Special Oil Hardening. 

0.90 

1.70 


0.20 


Truform .. 

0.90 

1.20 0.50 

0.50 



3 C . 

. 2.00-2.20 

11.50-12.50 




O.N.8. 

1.50 

11.00-12.00 


0 20 

0.80 

J Hot Working Die. 

0.60 

3.75 




JJ Hot Working Die. 

0.90 

3.75 




2 B (HC). Hot Working Die.. 

. 0.40-0.50 

2 50-3.00 

11 50 

0.50 


2 B (MC), Hot Working Die . 

. 0.30-0.40 

2.75-3 25 

13-14 

0.50 


2 B (LC), Hot Working Die.. 

. 0.28-0 30 

2.75-3.25 

9 50-10.50 

0.50 


Fast Finishing Steel. 

. 1.25-1.35 

0.40-0.50 

3.25-3.75 



King Cobalt . 

. 0.70-0.80 

3.80-4.20 

18.00-18.50 

0.75-2.10 

0.90-1.10 






Co 11.50-12.00 

Purple Label Extra. 

. 0.70-0.80 

3.80-4.20 

18.00-18.50 

1.75-1.90 

0.70-0.90 






Co 8.50-9.00 

Purple Label . 

0 70-0 80 

4.30 

18.5 

1.5 

Co 5 

Supremus Extra . 

. 0,75-0,82 

4.00 

18.5 

20 

1.0 

Supremus . 

. 0.70-0.76 

4 00 

18.00 

1.5 


Mogul . 

. 0 72-0.82 

4.00 

15.00 

1 00 

8.0 


C 

Mn 

Cr 

W 

V 

85. William Jessop & Sons, Ino.,c 






New York 






Yellow Label. 

1.00-1.10 

0.30-0 40 




Green Label . 

1.00-1 10 

0.30-0 40 




Black Label. 

1 00-1 10 

0 30-0 40 




W. J. & S. Extra. 

1.00-1 10 

0.30-0 40 




Composite Die . 

1.00-1 10 

0.30-0 40 




Alloy B (Pin.). 

1.40-1.50 

0.30-0.40 

0.75-0.85 

4 0-4 5 


B. B. Hot Die. 

0 40 

0 25-0.35 

3.5 

8-9 

0.20-0.40 

Alloy C . 

2.00 

0 30-0.40 

13.5 



J-4 Chisel . 

0 45-0 55 

0.25-0.30 

1.5 

2 

0.4 

Albor . 

0 85 

0.25-0 30 

0.65-0.75 

2-2.5 


Hack Saw . 

1.20 

0.25-0.30 


1.25 


Ark Superior . 

0 70-0.75 

0 30-0.40 

4 

18 

1.4 

Ark Superlative . 

0.70-0.75 

0.30-0.40 

4 

18 

1.5 Co 5 

Ark Supreme . 

0.70-0.75 

0 30-0.40 

5 

20 

1.75 Co 15 

Superior Oil Hardening. 

0.85 

1.20-1.40 


O.S-0.5 


Circular Plates . 

1.00, 

0.30-0.40 





C 

Mn Cr 

W 

V Ni 

Mo Si 


86 . Kloster Steel Corp.,b. c Chicafo 


"Swed Oil” Oil Hard. 

0.95 

1.10 

0.45 

0 40 


0.38 

“Chiz-Alloy” . 

Kloster “Rolmo” . 

0.40 

0.40 

1.00 

1.00 

0.25 

0.23 

1.03 

0.46 

1.29 


0.31 

0.36 

Kloster Z-467 . 

0.49 

0.35 

3.00 


0.24 

0.28 

Klo8ter-E-N-97.. 

0.88 

0.40 

0.80 


8.80 0.41 

0.28 


(Continued) 
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C Mn 

Or 

W 

V 

N1 Mo 

Si 

S 6 . Kloster Steel Corp.,^* * Chloafo 







—Continued 







Kloster Hollow DrlU . 

.Straight Carbon 






Kloster Solid Dria . 

.Straight Carbon 






Kloster Standard . 

Straight Carbon 






Kloster Bx-Mejsel . 

0.50 0.50 


1.00 


1.00 

0.90 

“K-L-S-44” Hot Work. 

0.47 

0.90-1.00 

1.00 


0.25-0.35 

Pure-Ore “Super Alloy”. 

0.50 O.SO 

0.95 

1.10 


0.20 

0.20 

Pure-Ore “D-C-33’’ Hot Work 0.30 

4.80 

1.00-1.25 


1.50-1.60 0.90 

Pure-Ore “D-C- 66 ” . 

0.26 

3.50 

8.50-9.00 

0.30 



Pure-Ore “Kapo” . 

2.00 0.77 

12.50 

2.00 



0.44 

Pure-Ore “Hl-Run“ . 

1.50 0.35 

12.50 


0.23 

0.80 

0.35 

Pure-Ore Double Special ... 

1.15 0.42 

0.40 

1.29 



0.27 

Pure-Ore “A-D-70” . 

0.71 0.36 

0.31 

0.98 

0.12 


0.20 

Pure-Ore “A-D-05’* . 

1.10 0.36 

0.25 

0.50 

0.12 


0.21 

Pure-Ore No. 14 . 

1.00 0.35 

0.45 




0.23 

Pure-Ore No. 10 . 

0.64 0.76 

0.80 


0.20 


0.35 

Pure-Ore “V-905” . 

1.00 0.21 

1.15 

0.10 



0.15 

Pure-Ore Cold Heading- 







Pure-Ore Clipper. 

. 0.55-0.75 0.15-0.35 3.80-4.25 

18.50 

0.90-1.24 


0.20 

Pure-Ore “Prior” . 

. 0.78-0.84 0.25-0.35 4.00-4.50 

18.50 

2 00-2.25 

0.50-0.80 0.25 

Pure-Ore Cobalt Hl-Speed . 

0.72-0.80 0.25-0.30 4.00-4.50 

14.50 

2 . 00 - 2.00 

0.40-0.60 0.25 






Co 4.75-5.00 

Prior Extra Hl-Speed. 

0.69 0.35 

4.81 

19 00 

0.93 

Co 1.05 

0.30 

Pure-Ore No. 25 . 

1.10 

0 40 

1.50 




Pure-Ore Special . 1 







Pure-Ore Extra . 

[ Straight 






Pure-Ore Standard. J 

1 Carbon Steels 






Pure-Ore Flapper Valve 







Spring Steel . 








C 

Cr W 

Mo ' 

V N1 

37. Latrobe Electric Steel Co..* Latrobe. 






Pa. 







Electrlte No. 1 . 

0.72 

4.00 

18 


1.00 


Electrite Uranium . 

0.70 

4.00 

14 


1.50 


Electrlte Cobalt . 

0.70 

4.00 

17.50 


1.00 

Co 4 

Electrlte Super Cobalt .... 

0.75 

4.00 

18.00 


2.00 

Co 8 

Electrlte Ultra Cobalt . 

.. . 0.75 

4.00 

18 


1.75 

Co 12 

Electrlte No. 19 . 

0.80 

4.00 

18.50 

0.60 

2.10 


Electrlte Vanadium . 

1.00 

4.00 

18.00 

0.80 

3.25 


Tatmo . 

0.80 

3.75 

1.50 

8 50 

1.00 


E.H.W. No. 1. 

0.25 

4 00 

15 


0.50 


E.H.W. NO. 2. 

0,50 

3.00 

15 


0.50 


EH.W. No. 3. 

0.30 

3 00 

9.50 


0 50 


Special Carbon. 

_ 0.70-1.40 






Extra Carbon . 

.... 0.70-1.40 






Standard Carbon . 

.... 0.70-1.40 






O.S.N. 

2.20 

13 




N1 0.50 

O.S.N. Special . 

1.50 

11.50 


0.75 

0.25 


X.L. Chisel . 

0.50 

1.40 

2 00 

• 

0 25 


Renown (Die Steel). 

.... 6.75-1.20 




0.20 


Select (Hot Work). 

1.00 

4.00 





C.F.S. (Die Steel). 

.... 0.70-1.40 

0.50 





Arrow . 

0.25 

1.00 



0.20 


Crown. 

_ 0.50 

1 00 



0.20 


Aldlvan (Die Steel). 

0,45 

2.50 



0.25 


Supreme . 

_ 0.60 

1.00 



0.20 


Superb . 

0.75 

1.00 



0.20 


Mangano Special . 

0.95 

0 50 Mn 1.15 

0.50 




Lumdie . 

. 0.40 

5 00 

4.50 



Co 0.50 







SI 0.90 


C Mn 

Cr 

W 

Mo 

V' 

Ni 

SS. Lehigh Steel Co.,b New York 







“Leco” Non-Tempering.... 

. 0.33 0.60 

9.75 


0.75 

CUO.70 

T1 0.05 






SI 0.65 

“Leco” X . 

0.45 0.60 

*0.75 


0.75 

Cu 0.70 

Ti 0.05 






SI 0.65 

Lehigh XXX. 

. 0.70 

4.00 

18 


Vl.OO 


Lehigh S.S. 

. 0.75 

4.00 

20 

0.75 

V 2.00 

Co 12 

“Hyco” . 

2.00 0.30 

12.50 


0.75 

V0.90 

SI 0.30 

“Pemo” . 

0.70 

3.75 


0.70 

V0.65 


“Torpedo” . 

0.90 1.20 

0.50 

0.50 



Si 0.30 

“Conqueror” . 

.0.70-1.10 0.40 



0.25 


Si 0.30 

“Croma” . 

. 0.33 0.80 

1.00 




Si 0.30 

N.C. Alloy . 

0.60 0.40 

1 00 



N1 1.50 


(Continued) 
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Super Panther. 0.80 4.00 19.00 1.00 2.00 7 

Panther Special . 0.70 4.00 19.00 1.00 5 

ML. 0.80 4.00 18.00 0.75 2.00 

L3CX . 0.70 4.00 18.00 1.00 

LMW . 0.76 4.00 1.60 8.00 1.00 

Mohawk . 0.60 3.50 14.00 0.70 

Atlas B . 0.40 3.50 11.00* 0.45 

Atlas A . 0.30 3.50 9.00 0.45 

EB Alloy . 0.65 3.75 0.70 0.66 

Seminole Medium. 0.43 1.30 2.00 0.25 

Seminole Hard . 0.48 1.30 2.00 0.25 

Ludlum 602 . 0.48 0.70 0.40 1 70 

Python . 0.90 0.25 

Atlas 93 . 0.65 0.56 0.65 0.35 

Ontario . 1.50 12.00 0.80 0.25 

Huron . 2.00 12.00 1.00 

Deward . 0.90 1.50 0.30 

Saratoga . 0.90 1.20 0.50 0.50 

Utica . 1.26 0.40 1.40 0.20 

Pompton Special .0.70-1.40 

Pompton Extra.0.70-1.40 

Pompton .0.70-1.40 

Corinth .0.70-1.10 

Crow . 1.20 0.50 

Albany . 0.75 0.60 1.00 0.20 

Caroga . 0.50 0.65 1.00 0.20 

Teton . 1.00 1.50 

Special M . 1.20 0.20 0.15 

XCM . 1 20 0.65 1.40 0.45 

LSD . 1 00 1.26 0.30 


40. Mclnnes Steel Co.,* Corry, Pa. 

Mlsco "A” (Reg. C).0.70-0.80 

Superior (Ex. C). 0.90-1.10 

Vanadium Crucible (V). 0.75-1.00 0 25-0.35 

Mclnnes Special (Sp.C).0.95-1.10 

Special Chrome Nickel (Die Steel) 0.60-0 90 

Record “A’» (WO). 

“V" High Speed (V, W). 

Cello Vanadium (V). 1.00-1.75 

Mlsco ‘‘B" (Reg C).0.80-0.90 

Mclnnes “Cobalt” (V.W.Cob)_ 

Folder Die (Reg. C). (Not available) 


0.60-0.90 

1.50-8.00 

4.00 


0.20-0.80 

1.25 


N11.25-1.50 


0 Mn Cr W Mo V N1 Co 


41. The Midvale Co.,* Philadelphia 


Carbon Tool (Reg., Spec., Extra) 

Die Block B—(C). 0,80 

Alloy No. 6—(Cr). 1.05 

Bmoothole (Hollow Drill) (C). 0.85 

Bit Steel (C. Mn). 0.70 

Jar Steel (C. Mn). 0.60 

Bolt Die Regular (Cr). 1.00 

Bolt Die Special (Cr, W).0.35 

Die Block C—(Cr, Nl). 0.45 

Duredge Chisel—(SI, Mo). 0.55 

Finishing (Cr, W). 1.45 

Multole Punch—(Mn, SI). 0.57 

Nut Piercer—(Cr, W). 0.40 

Salvo Rivet Set—(Nl. V). 0.60 

No. 77 Tool Steel (Cr, Mo). 1.00 

One Star High Speed—(Cr, W, V).. 0.70 
Two Star High Speed—(Cr-W-V) . 0.70 
Three Star High Speed—(Cr, W, V, 

Mo, Co) . 0.70 

Five Star High Speed—(Cr, V, W, 

Mo, Co) . 0.85 

Constant—(Mn, Cr, W). 0.90 

Diamond Brand—(Cr) . 1.70 

Double Extra Carbon (Cr). 

Tool Holder—(Cr, W. Mo). 1.25 

Chrome Roll (CD. l.OO 


Caroph' (Open Hearth Carbon Tool Steel) 


0.25 

1.00 

0.76 

0.78 

4.00 

1.75 11 0.25 

0 75 1.50 

0.50 SI 1.60 

0.75 4.25 

0.70 SI 2.00 

3 25 9.50 

1.00 0.20 2.20 

1 30 0.30 


3.50 

14 


2.00 


3.50 

18 


1.00 


3.75 

18 

0 55 

1.25 

5.5 

4.25 

18.50 

0.55 

2.50 

10.5 

0.50 

0.50 




18.00 





0.50 





3.00 

13 

1.25 




2.00 


*Name changed to: Allegheny Ludlum Steel Corp. 

(’ContfiiKetf; 
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c 

Mn 

Cr 

W 

Mo 

V 

Co 


42. A. Milne & Co.,b New York 


Imperial Major . 



4-5 

21-22 

0.60 

0.50-1.00 

Hyco . 



4-4.25 

18-18.50 


1.30 

Hyvan . 



4-4.25 

19 


2.25 

AMC . 



4 

18 


1.30 

Max Tack . 

.. 2.25 


12 

11.25 


0.10 

Tungsten Hot Work. 

.. 0.40-0.45 


2.50 

8-10 


0.10-0.15 

Fast Finishing . 

.. 1.25-1.35 



3.50-5.00 



Double Seven . 

.. 1.30-1.35 


13.30 




Double Six . 

.. 2.25 


14 




High Production . 

.. 1.55 


11.50 


0.75 


K9 . 

.. 0.90 

1.00 

0.70 

0.50 



Amcoh . 

.. 0.85-0.90 

1.00-1.25 

0.40-0.60 

0.70 



Special Chrome Vanadium.. 

.. 0.65 


0.90 



0.20-0.25 

Chrome Hot Work. 

.. 0.90 


3.76 




Tube Mandrel . 

..1.15-1.35 


0.35 




Minerva Chisel . 

.. 0.50-0.55 

0.42 

1.75 

1.90-2.00 


0.20 

A020 . 

.. 0.46-0.50 


1.25-1.75 

2.00-2.50 


0.20-0.30 

P.P.C. Chisel Steel. 

.. 0.30-0.40 

0.60-0.80 

0 70-0.90 


0.30-0.60 


Sp. Vanadium. 

.. 0.80-1.10 

Under .30 




0 . 10 - 0.20 

Orange Label . 

.. 1.05-1.10 






Red Label . 

.. 0.95-1.00 






White Label . 

.. 0.90-1.00 






Green Label . 

.. 0.70-0.80 







O Mn 


48. Pntriarehe A Bell,b New York 

Bell Special .0.90-1.06 

Bell Brand.0.70-0.80 

P. B.0.60-0.70 


O Mn 


44. Horace T. Pott* Co.,b Phlladelplila 

Trojan No. 8 .0.75-0.86 0.30-0.60 

Trojan No. 9V^.0.90-1.00 030-0.60 

Solid Drill .0.80-0.90 

Hollow Drill .0.80-0.90 

Potts Special Drill Rod.0.95-1.05 0.30-0.50 

Elastuf Type A (Cr, V).0.45-0.65 


O Mn 


46. Pratt A Inman,b Worcester, Mass.* 
46. A. B. Pnrdy Co., Inc.,b New York 


Planet Drill Rod.1.05-1.15 

Planet Choice .0.95-1.35 

Planet Extra .0.90-1.05 

Planet Special .0.90-1.05 

Planet Regular.0.90-1.05 


C Mn Cr W V Mo 81 


47. Joseph T. Byersonb A Son, 
Inc., Chicago 


Ryerson VD . 

Ryerson BFD. . 

Ryerson Shock Steel ... 
Ryerson High Speed.... 
Ryerson L.L.D. 

... 0.95-1.05 
,...1.15-1.25 
,... 0.45-0.55 

!.'! 2.00 

0.27 

0.60-0.70 1.60-1.75 
1.20-1.50 1.50-2.00 
4.00 18.00 

12.00 

0.15-0.18 

0.20-0.25 

0.20-0.30 0.20-0.30 

1.00 

0.25 

0.19-0.21 



O 

Mn Cr W 

V Mo 

81 

48. S K F Steels, Ine.,< New York 





8 K P tl . 

8 K F t2 . 

8 K P 83. 


1.00 

0.95 

1.00 

1.05 1.05 

1.60 1.55 

1.50 

0.65 

0.50 


0.60 

0.80 

8 K P . 

8 K P 89. 


1.10 

1.10 




*Pratt A Inman have the same trade names as Columbia Tool Steel Co. 

(Continutd) 
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C 

Mn 

Cr 

W 

V 

MO 


48. S K F Steels, lnc.,« New York— 








Continued 








S K P tl3 . 

.. 1.05 


1.00 





S K P jf22. 

.. 1.00 


1.15 



0.35 


S K P ff36 . 

.. 2.15 

1.20 

12.00 


0.15 



S K P $46 . 

.. 0.90 

1.15 

0.50 

0.50 

0.15 



S K P $48 . 

.. 1.50 


12.00 


0.30 

0.80 


S K P Jf86. 

.. 0.85 




0.10 



S K P #100. 

.. 1.05 







S K P #300. 

.. 0.30 


3.50 

o.ho 

0.40 


N1 1.00 

S K P #711. 

.. 0.50 


1.15 

2.50 

0.15 


Si 0.76 


C 

Mn 

Cr 

w 

V 

Mo 



49. Simonds Saw & Steel Co..* Lock- 
port, N. Y. 


Diamond “S” . 

Blue Label . 

Red Label. 

Die Steel No. 13200. 

Red Streak . 

Super Cobalt . 

Teenax . 

O.H.D. 

.0.80-1.25 

.0.80-1.25 

0.80-1.25 

1.80 

0.70 

0.80 

0.95 

1.20 

IJO 

12.50 

4 

4 

0.60 

18 

18.25 

1.65 

0.10 

1 

1.85 

0.25 

0.50 

Co 8 


0 

Mn 

Cr 

W 

V 

Mo y' 


50. Swedish Steel Mills' A. A. Ino.,« 








New York 








Fagersta Special.. 

... 1.00 

0.35 





Si 0.16 

Pagersta Extra .. 

... 1.00 

0.35 





Si 0.15 

Fagersta Regular . 

... 1.00 

0.35 





Si 0.15 

Fagersta Cold Heading.. 

... 1.05 

0 35 



0.50 


Si 0.20 

Pagersta Non Deforming. 

... 0.95 

1 05 

0.45 

0.45 




Fagersta High Production.. 

... 1.60 

0.30 

12.00 


0 20 

0.80 

Si 0.30 

Fagersta Broach .. 

... 1.15 

0.40 

0.40 

1.25 



Si 0.25 

Fagersta Fast Finishing. 

... 1.35 

0.35 

0.60 

3.25 



Si 0.35 

Pagersta Alloy Chisel.. 

... 0.45 

0.25 

0.90 

1.00 


0 20 

Si 0.20 

Fagersta Hot Die. 

... 0.30 

0 30 

3.50 

9.00 

0.40 


Si 0.45 

Fagersta Die Casting. 

,.. 0.50 

0.35 

3.00 


0.25 


Si 0.20 

Fagersta A D 95 Coining Die.., 

... 0.70 


0.25 

1.00 

0.15 



Fagersta Polhem Wire Drawing.. 

... 1,80 

2 00 

2.00 

13.00 




Fagersta Brilliant H.H. 

... 0.70 


3.50 

14 00 




Fagersta Brilliant A.X. 

... 0.70 


4.00 

18.00 

0.75 



Fagersta Brilliant WW. 

... 0.70 


4.50 

18.00 

1.50 



Fagersta Brilliant W K E .. 

... 0.70 


4.50 

18 00 

1.50 

1 00 

Co 5 

Fagersta Brilliant WKE Extra. 

... 0.70 


4 50 

19 00 

1.50 

1 00 

Co 9 

Fagersta Cutlery . 

... 1.10 

0.20 





Si 0.25 

Fagersta Overcoat Axe. 

,.. 1.00 

0.25 





Si 0.15 

Fagersta Engraver Plates. 

,.. 0.35 

0.30 





Si 0.10 

Pagersta Shoe Die . 

... 0 90 

0.35 





Si 0.15 

Fagersta Envelope Die. 

... 0 90 

0.35 





Si 0.15 

Fagersta Alloy Shoe Die. 

... 0.50 

0.60 

0.60 



0.40 


Fagersta Pavement Breaker. 

. . 0.65 

0.30 





Si 0.10 

Fagersta Solid Drill Steel. 

.. 0.85 

0.30 





Si 0.10 

Fagersta Hollow Drill Steel. 

... 0.80 

0.30 





Si 0.10 

Fagersta Relied Auger. 

... 0.85 

0.30 





Si 0.10 

Fagersta Alloy “30” Drill. 

... 1.00 

0.30 

1.10 



0.35 

Si 0.30 



O 

Mn 

Cr 

W 

Mo 

SI. Tennessee Coal, Iron A Railroad 

Co.,* Birmingham, Ala. 

Tennesee Special.0.90-1.01 

0.50 max. 




0 

Mn 

Cr 

W 

Mo 

52. Timken Steel A Tube DIt., Timken 
Roller Bearing Co.,* Canton, Ohio 

Oraph-sil . 

Oraph-Mo . 

1.50 

1.50 

0.40 max. 
0.40 max. 


SI 0.85-0.95 
. 0 20-0.30 Si 0.76-0.85 


0 

Mn 

Or 

W 

V Mo 


B 8 . Uddeholm Co. of America, Ine.,* New 


York 

UHB Standard . 1.05 

Triangle X Extra. 1.06 

Triangle X Special. 1.05 


(Continued) 
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C Mn Cr W 


53. Uddeholm Co. of America, Inc..^ New 
Y ork—Continued 

UHB Cold Heading. 0.95 

UHB-46 (Mn. Cr. W) Oil Hardening 0 90 
TRI-MO (C, Cr, Mo) Air Hardening 1.60 
UHB Pingal (Cr, W, Mo) Impact 

Steel . 0.50 

UHB Regln (Cr. W) Hot Work.... 0.45 
UHB Valand (Cr, Ni, W) Hot Work 0.30 
UB Double Bolt Hollow Drill Steel.. 0.75 
UB Double Bolt Alloy Hollow Drill 
Steel . 0.95 


O 


1.10 

0.50 

0 50 


VO.IO 



12 00 


0 80 

V 0.20 



1.00 

1.00 

0.25 




1.00 

2.50 





2.50 

9 50 


V 0.20 

Nl 1 75 


1.10 


0.20 



Mn 

Si 

Cr 

V 

W Mo 

Co Nl 


64. Universal-Cyclops Steel Corp.,* 
Bridgevllle, Pa. 


Cyclops Special . 









Cyclops Extra . 

.0 65-1.35 








Cyclops Standard ... 

. 0.65-1.35 








Draco V. 

. 0.65-1.15 




0.25 




Ajax . 

. 0.95 



3.75 

0 25 




Titus . 

. 0.75 



0 75 

0.25 




Orion . 

. 0.60 



1.00 

0.25 




Apollo . 

. 0.60 

0 75 


2.25 

0.25 




Saturn . 

. 1.26 





3 50 



Alco . 

. 0.45 



1.50 

0.25 

2 25 



Para . 

... . 0 65-1.35 



0.40 

0.25 

1.60 



Venango . 

. 0.50 


1 10 


0.20 


0.50 


Wando . 

. 0.95 

1 05 


0 50 

0.25 

0 50 



Ultradie JJl . 

. 2.25 



13 00 

0.25 




Ultradie . 

. 1.50 



11.50 

0.20 


0.80 


Alloy B . 

. 1.05 



1.35 





67 . 

. 0.55 

0.80 

2 00 




0.20 


N-9 . 

0.60 



1.00 




1 50 

B-4 . 

. . 0.45 



3.50 


13.25 



B-6 . 

.. . . 0 55-0.75 



4.00 

1 00 

18.00 



B-7 .. 

0.70 



4.25 

1.10 

18.00 

0.50 

5.00 

B -8 . 

0.75 



4 25 

2 25 

14 00 

0.50 

5.00 

B-9 . 

. . 0.80 



4.25 

2.25 

18.50 

0.70 


MoTung . 

. . . 0.65-0.82 



4 00 

1.10 

1.50 

8.25 


Super MoTung. 

. .. 0.78 



4.00 

1.25 

1.50 

8.50 

5.00 


C 

Mn 

Cr 

W 

V 

Mo 

Co 

81 

K-L . 

. 0.35 

0.60 

7 50 

7.50 




1.50 

K-M . 

. 0.45 

0.60 

7.50 

7.50 




1.50 

K-R . 

0.55 

0 60 

7 50 

7.50 




1.50 

K-S . 

. 0.35 

0.65 

5.25 

5 25 

0.25 

0.25 

0.50 

0 90 

Thermold. 

. 0.35 

0.50 

5 25 


0.30 

0.90 


0.90 


0 

Mn 

Cr 

W 

V 

Co 




65. Vanadium-Alloys Steel Co.,* 


Latrobe, Pa. 


Latrobe. 

0 60-1.30 







Special . 

.. 0 60-1.30 




0.20 



Colhed . 

... 0.95 




0.50 



Crocar . 

... 2.15 


12.00 


0.75 

0.75 

Si 0.30 

Marvel (Hot Work). 

... 0.33 


3.50 

9.50 

0.45 



Extrude Die (Hot Work).... 

0.38 


3.00 

15.50 



Mo 3. Ni 2 

Hotform (Hot Work). 

0.32 

0.25 

4.75 

0.90 



Mo 1.16, 81 0.90 

C.M. Tap . 

1.25 

0.60 

0 50 





Oroman..'. 

1.20 

0.85 

0.50 




Mo 0.60, 81 0.25 

Choice . 

... 0 90-1.05 


3 70-4 

10 




Par-Exc (Die Steel). 

... 0.50 


1.65 

2.00 

0.25 



Vanadium . 

... 0.45-1.00 


0.80 


0.20 



Red Cut Superior. 

.. 0 50-0.75 


4.00 

18.00 

1.05 



E. V. M. 

... 0.80 


4.25 

18.50 

2.10 


Mo 0.65 

Red Cut Cobalt. 

... 0.72 


4.00 

18 00 

1.00 

4.50 

Mo 0.75 

Gray Cut Cobalt. 

... 0.80 


4.25 

20.50 

1.40 


CO 12.25, Mo 0.6 

Non-Shrlnkable . 

... 0.95 

1.30 

0.50 

0.50 

0.20 




Vascoloy-Ramet (Made in 15 compositions) 


C Mn 


Cr W Mo V 


56. Vulcan Crucible Steel Co.,* Aliquippa. 


Pa. 

Special . Not available 

Extra . Not available 

Port Pitt. Not available 

Special Vanadium. As required 0.30-0.36 

Hecla . Not available 


(Cimnn%U) 

























































66 . Vulcan Crucible Steel Co.,* Aliqulppa. 
Pa.—Continued 

Auto . 

Heavy Duty . 

4870 . 


-Wolfram Cobalt 

A-42 . 

Q. A. 

Blue Edge . 

Vulmo . 


Not available 
Not available 
Not available 


Hardrlte . 

. 1 10 


0 60 

1.75 


0.25 

Non-Shrlnkable. 

. 0.90 

1.50-1.60 

0.20-0.25 






Not available 





Extra Chrome . 



3.76 



0.20 

Alldie . 


, 

12.00 


0.76 

0 25 

Hl-Pro . 



12.00 




4-H-W . 


Not available 





6 -H-W . 


Not available 





A-41 . 


Not available 





Regal . 



0.40-0.50 

5.50 



Calo Ferro . 

(0.30 

. 10.46 


3.50 

3.00 

9.00 

13.00 


0.25 

0.25 

Wolfram . 



4.00 

18 


1.00 

Super Steel . 



4.00 

19 

0 75 

2 00 


Not available 
Not available 
Not available 
Not available 
Not available 


67. Edgar T. Ward's Sons Co.,^ Pitts¬ 
burgh 

Washington . 0.60-1.40 

Lion . 0.60-1.40 

Chippaway . 0 60-1.40 

Domestic . 0 60-1.40 

Centaur . 0.90-1.05 

High Carbon Alloy. 1.10-1.30 

2 B Hot Die.0.40-0.50 

JJ Hot Work. 0.90 

Hot Stamping Alloy Die. 0.60 

Shock Resisting.0.75-1.05 

Special Oil Hardening. 0.90 

Top Notch . 0.60 

Supremus Extra. 0.75-0.82 

Supremus .0.70-0.76 

Purple Label. 0.70-0 80 

Truform . 0.90 

3-C Die . 2.00-2 20 


2.50-3.00 

3.75 

3.75 


1.25 

4.00 

4.00 

4.30 

0.50 

11.50-12.50 


1.00-1.50 

11.50 


0.15-0.25 

0.20 

0.25 

2.00 

1.50 

1.50 Co 5 


68 . Wheelock, Lovejoy A Co., Inc.,*' Cam 
bridge, Mass. 

Whelco Superior (C) . 

Whelco Standard (C) . 

Whelco Alloy Tap (Cr, V, W) 

Whelco Finishing (Mo, W). 

Whelco Hot Die (Cr). 

Whelco High Speed (W). 

Whelco Oil Hardening (Mn). 


As specilled 
As specified 


1.20 


0.75 

1.50 

0.20 

1.30 



4.00 


0.85 


3.75 



0.70 


4.00 

18.00 

1.0 

0.90 

1.20 

0.50 

0.50 

0.20 

C 

Mn 


Cr 



Ziv Steel A Wire Co.,<> Chleago 

Zivco . 

Hollow Drill. 

Rolled Auger . 

Solid Drill . 

Zlv’s Reg., Ex., Sp. C. 

Normar . 

VanDleCar .110- 

Hargus . 0.90-1 

Lophos . 

Wizard . 

Cobalt . 

Red Shadow. 

Super . 

Neor . 

PRK 38. 

Zip . 

Straus Metal (Tantalum Carbide) 

Plancher .0.60-( 

Hoballte . 

DO-rr .o-oo-^ 

■Manufacturer; »»Dealer; «Importer. 


available 

available 

available 

available 

available 

available 

0.20-0.40 
0 9.0-1.00 0 30-0.40 
available 
available 
available 
available 
available 
0.40 13 

available 
available 


■0.70 0.70-0.90 

Not available 
Not available 
■0.70 0.70-0.90 

(Continued) 


Ni 0.60. SI 0.60 


Si 1.90-2.10 
Uo 0.15-0.26 
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TOOL STEEL TRADE NAMES 


TRADE NAMES OF TOOL STEELS 
(Alphabetically Arranged) 

The number preceding each trade name Indicates the firms listed In the first section of this 
compilation. The approximate composition of the important alloying elements is also given with 
the trade name and the firms. 


A 


17. A-B-O 

4. A-O-T HR. 

43. AMO 
43. AO30 
56. A-41 
56. A-43 

1. Achom Fagersta Brands 
1. Achom Kloster Brands 

39. Air Hardening 

15. Alrdl 

13. Alrex 
45. Alrex 

16. Ajax 

54. Ajax 

31. Albany 
39. Albany 

35. Albor 
16. Alco 
54. Alco 

37. Aldlvan 
56. Alidle 


16. AUoy B 
35. AUoy B 
54. AUoy B 
35. AUoy O 
41. AUoy No. 6 
15. Alva Extra 

15. Alva Special 
43. Amcoh 

16. ApoUo 
64. ApoUo 

35. Ark Superior 
39. Ark Superlative 
39. Ark Supreme 
37. Arrow 


6. Arrow Oil Hardening 
13. Artdle 
45. Artdle 

19. Atha Chrome R6I1 

15. Atha Pneu 
19. Atha Rim RdU 

4. Atlantic Die Steel 

4. Atl. H. S. Steel 
4. Atlantic No. 33 and No. 44 

31. Atlas A 
39. Atlas A 
31. Atlas B 
39. Atlas B 

8. Atlas **0** 

31. Atlas 93 
39. Atlas 93 
8. Atlas Double Extra 
8. Atlas Extra 
8. Atlas Refined 
8. Atlas Special AUoy 
8. Atlas Triple Extra 
4. Atsco Special 
56. Auto 


B 

35. B. B. Hot Die 
6. B.M.S. Plate 

59. BRM 
6. B. W. Point 9 

16. B-4. 6. 7. 8 and 9 
94. B-4. 6. 7. 8 and 9 

8. Badger 

84. Ball Bearing Steel, 136 

9. Bearing 

9. Bearing (Standard) 

43. BeU Brand 
48. Bell Special 
6. Best 
30. Best 

36. Best 


B 

6. Best Carbon 
41. Bit Steel 

15. Black Diamond Tool 

35. Black Label 

3. Blue Anchor DrlU Rod 
26. Blue Chip 
56. Blue Edge 

32. Blue Label 

33. Blue Label 
49. Blue Label 

41. Bolt Die Regular 
41. Bolt Die Special 

7. Bonded Carbide 

6. Bowco OU Hardening Tubing 

6. Bowco Water Hardening 

Tubing 

5. Broaching 

32. Brown Label 

33. Brown Label 

13. Buster (Shock Resisting) 

45. Buster (Shock Resisting) 

O 

15. C.C.A. 

29. C.C S. Die Casting 

37. C.F.S. (Die Steel) 

55. C. M. Tap 

34. C. N. S. 

26. C.Y.W. Choice 

18. C>4 

56. Calo Ferro 

17. Cannon 

17. CannoB-Speolal 

10. Carboloy 

19. Carbomang 
41. Carbon Tool 

3. Carbon Vanadium DrlU Rod 
21. Caroga 

39. Caroga 

41. Caroph 

11. Carpenter Moly 

18. Cartun 

19. Castaloy 

20. Celero 
9. Cellini 

40. CeUo Vanadium 

34. Centaur 

57. Centaur 

15. Champion Extra 

15. Champion Non>Changeable 

5. ChanneUer 
26. Chlmo 

34. Chippaway 
57. Chippaway 

36. “Chiz-AUoy” 

55. Choice 

42. Chrome Hot Work 

41. Chrome RoU 

7. Chrome Vanadium 
26. Circle C 

35. Circular Plates 
13. Clarite High Speed 
45. Clarite High Speed 

6. Cobaflux ••A" 

6. Cobaflux *‘B” 

7. Cobalt 
59. Cobalt 

17. Cobaltcrom PRK-33 

12. CoCo Turning 
25. Cold’Hot 
32. Cold Label Peerless 
55. CoUied 

5. Collet 

12. Colonial No. 3, 4, 6, 7, 14, 

24. Colonial 6, 14 

fContinM€4) 


O 

13. Columbia Double Special 

45. Columbia Double Special 

13. Columbia Eleetrex 

45. Columbia Eleetrex 

13. Columbia Extra 

45. Columbia Extra 

13. Columbia Double Special 

49. Columbia Double Special 

13. Columbia Eleetrex 

45. Columbia Eleetrex 

13. Columbia Extra 

45. Columbia Extra 

13. Columbia Extra Vanadium 

45. Columbia Extra Vanadium 

13. Columbia Special 

45. Columbia Special 

13. Columbia Standard 

45. Columbia Standard 

13. Columbia Standard Vana¬ 

dium 

45. Columbia Standard Vana¬ 
dium 
11. Comet 

5. Comokut High Speed 

35. Composite Die 

38. “Conqueror” 

41. Constant 

21. Corinth 

39. Corinth 

14. Crasco Brands 

15. Crescent Double Special 
15. Crescent Extra 

15. Crescent Hot Work 

15. Crescent Rim Roll 

15. Crescent Special 

15. Crescent Special Alloy Chisel 

15. Crescent Tool 
2. Creston 

'24. Crocar 
55. Crocar 

20. Croloy 

38. “Croma” 

65. Croman 
26. Cromovan 

21. Crow 

39. Crow 

37. Crown 

6. Crown W Fast Finishing 
13. Cutter Alloy 

45. Cutter Alloy 

16. Cyclops Extra 
54. Cyclops Extra 
16. Cyclops Special 
64. Cyclops Special 
16. Cyclops Standard 
54. Cyclops Standard 


D 

69. DO-IT 
11. D.Y.O. 

20. D-1 
20. D-e-Co 
20. D-9-Va 

20. D-29 
34. Dacar 

28. Dannemora A D 96 Coining 
Die 

17. Darwin #1, #605, #1366 

18. Delaware Extra 
18. Delaware Standard 
18. Delsteel Alloy 

21. Deward 
39. Deward 

36 26. Diamond “M” 

49. Diamond “S“ 



TOOL STEEL TRADE NAMES 


36 


D 

41. Diamond Brand 
41. Die Block B 
41. Die Block O 

6. Die Oast 

7. Die Casting 

32. Die L 

49. Die Steel No. 13200 
57. Domestic 

41. Double Extra Carbon 

42. Double Seven 
42. Double Six 

26. Double Special 
29. Double Special 

16. Draco V 

54. Draco V 

29. Dreadnought High Speed 
18. Drillalloy 

41. Duredge Chisel 

25. Durodi 
2. Dymal 

E 

21. EB Alloy 

39. EB Alloy 

8. E. B. Alloy 

37. E.H.W. No. 1, No. 2, No. 1 

24. E. V. M. 

55. E. V. M. 

6. E. Z. 9 W Hot Die 

6. E. Z. 14 W Hot Die 

34. E-25 

44. Elastuf Tsrpe A 

22. Elberts Brands 

32. Electric Brand White Label 

37. Electrlte Brands 

11. Excelo 
13. Exl'Dle 

45. Exl-Dle 

7. Extra 
11. Extra 
20. Extra 

26. Extra 

56. Extra 

27. Extra O 

33. Extra M O 

37. Extra Carbon 
56. Extra Chrome 

6. Extra Fraz 
29. Extra Special 
5. Extra Special High Speed 

34. Extra Tough No. 4 
29. Extra Warranted 

55. Extrude Die 

F 

25. FM 

8. F N S 

42. F. p. c. Chisel Steel 
25. FS 

25. FX 

28. Fagersta Brands 

50. Fagersta Brands 
8. Falcon 

42. Fast Finishing 
34. Fast Finishing Steel 

38. “Ferno" 

5. Finishing 

41. Finishing 

17. Flrex 

17. Firex-Special 

41. Five Star High Speed 

40. Folder Die . 

13. Formite ^ 

45. Formite 

56. Fort Pitt 


o 

37. O.S.N. 

37. O.S.N. Special 

15. Granada Tool 
52. Oraph'Mo 
52. Oraph-sll 


O 

24. Gray Cut Cobalt 

55. Gray Cut Cobalt 

32. Gray Label 

32. Green Label 

35. Green Label 
42. Green Label 

33. Grey Label 

3. Gold Anchor Drill Rod 
11. Gold Star 

H 

17. “H” 

18. HO-HO 

26. H. M. Blue Chip 
5. H. M. High Speed 

33. HAR Brands 

20. H.R.W. 

26. H. V. Blue Chip 

5. H. V. High Speed 

15. H.Y.C.C. 

35. Hack Saw 

29. Halcomb 699 High Speed 
29. Halcomb Hot Work 
29. Halcut 

29. Haldi 

11. Hampden 

56. Hardrite 
59. Hargus 

30. Hawk Brands 

31. Haynes Stellite J-Metal 
56. Heavy Duty 

56. Hecla 

56. Hi-Pro 

57. High Carbon Alloy 
42. High Production 
59. Hobalite 

44. Hollow Drill 
59. Hollow DriU 
8. Hot Die 

7. Hot Die No. 2 

57. Hot Stamping Alloy Die 
24. Hotform 

55. Hotform 

21. Huron 

39. Huron 

6. Hy-Lo Oil Hardening 

38. “Hyco” 

42. Hyco 
6. Hypro No. 62 
42. Hyvan 

1 

24. Ideal 
17. Ideor 

42. Imperial Major 
6. Impress 

26. Invaro Oil Hardening 
J 

34. J. Hot Working Die 

57. JJ Hot Work 

34. JJ Hot Working Die 
26. J. S. Punch A Chisel 

35. J-4 Chisel 

41. Jar Steel 

K 

16. K-L 
54. K-L 

36. “K-L-S-44" Hot Work 
16. K-M 

54. K-M 
16. K-R 
54. K-R 

56. K. R. 

16. K-S 
54. K-S 
11. K-W 

42. K9 

8. Keewatin 
29. Ketos 

20. Keystone Alloy Chisel 

(ComtHmU) 


K 

34. King Cobalt 

1. Klskl 

36. Kloster Brands 

19. Krokoloy 

2. Kromal 

29. Krosil Chisel 
29. Krovan 

20. Kutkwik 

L 

26. L. C. Blue Chip 
29. L.C.T. Alloy 
29. L.C.T. No. 2 
29. L.L.O.T. 

21. LMW 

39. LMW 
21. LSD 
39. LSD 

26. L. T. Forging Steel 
21. LXX 
39. LXX 

15. La Belle Brands 
65. Latrobe 

38. “Leco** Non-Tempering 

38. “Leco’* X 
5. Lehigh Die and Tool, 
Temper 

5. Lehigh Die and Tool, “L” 

Temper 

38. Lehigh S. S. 

38. Lehigh XXX 
29. Liberty 

34. Lion 

57. Lion 
59. Lophos 
21. Ludlum 602 

39. Ludlum 602 

37. Lumdie 

M 

21. ML 

39. ML 

33. M Y 

34. Magic T. R. 

2. Malax 

2. Malga 
2. Malgaloy 

37. Mangano Special 

20. Mansil Oil Hardening 
29. Marathon 

19. Martin Steel 
55. Marvel 
42. Max Tack 

13. Maxite Super High Speed 
45. Maxite Super High Speed 

40. Mclnnes '‘Cobalt" 

40. Mclnnes Special 
26. Meteor 

34. Miner’s Drill 
42. Minerva Chisel 
28. MiRyCal Chisel 

40. Mlsco ‘‘A’’ 

40. Mlsco "B" 

7. Mo-Cut 
34. Mogul 

21. Mohawk 

39. Mohawk 

6 . Moldie 

18. Molel Alloy 

8. Monark 

16. MoTung 
54. MoTung 

41. Multole Punch 


N 

16. N-9 
54. N-9 

17. N-32 

38. N.C. Alloy 
8. N N 
5. NaU Die 

18. National 
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N 

i 7. Neor 
9. Neor 
SO. Nicroman 
8. Nipigon 
SO. Nlvan 

55. Non-Shrlnkable 

56. Non-Shlnkable 
59. Normar 
6 . No. 4 

6. No. 41 

41. No. 77 Tool Steel 
29. NuDie Oastlng 
41. Nut Piercer 


O 

49. O.H.D. 

12. Ohio Die 
24. Ohio Die 

15. OUdie 

45. OUdie 

5. Omega 

41. One Star High Speed 
21. Ontario 

39. Ontario 

42. Orange Label 

32. Orange Label Ohiael 

16. Orion 

54. Orion 


F 

43. P. B. 

18. P-D Tungsten 
59. P R K 33 
21. Panther Special 

39. Panther Special 
24. Par-Exc 

55. Par*Bzc 
16. Para 

54. Para 

15. Paragon OU Hardening 
15. Peerless A, B, O, and D 
29. Peerless Cold Header Die 
18. Pennant 

5. Permanent Magnet No. 1 

5. Permanent Magnet No. 2 
13. Phoenix 

45. Phoenix 
5. Piston 

59. Plancher 

46. Planet Brands 

20. Polaris 

28. Polhem Drawing Die 

21. Pompton 
39. Pompton 

21. Pompton Extra 
39. Pompton Extra 
21. Pompton Special 
39. Pompton Special 

44. Potts Special DrUl Rod 

7. Pressurdie No. 1 

7. Pressurdie No. 3 

36. Prior Extra Hi-Speed 
36. Pure-Ore Brands 

32. Purple Label 

83. Purple Label 

84. Purple Label 

57. Purple Label 

84. Purple Label Extra 

29. Pyro 

15. Pyro Die 
21. Python 
39. Python 


Q 

56. Q. A 


7. R. B. Special 

11. R. D. S. 

26. R. T. Steel 

40. Record “A** 


R 

3. Red Anchor Drill Rod 
24. Red Cut Cobalt 

55. Red Cut Cobalt 

12. Red Cut Superior 
24. Red Cut Superior 

55. Red Cut Superior 

33. Red Label 
42. Red Label 
49. Red Label 

32. Red Label Peerless 
59. Red Shadow 

24. Red Star 
12. Red Star Tool 
12. Red Star Tungsten 
24. Red Star Tungsten 
49. Red Streak 

36. Regal 

6. Rekord Eminent 

6. Rekord Extra 

6. Rekord Select 
6. Rekord Superior 

37. Renown 

15. Rex Brands 
9. Rita Brands 
59. Rolled Auger 

33. Rose Label 

47. Ryerson Brands 


S 

17. S-I-W 

48. S K F Brands 

41. Salvo Rivet Set 

IS. Sanderson Double Special 

15. Sanderson Extra 

15. Sanderson Special 

15. Sanderson Tool 
21. Saratoga 

39. Saratoga 

16. Saturn 

54. Saturn 
37. Select 

13. Self Hardening 

45. Self Hardening 

20. Semi High Speed 

21. Seminole Hard 
39. Seminole Hard 
21. Seminole Medium 

39. Seminole Medium 

57. Shock Resisting 

12. Silman 

13. Sllvanite 
45. SUvanite 

33. Silver Label 
26. Silver Star 

41. Smoothole 
11. Solar 

44. Solid DrUl 
59. Solid DrUl 

8. Spartan 

7. Special 
11. Special 
26. Special 
29. Special 

55. Special 

56. Special 

26. Special A.S.V. 

34. Special Alloy, 51V 
37. Special Carbon 

40. Special Chrome Nickel 

42. Special Chrome Vanadium 

27. Special O 

5. Special High Speed 

33. Special K 
21. Special M 
39. Special M 

6. Special No. 18 S 

34. Special OU Hardening 

57. Special OU Hardening 
29. Special Vanadium 

42. Sp. Vanadium 

56. Special Vanadium 

13. Special Wire Drawing Alloy 

(Continued) 


S 

45. Special Wire Drawing Alloy 

6. Standard 

7. Standard 

20. Standard 
29. Standard 

37. Standard Carbon 

27. Standard Q 

27. Standard O Chisel 

11. Star Zenith 

11. Stentor 

26. Sterling 

26. Sterling Nitrard No. 1 
26. Sterling “V” 

26. Sterling XX 
59. Straus Metal 
59. Super 
49. Super Cobalt 
29. Super Dreadnought High 
Speed 

16. Super MoTung 
54. Super MoTung 

21. Super Panther 

39. Super Panther 

33. Super Rapid Extra 

56. Super Steel 
37. Superb 

13. Superdie 
45. Superdie 
5. Superior 

40. Superior 

7. Superior No. 1 
7. Superior No. 3 

35. Superior Oil Hardening 

29. Supervan Dreadnought High 
Speed 
37. Supreme 

34. Supremus 

57. Supremus 

34. Supremus Extra 
57. Supremus Extra 

36. “Swed Oil" Oil Hard 


T 

7. T-Alloy 

11. T-K 

53. TRI-MO 
13. Tapdle 
45. Tapdie 

37. Tatmo 

49. Teenax 

51. Tennessee Special 
21. Teton 
39. Teton 
2. Thermal 
29. Thermo Die 
16. Thermold 

54. Thermold 

41. Three Star High Speed 
16. Titus 
54. Titus 
5. Tong Rein 

41. Tool Holder 

5. Tool Room Oil Hardening 

34. Top Notch 

57. Top Notch 

38. "Torpedo" 

5. Tough, "H" Temper 

6. Tough, "M" Temper 
5. Tough, "S" Temper 

63. Triangle X Extra 
53. Triangle X Special 
2b. Triple Die Steel 

8. Trojan 

44. Trojan No. 8 
44. Trojan No. 9V^ 

34. Truform 
57. Truform 

42. Tube Mandrel 

12. Tungo 

42. Tungsten Hot Work 

7. Twinvan 

41. Two Star High Speed 
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V 


w 


Nvmberi 


53. UB Double Bolt Alloy Hollow 
DrUl Steel 

53. UB Double Bolt Hollow Drill 
Steel 

53. UBH Brands 
8. Ultimo No. 6 

16. Ultradie No. 1 and No. 2 

54. Ultradie No. 1 and No. 2 
21. Utica 

39. Utica 


V 

40. “V” High Speed 

29. VM Dreadnought High Speed 

55. Vanadium 

40. Vanadium Crucible 

24. Vanadium Type Brands 

59. VanDleCar 

13. Vanite High Speed 

45. Vanite High Speed 

12. Vascoloy-Ramet 

55. Vascoloy-Ramet 

20. VaTool Best 

20. VaTool Extra 

20. VaTool Standard 

16. Venango 

54. Venango 

6. Very Best 

7. Vlbro 
7. Viking 
7. Vlnco 

56 Vulmo 


W 

35. W. J. ft S. Extra 
16. Wando 
54. Wando 
34. Washington 

57. Washington 
13. Waterdie 
45. Waterdie 
13. Waterdie B 
45. Waterdie B 

58. Whelco Brands 
33. White Label 

42 White Label 


59. Wizard 
56. Wolfram 
56. Wolfram Cobalt 


5. 6 Nickel 
23. 7 

5. 7 Nickel 


15. 

Wortle Brands 

23. 8 

29. 

Wortle No. 4 Drawing Die 

23. 9 
23. 9A 


X 

23. 9B 

5. 

X 

23. 10 

5. 

XCL 

23. 11 

21. 

XCM 

23. 12 

39. 

XCM 

* 23. 13 

26. 

X.D.H. Steel 

23. 14 

26. 

X.D.L. Steel 

23. 16 

26. 

XDM Steel 

23. 17 

37. 

X. L. Chisel 

23. 18 

5. 

XX 

23. 19 

5. 

XXX 

23. 20 
23. 21 


Y 

23. 22 
23. 23 

32. 

Yellow Label 

23. 25 

33. 

Yellow Label 

23. 26 

35. 

Yellow Label 

23. 27 
23. 28 


Z 

23. 41 

7. 

Z.N. 

28. 42 

59. Zip 

23. 43 


59. Ziv’s Reg. 

59. Zlvco 

Numbers 

23. 1 
23. 2 

57. 2 B Hot Die 

34. 2 B (HC) Hot Working Die 

34. 2 B (LC) Hot Working Die 

34. 2 B (MC) Hot Working Die 

23. 3 

34. 3 C 

57. 3-C Die 

23. 3Mi 

23. 4 

56. 4-H-W 
23. 5 
23. 6 

56 6-H-W 


5. 67 Hot Work 

6. 57 Hot Work Special 
23. 61 

23. 62 

6. 65% Nickel—15% Chromium 
16. 67 
64. 67 

5. 67 Chisel 
5. 67 Tap 
82. 70-20M 
5. 71 Alloy 
23. 85 
84. 89 MC 
84. 96 KC 
34. 139 B 
5. 445 Hot Work 
11. 610 Air Hardening 
20. 812 Die Steel 
56. 4870 
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Gen. 404 


Trade Names of Corrosion and Heat Resisting Alloys * 

(Iron, Chromium, or Nickel Base Alloys) 

The manufacturers and the trade names of the corrosion and heat resisting alloys of Iron, 
nickel, or chromium base types are given in this compilation together with the approximate 
composition of the Important alloying elements. The manufacturers are arranged alphabetically 
and then numbered. 

If the trade name is known but not the manufacturer, this can be ascertained by referring to 
the second section which gives the trade names alphabetically arranged and each name preceded 
by the manufacturer’s number which corresponds with the listing In the first section. 


1. Acme Steel Co., Chicago 

Acme Stainless Type 410. 

Acme Stainless Type 430..... 

Acme Stainless Type 30IX. 

Acme Stainless 302. 

Acme Stainless 304. 

t. Allegheny Steel Co.,* Braekenridge, Pa. 

Allegheny "O’* 302. 

Allegheny "44** 309. 

Allegheny "33" 410. 

Allegheny "66" 430. 

Allegheny "65" 446. 

Allegheny "46" 601. 


c 

Cr 

N1 

0.12 max. 

10-13.50 


0.12 max. 

14-18 


0.10-0.20 

16-17.50 

7-8.50 

0.08-0 20 

17.60-19 

8-9 

0.08 max. 

17.50-19 

8-9 


0 08-0.20 

17.50-19 

8-9 

0.20 max. 

22-26 

12-14 

0.12 max. 

10-13.50 


0.12 max. 

14-18 


0.35 max. 

23-30 


Over 0.10 

4-6 



t. Alloy Metal Wire Co., Moore, Pa. 

Excelsior . 

Superior . 

Premier . 

Acme . 

Stainless Steels 

Type J302. 

5303. 

#304. 

#305. 

5306. 

#307. 

5308. 

Stainless Iron 

Type #410. 

#416. 

#430. 

#442. 

#446. 




45 


20 

80 


15 

62 


4 

30 

0.08-0.20 

17-19 

7-9 

0.08-0.20 

17-19 

7-9 

0.011 max. 

17-19 

7-9 

0.08-0.20 

18-20 

8-10 

0.11 max. 

18-20 

8-10 

0.08-0.20 

19-22 

9-12 

0.11 max. 

19-22 

9-12 

0.12 max. 

12-15 


0.12 max. 

12-15 


0.12 max. 

15-18 


0 35 max. 

18-23 


0 35 max. 

23-30 



4. American Manganese Steel Co., Chl« 
cago Heights, Ill. 

Amsco Alloy F-1. 

Amsco Alloy F-3. 

Amsce Alloy F-5.. 

Amsco Alloy F-6. 

Amsco Alloy F-8... 

Amsco Alloy F-10. 

5. The American Bolling Mill Co., Middle- 
town, Ohio 

Armco 25-12 309. 

Armco 20-10 307. 

Armco 20-10 308. 

Armco 19-9 305. 

Armco 19-9 306. 

Armco 18-12 SMo 316. 

Armco 18-10 Cb 347. 

Armco 18-8 302. 

Armco 18-8 304. 

Armco 17-7 301X.. 

. Armco 27 446. 

Armco 17 430. 

Armco RA 434A. 

Armco 13 410. 


0.40 

16 

35 

0.35 

28 

3 max. 

0 40 

18 

65 

0 40 

12 

60 

0 30 

18 

8 

0 35 

26 

12 

0 20 max. 

17.50-19 

8-9 

0.08-0.20 

20-22 

10-12 

0.08 max. 

20-22 

10-12 

0.08-0.20 

18-20 

9-10 

0.08 max. 

18-20 

9-10 

0.10 max. 

16-19 

14 max. 

0.10 max. 

17-20 

8-lZ 

0 08-0.20 

17.50-19 

8-9 

0.08 max. 

17.50-19 

8-9 

0.10-0.20 

16-17 50 

7-8.50 

0.35 max. 

23-30 


0.12 max. 

14-18 


0.12 max. 

14-18 


0.12 max. 

10-13 SO 



6. American Steel A Wire Co., Cleveland 
(See United States Steel Corp.) 

(Continued) 


2-4 Mo 
Cb lOxC 


rSi 1.00 
Cu 1.00 


*These trade names also used by West Leechburg Steel Co., Pittsburgh. See also Ludlum 
Steel Co. 
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C Cr N1 

7. The Babcock & Wilcox Co., New York 


B&W j;400. 0.15 max. 4-6 

B&W JJ401. 0.25 max. 4-6 

B&W £402. 0.10 max. 4-6 

B&W £420. 0.25 max. 4 5-6.6 W 0.75-1.26 

B&W £450. 0.12 max. 12-14 0.25 max. 

B&W £600. 0.16 max. 17-19 7.5-10.5 

B&W £602. 0.07 max. 17-19 7.5-10.6 

B&W £610. 0.16 max. 17-19 7-10 

B&W £640. 0.16 max. 16-18.5 8.5-11 Mo 2.5-3.5 

B&W £642. 0.07 max. 16-18.6 8.5-11 Mo 2.5-3.6 

B&W £650. 0.16 max. 22-25 10-13 

B&W £661. 0.30-0 60 22-25 10-13 

B&W £700. 0.40-0.60 16-20 62-68 

B&W £701. 1.0 -1.25 16-20 60-65 

B&W £800. 1.0 -1.5 24-26 10-12 

B&W £902. 0.10 max. 17-19 

B&W £910. 0.25 max. 17-19 

B&W £912. 0.10 max. 17-19 

B&W £950. 0.25 max. 26-30 

B&W £1100. 0.25 max. 24-26 19-21 

B&W £1101. 0.30-0.50 24-26 19-23 

B&W £1102. 0 15 max. 24-26 19-21 

B&W £1200. 0.40 max. 7-9 18-21 

B&W £1300. 0.50 max. 15-17 35-38 

B&W £1400. 0 35-0.50 1.25-1.75 W 14-16 

B&W £1500. 0.35 max. 26-28.5 7.5-9.5 

Croloy 12 . 0.12 max. 10-13.50 

Croloy 12-3W . 0.12 max. 12-14 W 2 50-3.50 

Croloy 18 . 0.12 max. 14-18 

Croloy 18-Sl . 0.12 max. 14-18 

Croloy 27 . 0.35 max. 23-30 

Croloy 18-8 . 0 08-0.20 17 50-19 8-9 

Croloy 18-8S ... 0.08 max. 17.50-19 8-9 

Croloy 18-8S Ti . 0.10 max. 17-20 7-10 T1 Min. 4 x C 

Croloy 18-8S Cb . 0 10 max. 17-20 8-12 Cb 10 x C 

Croloy 16-13-3 . 0.10 max. 16-18 14 max. Mo 2-3 

Croloy 25-20 . 0 25 max. 24-26 19-21 

Croloy 27-4-1 . 0.10 max. 25-30 3-5 Mo 1-1.50 


8. Bethlehem Foundry & Machine Co., 

Bethlehem, Pa. 

Bethlehem Tantiron. 0.08-1.00 0 0 Si 13.50 



10. Braeburn Alloy Steel Corp., Braeburn, 

Pa. 

Braeburn Stainless... 0.35 13 


11. Brown, Bayley's Steel Works,> Ltd., 
SheflReld, England 


Brearley-A . 0.12 max. 12-14 

Brearley-B . 0.12 max. 14-16 

Brearley-K . 0.10 16-18 

Lowscore . 0.10 18-22 

Inventor . 0.15 12-16 


(Continued) 
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C Cr Nl 


IS. Brown. Bayley't Steel Works,' Ltd., 
ShelBeld, Enfland—Continued. 


Engineering . 

0 20-0.25 

13-14 



B. B. 

0 25-0.40 

12-14 



Twoscore . 

0 12 - 0.20 

17-20 

1.5-2.0 


Anka-O . 

0.07-0.15 

15-17 

10-12 


Anka-H . 

0 07-0.15 

17-19 

7-10 


Anka>M . 

0.07-0.15 

12-14 

12-14 


Arcanka . 

0 07-0.10 

17-20 

7-10 


Weldanka . 

0.05-0.25 

18-22 

7-12 


BB4K . 

0 . 10 - 0.20 

15-19 

8-12 

Mo 2-4 

18. Burgess-Parr Co., Freeport, Ill. 





Dllum G. 

0 20 

20-23 

56-58 

5-7 Cu 





4-6 Mo 





1.5-2.5 W 

Illlum R..... 

0 10 max . 

20-23 

56-58 

5-7 Cu 





4-6 Mo 





1.5-2.5 W 

14. Canadian Atlas Steels, Ltd., Welland. 





Ont., Canada 





No-Kor-O 18-8-M . 

0 10 

18 

12 

Mo 2 

No-Kor-O 18-8-S. 

0.07 max 

18 

8 


No-Kor-O 18-8. 

0 10 

18 

8 


No-Kor-O 26-20 . 

0 20 

25 

20 


No-Kor-O 18 . 

0.10 

18 



No-Kor-O 18-2 . 

0 20 

18 

2 


No-Kor-O 14 . 

0.35 

14 



No-Kor-O 12 . 

0 10 

12 



No-Kor-O 12-P . 

0.10 

12 



No-Kor-O 18-P . 

0 10 

18 

8 

Se 0 25 

IS. Calorislag Co., Wllkinsburg, Pa. 





Calite B-28 . 

0.45 max. 

25-28 

10-12 


Calite B . 

0.45 max 

21-23 

9-10 


Calite A . 

0.55 max. 

15-17 

35-37 


Calite N . 

0 55 max 

17-20 

65-68 


Calite N2 . 

0 55 max 

12-14 

60-62 


Calite NCT3 . 

0 45 max 

25-27 

18-20 


Calite S-28. 

0.35 max. 

25-28 

2-3 


Calorlzed Calite A. 

0 55 max 

1.5-17 

35-37 

Al surface 

16. Carnegle-Illinois Steel Corp., Plttsborgh. 





(See United States Steel Corp.) 





17. Carpenter Steel Co., Beading, Pa. 





Stainless Steel-1 . 

0 10 

13 



Stainless Steel-Nl . 

0.10 

13 

2 


Stainless Steel-2 . 

0 30 

13 



Stainless Steel-2B . 

1 00 

17 



Stainless Steel-3 . 

0.30 

20 


Cu 1 

Stainless Steel-4 . 

0.10 

18 

9 


Stainless Steel-5 . 

0.10 

13.5 


S0.30 

Stainless Steel-6 . 

0.10 

17 



Stainless Steel-7 . 

0.15 

27 



Stainless Steel-8 . 

0 10 

18 

9 

Se0 25 

If. Chicago Steel Foundry Co., Chicago 





Pyrasteel 2000 . 


26-28 

14 


Pyrasteel 20. 


18 

35 


P^asteel 18. 


16 

25 


Psrasteel 14. 


6 


Mo 0 40-0 80 

10. Colonial Steel Division, Pittsburgh. (See 





Vanadium-Alloys Steel Co.) 





to. Columbia Tool Steel Co., Chicago 





Heights, ni. 





Stalnex $1.. 

0.35 

13.5 



Stalnex $2. 

0 65 

17 



Stalnex . 

0.10 

13 




(Continued) 


'Distributed by Joseph Robb & Co.. Ltd., Montreal, Que., and Toronto. Ont.. and Gordon A 
Belyea, Ltd., Vancouver, B. C. 
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C 

Cir 

Ni 


21. Cooper Alloy Foundry Co., Elizabeth, 





N. J. 





Cooper-16 . 

0.12-0.35 

14-20 



Cooper-17 . 

0.20 max. 

18 

8 


Cooper-17Mo. 

0.20 max. 



Mo 3 

Oooper-17S . 

0.10 max. 




Oooper-178Mo . 

0.10 max. 



Mo 3 

Cooper-18. 

0.20 max. 

10 

22 


Cooper-19 . 

0.50 max. 

28 

.50-3 max 


Cooper-20 . 

0.40 max. 

16 

36 


Cooper-21 . 

0.40 max. 

15 

65 

Mo 3 Si 1.50 

Cooper-2 lA.B.C. 

0.07-0.10 

15-20 

20-25 

Cooper-21W. 

0.40 

15 

25 

W3.5 

Cooper-22 . 

0 20-0.50 

24-28 

10-12 


Cooper-22M . 

0.20-0.50 

24-28 

10-12 

Mo 3 

Cooper-23. 

0 20 max. 

2 

40 

Mo 0.40-0.65 

Cooper CA-5 . 

0 30 max. 

4-6 



Monel 


67 


Cu 28 
Fe 3 


t2. Crucible Steel Casting Co., Cleveland 

A. R. Stainless. 

N C. Heat Resisting. 

83. Crucible Steel Co. of America, New York 

Rezistal KA2 302 . 

Rezistal 2C 302B. 

Rezistal PM188 303 . 

Rezistal KA28 304 . 

Rezistal KA2*199 305 . 

Rezistal KA2S-199 306 . 

Rezistal KA2-2010 307 . 

Rezistal KA2S-2010 308 . 

Rezistal 3 309 . 

Rezistal 4 310 . 

Rezistal 7 311 . 

Rezistal KA2SMO 316. 

Rezistal KA2ST 321. 

Rezistal 2600 325 . 

Rezistal 329 329. . .. 

Rezistal 330 330 . 

Rezistal KA2SCB 347 . 

Rezistal Turbine Quality 403. 

Rezistal Stainless Iron 12-410 
Rezistal Stainless Iron FM2 416.... 

Rezistal Stainless Iron Grade A 420 . 

Rezistal Stainless Iron 17 430 . 

Rezistal Stainless Iron 162 431. 

Rezistal Stainless Iron Grade B 440.. 
Rezistal Stainless Iron 20 442 
Rezistal Stainless Iron 27 446 

LO-ORO 46 501 . 

LO-ORO 46 502 . 

LO-CRO 46 Mo. 

LO-CRO 46 W . 

Rezistal Grade BlOO. 

Rezistal Grade BM. 

Rezistal 3-0 309B. 

t4. Darwin A Milner, Inc., Cleveland 

Pireks-Reactal . 

Cobaltcrom (Stainless). 

86 . Henry DissCon & Sons, Inc., Philadelphia 

Stainless Iron. 

Stainless, Type A . 

Stainless, Type B . 

Chrome-Nickel A . 

Chrome-Nickel B. 

86 . Driver-Harris Co., Harrison, N. J. 

Nichrome wire . 

Nichrome castings . 

Nichrome “S” . 

Cimet . 

Chromax . 

Nichrome V. 


0 20 

18 

8 

0 25 

28 

8 


0.08-0.20 

17.50-19 

8-9 


0.08-0 20 

17.50-19 

8-9 

SI 2-3 

0.20 max. 

17.50-19 

8-9 

S or Se 0.07 min. 




or Mo 0 60 max. 

0 08 max. 

17.50-19 

8-9 


0 08-0.20 

18-20 

9-10 


0.08 max. 

18-20 

9-10 


0 08-0.20 

20-22 

10-12 


0.08 max. 

20-22 

10-12 


0 20 max. 

22-26 

12-14 


0 25 max. 

24-26 

19-21 


0 25 max. 

19-21 

24-26 


0.10 max. 

16-19 

14 max 

Mo 2-4 

0 10 max. 

17-20 

7-10 

Ti Min. 4 z C 

0 25 max. 

7-10 

19-23 

Cu 1-1.50 

0.10 max. 

25-30 

3-5 

Mo 1-1.50 

0.25 max. 

14-16 

33-36 


0 10 max. 

17-20 

8-12 

Cb 10 X C 

0.12 max. 

11.50-13 


Turbine 

Quality 

0.12 max. 

10-13.50 



0.12 max 

12-14 


S Or Se 0 07 min. 
or Mo 0 60 max. 

Over 0.12 

12-14 



0.12 max 

14-18 



0.15 max. 

14-18 

2.00 max 

Over 0.12 

14-18 



0.35 max. 

18-23 



0.35 max. 

23-30 



Over 0.10 

4-6 



0.10 max. 

4-6 



0 25 max. 

4-6 


Mo 0.40-0.60 

0.25 max. 

4-6 


W 0.75-1.25 

0 90-1.10 

16-18 



1 00 max 

16-20 


Mo 0.45-0.65 

0.30 max. 

22-26 

12-14 

Si 2-3 


0.60 

20 

65 

Si 2 

1 10 

18 


Co 1.10, Mo 1.10 


0.12 max. 

13.50 


0.30 

14 


0.60 

17 


0 08 max. 

18 

8 

0.16 

18 

8 


15 

60 


13 

62 


17 

25 


26-28 

10-12 


15 

SO 


20 

80 


(Continued) 
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il. Wllbnr B. Drlyer Co., Newark, N. J. 

Tophct “O’*. 

Tophet “A". 

Tophet **D*’... 

Cromin “D**. 

Cupron .. 


Dnraloj Co., The, Scottdale, Pa. 


Duraloy-B .. 
Duraloy-C .. 
Duraloy-N .. 
Duraloy-18-8 


Z9. Doiiron Co., Ine., Dayton, Ohio 

Duriron . 

Durlchlor . 

Durimet . 

Durco KA2 . 

Durco KA2S . 

Durco KA3Mo. 

Durco D-10 . 


c 

Cr 

N 


16 

82 


20 

78 


20 

30 


6 

30 



44.5 

. Depends 

28 


on Service 

*• 

18 


*• 

14 


*• 

24 

12 

0.15 

18 

8 

Depends 

.. 35 

15 

on Service 

1 " 


. 0.80 

0 85 




0 07 max. 
0.16 

0.07 max. 
0.16 
0.20 


Durco D-12 . 0.12 

Durco D-18 . 0.20 

Durco D-28 . 0.20 

Durco 24-12.As specified 

Durco 26-16 . ** 

Durco 28-10. *• 

Durco KA2SMO . 0.07 max. 

Alcumlte . 

SO. Electric Steel Foundry Co., Portland, Ore. 

Ssco Alloy 40.Under 0 20 

Esco Alloy 45. ** 

Esco Alloy 43. " 

Esco Alloy 36. ** 

81. The Electro-Alloys Co., Elyria, Ohio 

Thermalloy '*A** .. 

Thermalloy **72** . 

Thermalloy **B** . 

Thermalloy **50** . 

Thermalloy **0** . 

Thermalloy ‘'D**. 

Thermalloy **B'* . 


Mn 0.35, Si 14.5 
Si 14.5, Mo ft Mn 


19 

22 

Mo-Cu-Si 

18 

8 


18 

8 


18 

8 

Mo 3 

23 

57 

Cu 8. Mo 4, W 2. 



Mn 1 

12 



18 



28 



24 

12 


26 

10 


28 

10 


18 

8 

Mo 3 



Cu90, A19 

19 

9 


19 

9 

Mo 3 

25 

12 


27 

3 

Mo 1.50 

20 

85 


12-15 

60 


18 

40 


15 

35 



32. Empire Steel Castings, Inc., Reading, Pa. 


EM 4-6 .Depends 4-6 

on Service 

EM 12-15 . ” 12-15 

EM 28 . " 27-29 

EM 18-8 ” 17-19 7-9 

EM 20-10 . " 19-21 9-11 

EM 25-12 . ” 24-26 11-13 

EM 25-20 . ” 24-26 19-21 

EM 35-15 . ” 15-17 35-37 


SS. The Fahralloy Co., Harvey, HI. 


P-1 . Depends 18-20 35-38 

on Service 

P-2 . ** 21-24 3-6 

P-3 . ” 26-29 0-3 

P-1260 . ” 12-15 58-62 

P-10 . ** 27-30 10-13 

F-2817 . •* 27-30 16-18 

P-2800 . *’ 27-30 

P-2808 . *’ 26-30 7-9 

P-11 . *' 14-18 49-51 19-21 Mo H- W 

P-35 . ’* 33-36 ~ 

P-35N . ** 33-36 9-11 

P-1400 . ’* 12-16 

P-1800 . *’ ‘ 16-20 

P-0726 . ” 8-8 25-27 

P-1824 . •’ * 16-19 21-25 

P-1808 . *’ 17-19 7-9 ^ ± Se ± Mo 

P-0821 . ” 7-10 21-23 

P-2210 . ’• 20-23 9-11 Plus A1 

F-2065 . ** 18-22 63-66 


(Continued) 
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C 

Cr 

N1 


84. Firth-Sterling Steel Co., McKeesport, Pa. 





Stainless Type “A'*. 

0.35 

13.5 



Stainless Type *‘B”. 

0.70 

17 



Stainless Type “BH". 

0.85 

17 50 



Stainless Type “BHH". 

1.05 

17.50 



Stainless Type “T”. 

0.10 

13 



Stainless Type “M". 

0.08 

18 



Stainless Type “PC”. 

0.10 

14 


8 0.35, Mo 0.40 

Nlrosta KA2 . 

0.16 max. 

18 

8 


Nlrosta KA2S . 

0.07 max. 

18 

8 


Nlrosta 19-9 . 

0.98-0.20 

19 

9 


35. Forging and Casting Corp., The, Fern- 





dale, Mioh. 





Femiie No. 1. 


15 

65 


Fernite No. 2. 


15 

35 


Pernlte No. 3. 


12 

24 


Fernite No. 4. 


28 

22 


Fernite No. 5. 


21 

12 


Fernite No. 6. 


18 

8 


Fernite No. 7. 

Low 

28 



Pernlte No. 8... 


14 



Fernite No. 9. 

High 

28 


Mn 

Cyclops No. 17. 


8 

18 

High 

36. Frank Foundries Corp., Moline, Ill. 





Frankite Ni-Reslst . 

0.80-3.00 

1.50-2 

14 

6.00 Cu 

Franklte “Copper-Free” Ni-Reslst.... 

2.70-3.00 

2.50-3.50 

20-22 


Frankite Ni-Hard . 

3.00-3.40 

1.40-1.60 

4-4.50 


Frankite High Chromium . 

1.00-2.00 

22-34 

3 


37. General Alloys Co., Boston 





Q Alloy A -f. 

Depends 

15-19 

66-68 



on Service 




Q Alloy B. 


12 

60 


X-lte . 

»» 

17-21 

37-40 


X-B . 


15 

35 


Economet . 

•• 

8-10 

29-31 


Q Alloy CNl . 


24 

12 


Q Alloy CNl-H. 


26-30 

9-11 


Q Alloy CN2 . 


17-19 

8-10 


Q Alloy Cl . 

•• 

17-19 

0.50 min. 


Q Alloy C2. 

** 

28-30 

0.50 min. 


28. Halcomb Steel Div.,* Syracuse, N. Y. 





Grade A Stainless Steel Type 420.... 

0.35 

13 



Grade B Stainless Steel Type 440.... 

0.60 

17 



Grade B-lOO Stainless Steel. 

0.95 

17 



Stainless Iron $12 Type 410. 

0.12 max. 

12 



Stainless Iron FM-2 Type 416. 

0 12 max. 

13 


Mo 0.50 max. 

Stainless Iron $17 Type 430. 

0 12 max. 

17 



Stainless Iron $20 Type 442. 

0 35 max 

20 



Stainless Iron $27 Type 446. 

0 35 max. 

27 



Rezistal NCR238 Type 325. 

0.25 max 

8 

23 

Cu 1.25 

Rezlstal KA-2 Type 302. 

0 20 max 

18 

8 


Rezistal PM-188 Type 303. 

0.20 max. 

18 

8 

Mo 0.50 

Rezlstal 2-C Type 302-B. 

0 20 max. 

18 

8 

813.50 

Rezistal $3 Type 309. 

0.20 max. 

25 

13 


Rezistal $4 Type 311. 

0.25 max. 

20 

25 


Rezlstal $7 Type 310. 

0.25 max. 

25 

20 

811.50 


89. Hawkridfe Brothers Company, Boston 
(See Halcomb Steel Division) 


40. Haynes Stellite Co., Kokomo, Ind. 

Haynes Stellite No. 1. 

Haynes Stellite No. 6. 

Haynes Stellite No. 12. 

Hascrome . 

Hascrome . 

Hastelloy A . 

Hastelloy B . 

Hastelloy C . 

Hastelloy D . 

41. Hoskins Mff. Co., Detroit 

Alloy No. 502 . 

Chromel-A . 

Chromel-C . 

Alloy No. 670 . 


29-34 

25-33 

25-34 


0.80-1 20 

10-14 

0 90-1 30 

11-14 

Low 


Low 


Low 

14-18 

Low 


0.45-0.50 

18-22 


15-19 


10-14 


23-28 

(Continu9d) 



Co 43 min., W 11-14 
Co 55 min., W 3-6 
Co 47 min., W7-10 
Mn 3-5, SI 0.30-0.80 
Mn 2-4, SI 0.50-1.00 
Mo 18-23 
Mo 24-33 
Mo 15-20, W 3-6 
Cu 2-4, 81 8-11 


30-34 

67-70 

59-62 

10-13 


*These trade names also used by Hawkrldge Brothers Co., Boston. 
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TRADE NAMES OF ALLOYS 





c 

Cr 

Ni 


4S. Industrial Steels, Ine., Cambridfe, Mass. 





Industrial 188. 

0.08-0.20 

17-19 

7-9 


Xndustrlai 6188 . 

0.08-0.20 

17-19 

7-9 

Mo 0.20-0.30 

Industrial 188-8 . 

0.08 max. 

17-19 

7-9 


Industrial 199 . 

0.08-0.20 

18-20 

8-10 


Industrial 199-8 . 

0.08 max. 

18-20 

8-10 


Industrial 188-8MO . 

0.08 max. 

17-19 

7-11 

Mo 2-4 

Industrial 12 . 

0.12 max. 

11.50-13.50 



industrial 12 T . 

0.12 max. 

11.50-13 



Industrial 612 . 

0.12 max. 

11.60-13.50 


Mo 0.20-0.30 

Industrial 18. 

0.12 max. 

16-18 



Industrial 36 . 

0.30-0.35 

13.50-14.50 



Industrial 66 . 

0.60-0.70 

16-17 



Industrial 100. 

0.90-1.00 

17-18 



industrial 7-MO . 

0.10 max. 

25-30 

3-6 

* Mo 1.50 

48. Infersoll Steel A Disc Co., Dir. of Borg- 





Warner Corp., Chicago 





IngAclad (Stainless Clad). 

0 11 mak. 

18-20 

8-10 


IngAclad (Stainless Clad). 

0.10 max. 

17-20 

8-12 

Cb approx 1 % 

IngAclad (Stainless Clad). 

0 10 max. 

16-19 

14 max. 

Mo 2-4 

44. International Nickel Co., Inc., New York 





A Nickel . 



99.40 


D Nickel . 



94-95 

Mn 4-5 

Inconel . 


13 00 

79.5 

Fe6.5 

K Monel . 



66 

Cu 29, A1 2.75 

Monel . 



67 

Cu 30 

Nl-Reslst . 

2 75-3 10 

2 

14 

Cu 6, Mn 1.25 





Si 1.50 

Ni-Reslst (Copper-Free)... 

2 75-3 10 

2 

20-30 

Mn 1.25. SI 1.50 

46. Jessop Steel Co., Washington, Pa. 





Ri-Oloss . 

0.20 max. 

18 

8 


8ta-01oss . 

0 40 

14 



Duro-Oloss Cl . 

0 12 max. 

15 max 



Duro-Oloss C2 . 

0.12 max. 

18 



Duro-Oloss C3 . 

0.12 max. 

23 



Duro-Oloss C4 . 

0.12 max. 

30 



Heat Resisting f4. 

0.20 

12 

24 


Heat Resisting g6. 

0.20 

23 

12 


40. Wm. Jessop A Sons, Inc., New York 





Corrosion Resistant **R-1*'. 

0.15 max. 

12 

1 max. 


Corrosion Resistant **R-2’'. 

0.28-0.32 

12 

1 max. 


Corrosion Resistant **R-3”. 

0.12 max. 

18 

11 max. 


Corrosion Resistant **R-4'*. 

0.25 

18 

1 


47. Kay-Brunner Steel Products, Inc., Los 





Angeles 





Nl-Reslst . 

2.75-3.10 

1.50-4.00 

13-15 

Cu 0 80-1.00 

48. Latrobe Electric Steel Co., Latrobe, Pa. 





Lesco L Stainless Iron. 

0.10 max. 

11-13 



Lesco M Stainless Iron. 

0.10 max. 

14-18 



Lesco H Stainless Iron. 

0.10 max. 

18-20 



Lesco HH Stainless Iron. 

0.20 max. 

23-30 



Lesco LS Stainless Iron.. 

0.12 max. 

11-13 


S 0 20-0 30 

(Free Machining) 




Mo 0 30-0.50 

Lesco 25-20 Stainless Iron. 

0.20 max. 

24-26 

18-20 


Lesco 25-12 Stainless Iron. 

0.20 max. 

24-26 

11-13 


Lesco 18- 8 Be Stainless Iron. 

0.20 max. 

17-20 

7-10 


Regular Stainless . 

0.30-0.40 

13-14 



Hy-Olo Stainless. 

0.60-0.70 

16.50-18 



Lusterite Stainless . 

0.80-0.90 

16.60-18 



49. Lebanon Steel Foundry, Lebanon, Pa. 





Circle ‘X” tflO . 

0.20 

5.50 


Mo 0.56 

Circle ‘*L*» 5ll . 

0.25 

19 



Circle 5 i2 . 

0.10 

13 



Circle ‘X*’ 812-M . 

0.10 

13 


Se 0.25 

Circle *X'' fl3 . 

0.25 

13 



Circle *X” gl4 . 

0.30 

20 


Cu 1 

Circle ‘X*’ 115 .. 

0.30 

27 




0.07 max. 

19.50 

9 


Circle 'X** ^-M . 

0.07 max. 

19.50 

9 

SeO.25 

Circle -X” #22-ZM . 

0.07 max. 

19.50 

9 

Mo 3 

Circle ‘X»» #23 . 

0.20 max. 

19.50 

9 


Circle *X*» #28-M . 

0.20 max. 

19.50 

9 

SeO.25 


(Continued) 




































































TRADE NAMES OF ALLOYS 


_ C Cr _m 

49. Lebanon Steel Foundry, Lebanon, Pa.—Continued 


Circle **L'* 23-XM. 0.30 max. 19.50 0 Mo 3 

Circle j;24 . 0.20 max. v 19.60 

Circle “L” $25 . 0.20 max. 2i 10 

Circle $25-M . 0.20 max. 10 Be 0.26 

Circle “L” $30 . 0.20 max. 24 10 

Circle “L’* $30-XM . 0.20 max. 24 10 Mo 3 

Circle “L” $31 . 0.26 28 11 

Circle **L** $32 . 0.50 15 36 

Circle $34 . 0.07 max. 20 30 Mo 3.25, Cu 6 

81 3.26 

Circle -L" $40 . 0.50 max 28 8 

Circle “L" $41 . 0.40 17 66.60 

Circle $42 . 0.40 12 60 

Circle “L” $43 . 0.40 19 38 

Circle “L” $44 . 0.40 10 30 

Circle “L" $45 . 0.40 20 25 

Circle “L** $46 . 0.40 25 20 

Circle “L" $47 . 0.40 30 20 

Circle “L** $48 . 0.40 30 30 


0.20 max 17.50-19 8-9 

0.20 max 17.50-19 8-9 812-3 

0.20 max 17.50-19 8-9 8e 0.30-0.30 

0.08 max. 17.50-19 8-9 

0.20 max. 18-20 9-10 

0.08 max. 18-20 9-10 

0.20 max. 20-22 10-12 

0.08 max. 20-22 10-12 

0.20 max. 22-26 13-14 

0.25 max. 24-26 19-21 

010 max. 16-19 14 max. Mo 2-4 

0.10 max. 17-20 7-10 T1 min. 4 x C 

0.10 max 17-20 8-12 Cb 10 X C 

0 12 max 11.50-13 

0 12 max 10-13 50 

0.12 max 10-13.50 2.00 max. 

012 max 12-14 8 0.40 max. 

Mo 0.65 max 


Sllcrome L-12, Type 420. 0 30-0.40 12-14 

Sllcrome 17, Type 430. 0.12 max 14-18 

Sllcrome RA, Type 434-A. 012 max. 14-18 Si 1.00 

Cu 1.00 

Sllcrome M-17, Type 440. 0.60-0 70 14-18 

Sllcrome H-17. Type 440. 1.00-1.10 14-18 

Sllcrome 21,Type 442 ... 0 35 max 18-23 

Sllcrome 28, Type 446 . 0 35 max. 23-30 


Sllcrome 46M, Types 501 and 502.As specified 4-6 Mo 0.40-0.60 


68 . Lttdlum Steel Co.,« Watervliet, N. T. 

Sllcrome 18-8, Type 302. 

Sllcrome 18-8-B, Type 302-B. 

Sllcrome 18-8-EZ, Type 303. 

Sllcrome 18-8-S, Type 304. 

Sllcrome 19-9, Type 305. 

Sllcrome 19-9-S, Type 306. 

Sllcrome 20-10, Type 307. 

Sllcrome 20-10-S. Type 308. 

Sllcrome 25-12, Type 309. 

Sllcrome 25-20, Type 310. 

Sllcrome 18-8-M. Type 316. 

Sllcrome 18-8-T, Type 321.:. 

Sllcrome 18-8-C, Type 347. 

Sllcrome 12 Turbine Quality, Type 403 

Sllcrome 12, Type 410. 

Sllcrome 12-2, Type 414. 

Sllcrome 12-EZ, Type 416. 


61. Michiana Products Corp., Michigan 
City. Ind. 


Fire Armor . 20 

Fire Armor “B". 12 

Zorite . 15 

No. 48 Alloy. 28 

No 100 Alloy. 25 

62. Michigan Steel Casting Co., Detroit 

Mlsco Metal .Depends on 

service 15 

Mlsco “C” . ” 30 

Mlsco “B” . ” 24 

Mlsco HN-1. *' 15 

Mlsco HN-2 . " 12 

Mlsco 18-8 . ” 18 

Mlsco 30-30 . " 30 

Mlsco “N’’ . ” 8 

Miscrome-1 . *’ 18 

Ml8crome-3 . ** 28 


65 

60 

37 

8 

12 


35 

10 

12 

65 

60 

8 

30 

18 

3 max. 

3 max. 


53. Midvale Co., Nfcetown, Philadelphia 


Mldvaloy 1300-A . 0.35 12.5 

Mldvaloy 1300 . 0.10 12.5 

Mldvaloy 1700 . 0 10 16.6 

Mldvaloy 2100 . 0.10 20.5 

Mldvaloy 2602 . 0.20 26.6 2 

Mldvaloy HR-1 . 0.35 20 7 W 4 

Mldvaloy 18-08 . O.IO 18 9 


*See also the Allegheny Steel Co. 


(Continued) 
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TRADE NAMES OF ALLOYS 





c 

Cr 

N1 


§8. MidT»le Co., Nieetowa, PhiUdelphia—Continued 




Ididvaloy 18-08 Se . 

0.10 

18 

9 

8 e0.2t 

Mldvaloy 25-10. 

0.18 

24 

11 


Mldvaloy 25-10 B . 

0.55 

23 

11 


Mldvaloy 25-20 . 

0.13 

25 

19.5 

Mo 0.18 

Mldvaloy Hy-X . 

0.50 

8 

22 

Oul 

Mldvaloy 17-85 . 

0.35 

19 

35 


Mldvaloy AOT-l . 

0.35 

11 

36 


Mldvaloy ATV-3 ... 

0.48 

14 

27 

W3.6 

Mldvaloy 976 . 

0.47 

9.7 

1.5 

A1 2.3 

Mldvaloy AMF . 

0.15 


48 


Mldvaloy BTO ... 

0.30 

11.5 

60 

W2.5 

68 A. BUlwankee Steel Foundry Co.* 





54. National Alloy Steel Co., Blawnoz, Pa. 





NA-1 . 

0.10-0.50 

28 

10 


NA-2 . 

0.10-0.50 

15 

35 


NA-4 . 

0.10-0.50 

18 

8 


NA-4-M . 

0.10-0.50 

18 

8 

Mo 3 

NA-19 . 

0.10-0.50 

28 



NA-65 . 

0.10-0.50 

18 

66 


55. National Forye A Ordnance Co., Irvine. 





Warren Co., Pa. 





Natlonalloy 1 . 

0.10-0.35 

16-20 

7-10 


Natlonalloy 2 . 

0.10-0.35 

7-10 

16-20 


Natlonalloy 3 . 

0.07-0.15 

12-20 



56. National Tnbe Co., Pittsburfh. (See 





United States Steel Corp.) 





57. Ohio Steel Foundry Co., Lima, Ohio 





Pahrlte N-6. 


15-19 

65-68 


Fahrlte N-5 . 


10-14 

59-62 


Pahrlte N-IA . 


17-21 

37-40 


Pahrlte N-1 . 


13-17 

. 34-37 


Pahrlte N-IB . 


8-12 

29-32 


Pahrlte N-10 . 


.18-22 

24-27 


Pahrlte N-4 . 


6-10 

17-20 


Pahrlte N-8 . 


31-35 

3.0 max. 


Pahrlte N-7. 


25-30 

3.0 max. 


Pahrlte N-9 . 


16-24 

3.0 max. 


Pahrlte N-ll . 


28-32 

10-13 


Pahrlte N-3A . 


26-30 

7-9 


Pahrlte N-12 . 


23-27 

19-21 


Pahrlte N-3 . 


23-28 

10-13 


Pahrlte N-3B . 


17-23 

7-10 


Pahrlte N-13 . 


23-32 

19-21 


Pahrlte N-14 . 


28-32 

29-31 


Pahrlte N-15 . 


23-28 

6-9 


Pahrlte C-5 .. 


26-30 

10-12 

' 

Fahrlte C-6 .. 


26-30 

7-9 


Pahrlte C-7 . 


22-26 

10-12 


Pahrlte C-8 . 


17-21 

7-9 


Fahrlte C-9 . 


18-22 

7-9 


Pahrlte C-10 .:. 


18-22 

10-12 


Pahrlte N-16 . 


26-30 

3 0 max. 


Pahrlte N-17 . 


16-20 

3 0 max. 


Pahrlte C-1 . 


13-17 

34-37 


Pahrlte C-4 . 


6-10 

17-20 


Pahrlte N-18 . 

1.00-1.80 

31-35 

3.0 max. 


Fahrlte N-19 . 

Over 1.80 

31-35 

3.0 max. 


Fahrlte N-20 ... 

1.00-1.80 

25-30 

3.0 max. 


Fahrlte N-21 ... 

Over 1.80 

25-30 

3.0 max. 


Pahrlte N-22 . 

1.00-1.80 

16-24 

3.0 max. 


Pahrlte N-23 . 

Over 1.80 

16-24 

3.0 max. 


58. Otis Elevator Co., Buffalo, N. Y. 





0-18 . 

0.10 max. 

18-20 

8-10 


0-12 . 

0.10-0.15 

12-16 



0-16 . 

0.10-0.15 

15-18 



0-24 . 

0.20 max. 

20-30 

10-20 


0-30 . 

0.25 max. 

26-30 



36-N . 

0.25 maxr 

14-16 

33-36 


0-8 . 

0.15-0.26 

8.5-10 5 


Mo 1.25-1.7S 

0-4 . 

0.15-0.35 

4-8 


MO 0.25-2.0 

59. Paeifle Foundry Co., Ltd., San Francisco 





Corrosiron . 




Si 14.40-14. 

Pyrocast . 


22-27 

1-22 


*See last page of this article for these trade names. 





(Continued) 
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* 





c 

Cr 

N1 


60. Page Steel & Wire Diy., American 
Chain df Cable Co., Inc., Monessen, Pa. 

Page-Allegheny C . 

Page-Allegheny Free Machining 
Quality . 

Page-Allegheny A . 

Page-Allegheny B . 

Page-Allegheny B Special. 

Page-Allegheny $22 . 

Page-Allegheny $22 Special . 

Page-Allegheny $44 . 

Page-Allegheny 2520 . 

Page-Allegheny $33 Turbine Quality. 

Page-Allegheny Ohmaloy. 

Page-Allegheny $33 Nonhardening 

Quality . 

Page-Allegheny $33 . 

Page-Allegheny $33 Free Machining 
Quality . 

Page-Allegheny $66 . 

Page-Allegheny $67 . 

Page-Allegheny $55 . 

Page-Allegheny Electric Metal 

(Nlcalol) . 

Page-Allegheny Metal AMO . 

Page-Allegheny Metal ATI . 

Page-Allegheny Metal BTI . 

Page-Allegheny Metal with Colum- 

blum . 

Page-Allegheny $46 .. 

Page-Allegheny $46 .. 


61. Pioneer Alloy Products Co., Cleveland 

Pioneer Acid Resisting. 

Pioneer Heat Resisting. 

Pioneer 18- 8. 

Pioneer 24-12. 

Pioneer 28-10... 

Pioneer 28- 3. 


62. Poldi Steel Works, New York 

Poldl AK-1 . 

Poldi AK-2 . 

Poldl AK-6 . 

Poldi AK-H. 


63. George W. Prentiss & Co., Holyoke, 
Mass. 

Vac-Melt B7M . 


64. Republic Steel Corp., Cleveland 

Enduro 18-8 . 

Enduro 18-8-B . 

Enduro 18-8-FM . 

Enduro 18-8-S . 

Enduro 19-9 . 

Enduro 19-9-S . 

Enduro HCN . 

Enduro NC-3 . 

Enduro 18-8-S-Mo . 

Enduro 19-9-S-Tl . 

Enduro “S" Turbine Quality. 

Enduro S-1 . 

Enduro FO. 

Enduro Hi Cai*. 

Enduro AA . 

Enduro AA R1 Cai. 

Enduro HC . 

Enduro 4-6 . 

Enduro 20-10 . 

Enduro 20-10-S . 

Enduro 18-8-8CB . 

Enduro 17-7 . 


0 08-0.20 

17.50-19 

8-9 


0.20 max. 

17.50-19 

8-9 

8 or 8e 0.07 min. 




or Mo 0.60 max. 

0.08 max. 

17.50-19 

8-9 


0.08-0.20 

18-20 

9-10 


0.08 max. 

18-20 

9-10 


0.08-0.20 

20-22 

10-12 

* 

0.08 max. 

20-22 

10-12 


0.20 max. 

22-26 

12-14 


0.25 max. 

24-26 

19-21 


0.12 max. 

11.50-13 



0.12 max. 

12-14 


A1 4.00-4.50 

0.08 max. 

11 50-13.50 


A1 0.10-0.20 

0.12 max. 

10-13.50 



0.12 max. 

12-14 


8 or Se 0.07 min. 
or Mo 0.60 max. 

0.12 max. 

14-18 



0 35 max. 

18-23 



0 35 max. 

23-30 

45-49 


0.10 max. 

16-19 

0.14 max. Mo 2-4 

0.10 max. 

17-20 

7-10 

T14xO 

0.20 max. 

18-20 

8-10 

T14xC 

0 10 max. 

17-20 

8-12 

Cb 10 X C 

Over 0.10 

4-6 



0.10 max. 

4-6 




0.25 

25 

35 

Mo 5 

0.50 

20 

20 

Mo 1 

0.20 

18 

8 


0.20 

24 

12 


0 25 

28 

10 


0.25 

28 

3 



0 10 

13 

• 

0.20 

16 


0.50 

15 5 

Mo 0.40 

1.00 

16 

Mo 1. Cc 



15 

60 

Mo 7. Mn 2 

0.08-0 20 

17.50-19 

8-9 


0.08-0.20 

17.50-19 

8-9 

81 2-3 

0.29 max. 

17.50-19 

8-9 

8, 8e 0.07 min. 

0.08 max. 

17.50-19 

8-9 

or Mo 0.60 max. 

0.08-0.20 

18-20 

9-10 


0.08 max. 

18-20 

9-10 


0 20 max. 

22-26 

12-14 


0.25 max. 

24-26 

19-21 


0 10 max. 

16-19 

14 max. 

Mo 2-4 

0.10 max. 

17-20 

7-10 

Ti4xC 

0.12 max. 
0.12 max. 
0.12 max. 

11.50-13 

10-13.50 

12-14 


S, Se 0.07 min. 

Over 0.12 
0.12 max. 
Over 0.12 
0.35 max. 

12-14 

14-18 

14-18 

23-30 


or Mo 0.60 max. 

0.10 min. 
0.10 max. 
0.08-0.20 

4-6 

4-6 

20-22 

10-12 


0 08 max. 

20-22 

10-12 


0.10 max. 

17-20 

8-12 

Cb 10 X C 

0.10-0.20 

16-17 50 

7-8.50 



(Continued) 
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C 

Cr 

N1 


<5. Rustless Iron and Steel Corp., Balti- 





more* Md. 





Rustless 17-7. 

0.10-0.20 

16-17.50 

7-8.50 


Deflstain . 

0 08-0.20 

17.50-19 

8-9 


Deflstain-Machinlng . 

0.20 max. 

17.50-19 

8-9 

Plus S 

Deflstain . 

0 08 max. 

17 50-19 

8-9 


Special Deflstain. 

0 08-0.20 

18-20 

9-10 


Special Defliftain . 

0 08 max. 

18-20 

9-10 


Rustless 20-10 . 

0.08-0.20 

20-22 

10-12 


Rustless 20-10 . 

0.08 max. 

20-22 

10-12 


Rustless 25-12 . 

0.20 max. 

22-26 

12-14 


Rustless 29-9 . 

0.25 max. 

27-31 

8-10 


Deflrust, Turbine Quality. 

0.12 max. 

11 50-13 



Deflrust . 

0.12 max. 

10-13.50 



Deflrust-N . 

0.12 max. 

10-13 50 

2 00 max. 

Deflrust-Machining. 

0 12 max. 

12-14 


PlusS 

Rustless 13 HC 35. 

0 40 max 

12-14 



Rustless 17 . 

0 12 max. 

14-18 



Rustless 17 FM. 

0.12 max. 

14-18 


Plus S 

Rustless 17 HC 60. 

0 60-0.70 

14-18 



Rustless 17 HC 90. 

0 90-1.00 

14-18 



Rustless 21 . 

0.35 max 

18-23 



Deflheat . 

0.35 max. 

23-30 



66. Sharon Steel Corp., Sharon, Pa. 





Sharon Stainless Tirpe 301X . 

0 10-0 20 

16-17 50 

7-8.50 


Sharon Stainless Type 302 . 

0 08-0.20 

17 50-19 

8-9 


Sharon Stainless Type 302B . 

0 08-0 20 

17.50-19 

8-9 

SI 2-3 

Sharon Stainless Type 303 . 

0 20 max 

17 50-19 

8-9 

S or Se 0.07 min 





or Mo 0.60 max 

Sharon Stainless Type 304 . 

0 08 max. 

17.50-19 

8-9 


Sharon Stainless Type 305 . . 

0 08-0 20 

18-20 

9-10 


Sharon Stainless Type 306. 

0.08 max. 

18-20 

9-10 


Sharon Stainless Type 307 . 

0 08-0 20 

20-22 

10-12 


Sharon Stainless Type 308 . 

0 08 max. 

20-22 

10-12 


Sharon Stainless Type 309 .... 

0 20 max 

22-26 

12-14 


Sharon Stainless Type 310 

0 25 max 

24-26 

19-21 


Sharon Stainless Type 311 

0 25 max 

19-21 

24-26 


Sharon Stainless Type 316 .. 

0 10 max 

16-19 

14 max. 

Mo 2-4 

Sharon Stainless Type 321 ... 

0 10 max 

17-20 

7-10 

T1 Min. 4 X C 

Sharon Stainless Type 325 

0 25 max 

7-10 

19-23 

Cu 1-1.50 

Sharon Stainless Type 327 . . 

0 25 max 

25-30 

3-5 


Sharon Stainless Type 343 . . 

0 25 

12-16 

12-16 

W3 

^aron Stainless Type 347 

0 10 max 

17-20 

8-12 

Cb 10 X C 

Sharon Stainless Type 403 ... 

0 12 max 

11 50-13 



Sharon Stainless Type 405 . 

0 08 max 

11 50-13 50 


A1 0.10-0 20 

Sharon Stainless Type 406. 

0 12 max. 

12-14 


A1 4-4.50 

Sharon Stainless Type 410. 

0 12 max 

10-13 50 



Sharon Stainless Type 414 

0 12 max 

10-13 50 

2 00 max. 

Sharon Stainless Type 416 

0 12 max 

12-14 


S or Se 0 07 mm 





or Mo 0 60 max 

Sharon Stainless Type 420 .... 

Over 0.12 

12-14 



Sharon Stainless Type 430 ... 

0 12 max 

14-18 



Sharon Stainless Type 430F. 

0 12 max 

14-18 


S or Se 0.07 min 





or Mo 0.60 max 

Sharon Stainless Type 431 

0.15 max 

14-18 

2.00 max. 

Sharon Stainless T 3 rpe 434A. 

0.12 max 

14-18 


SI 1. Cu 1 

Sharon Stainless Type 440 . .. 

Over 0.12 

14-18 



Sharon Stainless Type 441. 

Over 0.15 

14-18 

2 00 max 

Sharon Stainless Type 442 . 

0.35 max 

18-23 



Sharon Stainless Type 446. 

0.35 max 

23-30 



Sharon Stainless Type 501. 

Over 0.10 

4-6 



Sharon Stainless Type 502 ... 

0.10 max. 

4-6 



67. Shawinigan Chemicals, Ltd., Montreal, 





Que. 





Acid Resisting Shawinigan KA-2. 

0 12 max 

16-23 

7-11 


Acid Resisting Shawinigan KA-2-Mo« 

0.12 max 

16-23 

7-11 


Heat Resisting Shawinigan HR-1_ 

0.25-0.35 

24-30 

12-15 


Heat Resisting Shawinigan HR-2 ... 

0 36-0*50 

16-23 

31-39 


68. Sivyer Steel Casting. Co., Milwaukee 





Sivyer 60 . 

0.10 

. 18.5 

9 

Si 1 

Slvyer 62 . 

0.18 

24.5 

12.5 

SI 1 

Sivyer 64 . 

0.25 

30 

9.5 

Sll 

Sivyer 66 . 

0.10 

13 


Sil 

Sivyer 67 . 

0.25 

17 


Si 1 

Sivyer 70 . 

0.45 

15 

35 

SI 1 


(Continued) 
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_ C Cr Nl 

H9. Standard Alloy Co., Inc., Cleveland 

H.R. j;i . 20 20 

H.R. t2 . 20 25 

H.R. . 17 37 

H.R. S4 . 15 60 

H.R. #5 . 25 20 

HR. jtO . 25 12 

H.R. . 18 8 

H.R. i;8 . 28-30 

H.R. Jf9 . 18 

70. Superior Steel Corp., Pittsburgh 

Superior Silcrome Type 301-X . 0.10-0.20 16-17.50 7-8.50 

Superior Silcrome Type 302 .Over 0.08-0.20 17.50-19 8-9 

Superior Silcrome Type 304 . 0.08 max. 17.50-19 8-9 

Superior Silcrome Type 305 .Over 0.08-0.20 18-20 9-10 

Superior Silcrome Type 308 . 0.08 max. 18-20 9-10 

Superior Silcrome Type 410 . 0.12 max. 10-13.50 

Superior Silcrome Type 414 . 0 12 max. 10-13.50 2.00 max. 

Superior Silcrome Type 430 . 0.12 max. 14-18 


71. Taylor-Wharton Iron A Steel Co., High 
Bridge. N. J. 


Tisco 

53 . 

0.15-0 35 

4-6 


Mo 0.40-0 65 
W 0.80-1.25 

Tlsco 

101 

0.16 max 

16 5-20 

7-10.5 

Mn 1 max. 
81 2 max. 

Tisco 

lOlA* 

0.16 max. 

16.5-20 

7-10 5 

Mn 1 max. 
SI 2 max. 

Tlsco 

102 

0 07 max. 

16 5-20 

7-10.5 

Mn 1 max. 
Si 2 max. 

Tisco 

102A* 

0 07 max 

16.5-20 

7-10.5 

Mn 1 xriax. 
Si 2 max. 

Tisco 

103 

0 20 max. 

16 5-20 

7-10.5 

Mn 1 max. 
Si 2 max. 

Tlsco 

103A* 

0 20 max 

16.5-20 

7-10.5 

Mn 1 max. 
Si 2 max. 

Tl.sco 

104 

0 16 max. 

18-22 

7-10.5 

Mo 2-4 
Mn 1 max. 
SI 2 max. 

Tksco 

104A* 

0 16 max. 

18-22 

7-10.5 

Mo 2-4 

Mn 1 max. 
SI 2 max. 

Tlsco 

105 

0 07 max. 

18-22 

7-10.5 

Mo 2-4 

Mn 1 max. 
Si 2 max. 

Tisco 

10.5A* 

, 0 07 max. 

18-22 

7-10 5 

Mo 2-4 

Mn 1 max. 
SI 2 max. 

Tisco 

106 

0 20 max 

18-22 

7-10 5 

Mo 2-4 

Mn 1 max. 
Si 2 max. 

Tlsco 

1O0A* 

0 20 max 

18-22 

7-10 5 

Mo 2-4 

Mn 1 max. 
Si 2 max. 

Tisco 

107 . , 

. 0 30 max. 

26-30 

8-12 

Mn 1 max. 

Si 0.5-1.5 

Tlsco 

108 

. 0.20 max. 

23-27 

17-21 

Mn 1 max 

Si 2 max. 

Tisco 

109 

. 0 20 max. 

Cr 

22-26 

18-22 

Mn 0 50-0.75 
Si 1 50 max 

Tisco 

no .. 

. . -max. 

1 00 

20 min. 

9 min. 

Mn 1 max. 
Si 2 max. 

Tisco 

120 

0.50 max. 

15-18 

35-40 

Mn 1 max 

Si 2 max. 

Tisco 

130 

. 0.10 max. 

26-30 


Mn 0 40-0.60 
SI 2 max. 

Tisco 

131 . .. . 

... 0.10 max. 

16-18 


Mn 0.40-0.60 
SI 2 max. 

Tisco 

132 . 

0.10 max. 

11.5-16 


Mn 0.40-0.60 
SI 2 max. 

Tisco 

160 . 

. 2.50-3.50 

1.50-4 

12-15 

Mn 1-1.50 


811.25-2 
Cu 5-7 


72. Thomas Steel Co., Warren, Ohio 
Stainless Steel . 


(Continued) 


16-18 8 


‘These alloys contain 0.20-0.3094 Se. 
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C 

Cr 

Ni 


78. Timken Roller Bearing Co., Canton, Ohio 





Timken 

Carbon Moly . 

0 10-0 20 



Mo 0.45-0.65 

Timken 

Silmo .^. 

0.15 max. 



Si 1.16-1.65. 
Mo 0.45-0.65 

Timken 

DM . 

0.15 max. 

1.00-1.50 


Si 0.60-1, 
Mo 0.45-0.65 

Timken 

DM2 . 

0.15 max. 

0.80-1.10 


Mo 0.45-0.65 

Timken 

Sicromo 1. 

0.15 max. 

0.75-1.25 


Si 1-1.40, 
Mo 0.46-0.65 

Timken 

Sicromo 2. 

0.15 max. 

1.75-2.25 


Si 1-1.40, 
Mo 0.45-0.65 

Timken 

Sicromo 2V^. 

0.15 max 

2.25-2.75 


Si 0.50-1, 
Mo 0.45-0.65 

Timken 

Sicromo 3 . 

0.15 max. 

2.75-3.25 


. SI 1-1.40, 
Mo 0.45-0.65 

Timken 

Sicromo 5. 

0.15 max. 

4-6 


Si 1-2, 

Mo 0.45-0.65 

Timken 

5% Chrome Moly. 

0.15 max. 

4-6 


Si 0.50 max.. 
Mo 0.45-0.65 

Timken 

18-8 Stainless. 

0 07 max. 

17-20 

8-10 

Si 0.75 max 

74. Uddeholm 

Co. of America, Inc., New 






York 


UHB Stainless 

1. 

. 0 08 

13 5 



UHB Stainless 

21. 

. 0.07 max. 

14.7 



UHB Stainless 

31. 

0 18 

13 5 

0 60 


UHB Stainless 

2. 

0.10 

17.5 


Si 1 00 

UHB Stainless 

22. 

. 015 

16.7 

1.5 


UHB Stainless 

3 MM. 

. 0.06 max 

18 0 

8.5 


UHB Stainless 

3 M. 

. 0.06-0.09 

18 0 

83 


UHB Stainless 

3 . 

. . 0.09-0.12 

18 0 

8 0 


UHB Stainless 

3 H. 

. 0 12 

18 0 

8 0 


UHB Stainless 

33 . 

. 0 08 

14 5 

13.0 


UHB Stainless 

4 MM. 

... . 0.06 max. 

17.5 

9.5 

Mo 1 4 

UHB Stainless 

43 . 

. 0 08 

18 0 

8.0 

Se 0 20, Mn 1.00 

UHB Stainless 

4 M. 

. 0 06-0.09 

17 5 

9 3 

Mo 1.4 

UHB Stainless 

4 . 

. 0.09-0.12 

17.5 

9 0 

Mo 1.4 

UHB Stainless 

14. 

0 06 

19.0 

9.0 

Mo 1.5. Mn 0.75 






Si 0 50 

UHB Stainless 

24. 

0 06 

17.0 

10 5 

Mo 2.5, Mn 0.80 

UHB Stainless 

44. 

. 0 10 

25 0 

50 

Mo 1.7 

UHB Stainless 

5. 

. 0 20 

25.0 


Si 1. Mn 0.50 

UHB Stainless 

25 .. 

. 0 07 

23.5 

21.5 

Si 1.5, Mn 1 

UHB Stainless 

6. 

0 30 

13.5 



UHB Stainless 

16 . 

. 0.27 

13 5 


Mo 1.3 

UHB Stainless 

26 . 

. 0 50 

14 0 



AEB . 


. 0.95 

14 0 


Si 0 15. Mn 1 

UHB Uddco 1 


0.15 

5 0 



UHB Uddco 2. 


... . 0.15 

5 0 


MoO 50 


75. United States Steel Corp.* New York 


USS 18-8 Type 302. 

0 08-0 20 

17 5-19 

8-9 


USS 18-8 FM Type 303. 

0 20 max. 

17.5-19 

8-9 

8 or Se 0 07 min. 




or Mo 0 60 max. 

USS 18-8 8 Type 304. 

0 08 max. 

17.5-19 

8-9 


USS 19-9 Type 305. 

0 08-0.20 

18-20 

9-10 


USS 19-9 S Type 306. 

... 0 08 max. 

18-20 

9-10 


USS 20-10 Type 307.. 

. 0.08-0.20 

20-22 

10-12 


USS 20-10 8 Type 308. 

. 0 08 max. 

20-2? 

10-12 


USS 25-12 Type 309. 

. 0.20 max. 

22-26 

12-14 


USS 26-20 Type 310. 

. 0.25 max. 

24-26 

19-21 


USS 18-8 Mo Type 316. 

.. .. 0.10 max. 

16-19 

14 max 

Mo 2-4 

USS 18-8 Ti Type 321. 

. 0 10 max. 

17-20 

7-10 

Ti min. 4 » C 

USS 18-8 Cb Type 347. 

. 0 10 max. 

17-20 

8-12 

Cb 10 X C 

USS 12 Turbine Type 403. 

. 0.12 max. 

11.5-13 



USS 12 Type 410. 

. 0.12 max. 

10-13.6 



USS 12 FM Type 416. 

. 0.12 max. 

12-14 


S or Se 0 07 min. 




or Mo 0.60 max. 

USS 17 Type 430. 

. 0.12 max. 

14-18 



USS 21 Type 442. 

. 0.35 max. 

18-23 



USS 27 Type 446. 

. 0.35 max. 

23-30 



USS 5 Type 501. 

. 0.10 min. 

4-6 



USS 5S Type 602. 

. 0.10 max. 

4-6 




(Continued) 





■These trade names are also used by American Steel de Wire Co., Cleveland; Carnegie-Illlnols 
Steel Corp., Pittsburgh; and National Tube Co., Pittsburgh. 
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Cr Ni 

76. UnWerMl-Cyolopt Steel Corp.,* Titus- 
Tille, Pa. 


Cyclops No. 17-A. 

. . .. 0 40 

8 

20 

Cyclops No. 17-B. 

.... 0 20 

8 

20 

Cyclops K Rustless. 

. 0.60 

8 


Unlloy 1409 . 

. 0.10 

13 


Uniloy 1409-M. 

... . 0 10 

13 5 


Uniloy 1809 . 

. 0 10 

17 


Unlloy 2825 . 

0.25 

•28 


Uniloy 1435 (Stainless A) .. . 

.... 0.35 

13 


Uniloy 1860 (Stainless B). 

. 0.60 

17 


Uniloy Special 18-8. 

0.15 

18 

8 

Uniloy Special 18-8-S. 

.. . 0.07 

18 

8 

Uniloy Special 18-8-M. 

. . . 0.15 

18 

8 

Unlloy Special 21-12 

0.20 

21 

12 

Unlloy Special 24-11. 

0 20 

24 

11 

Uniloy Special 25-20. 

. .. 0.20 

25 

20 

Uniloy Special 15-35 . . . 

0 25 

15 

35 


W 8 

Mo 0 40 


Se 0.25 


77. Universal Steel Div., Bridyeville. Pa. 
(See Universal-Cyclops Steel Corp.) 


78. Vanadium-Allej Steel Co..** Latrobe. 

Pa. 

Stainless “A”. 0 35 

Stainless “B”. 0 65 

Stainless “I”. 0.12 

Stainless P.M.S. 0.12 

Stainless C2 . 0 12 

Stainless C2P. 0 12 

Colonial 410 . 0 12 

Colonial 410P. 0 12 

Colonial 610 . 0 12 

Colonial 610P. 0.12 

Colonial 795 . 1 

Stainless “N”. 0 15 


79. Vulcan Crucible Steel Co., Aliquippa, Pa. 

Stainless Type “A”. 0 12 

Stainless Iron Type C-2. 0 12 


KO. Warman Steel Casting Co., Los Angeles 

Warman 5. 0 18 

Warman 6M . 018 

Warman 13 . 0 12 

Warman Calduro 13-2. 0 20 

Warman Calmar 18-8 . 0 16 

Warman Calmar 18-8M . ... 016 

Warman Calmar 18-8 Cb . 0 16 

Warman Caloxo 18 . 0 16 

Warman Caloxo 18-2 . 0 20 

Warman Caloxo 26 . 0 25 

Warman Caloxo 25-20 . 0 20 

Warman Caloxo 25-20M . 0120 

Warman Caloxo 28-10 . 0 25 

Warman Caloxo 28-lOM . 0 25 

Warman Caloxo 26-4 . 0 25 

Warman Caloxo 8-18 . 0 16 

Warman Caloxo 15-25 . 0 20 

Warman Caloxo 15-25M . 0 20 

Warman Caloxo 15-35 . 0 20 



13 50 




16 5 



max 

13.5 



max 

13.5 


S0.30 

max. 

17 



max. 

17 


SO 30 

max. 

13.5 

1 


max 

13.5 

1 

SO 30 

max 

17 

1 


max 

17 

1 

S 0 30 


17.5 

1 


max. 

18 

9 



min 

9-16 

max. 

15 max 


min 

4-7 



min 

4-7 


Mo 0 5-0 7 

min 

11-14 



min. 

12 5-15 

1.5-2.5 


mm 

17-20 

7-10 


min. 

17-20 

7-10 

Mo 3-4.5 

min 

17-20 

7-10 

Cb 8 to 10 X C 

min. 

16-20 



min. 

16-20 

1.5-2.5 


min 

25-30 



min. 

23-27 

17-21 


min. 

23-27 

17-21 

Mo 3-4.5 

min. 

27-30 

8-12 


min 

27-30 

8-12 

Mo 3-4.5 

min 

25-30 

2.5-4 


mm. 

7-10 

17-20 


min 

14-17 

23-27 


min 

14-17 

23-27 

Mo 3-4.5 

mm 

14-17 

33-37 



81. Webb Wire Works. The. New Brunswick. 
N. J. 


Ship Brands* 

Blue Label. 


13.5 

2 

Red Label. 

. 0 30 

14.5 


Orange Label . 

. 0 09 

18 

8 


82. West Leechburg Steel Co.. Pittsburgh 
(See Allegheny Steel Co.) 


(Continued) 


* These trade names also used by Universal Steel Div. Bridgeville, Pa. 

** These trade names are also used by Colonial Steel Div.. Pittsburgh. 
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IKS. Wheclock, Lovejoy & Co., Inc., 
bridfe, Mass. 

^ Whelco “A**. 

Whelco “B" . 

Whelco SI . 

Whelco S2 . 

Whelco S3 . 

Whelco S4 . 

Whelco S5 . 

Whelco S6 . 

Whelco S7 . 

Whelco S8 . 

Whelco S9 . 


84. Wickwire Spencer Steel Co., New York 

Wissco 1 . 

WisscolM. 

Wissco 2 . 

Wissco 3 . 

Wissco 4 . 

Wissco 4M . 

Wissco 4S . 

Wissco 5A . 

Wissco 5CN . 


c 

Cr 

Ni 


0 12 max 

13.5 



0.15 

18 

8 


0 12 max 

12.5 



0.15 

18 

8 


0.30 

9 

19 


0 12 max. 

17 



0.11 

21 



0.40 

13.5 



0.65 

17 



1.15 

18 



0 35 max. 

28 



0.12 max 

10-13.5 



0.12 max. 

12-14 


S, Se or Mo 

0.12 min. 

12-14 



0.12 max. 

14-18 



0.08-0.20 

17.5-19 

8-9 


0.20 max. 

17.5-19 

8-9 

S. Se or Mo 

0.08 max. 

17.5-19 

8-9 


0.20 max. 

22-26 

12-14 


0 25 max. 

19-21 

24-26 

Mn and Si 


Trade Names of Corrosion and Heat Resisting Alloys 

(Alphabetically Arranged) 

The number preceding each trade name indicates the manufacturer listed in the first section 
of this compilation. The approximate composition of the important alloying elements is also given 


with the trade name under the 

A 

44. A Nickel 
22. A R. Stainless 
67. Acid Resisting Shawinigan 
KA-2 and KA-2-Mo 

3. Acme 

1. Acme Stainless Type 410, 430, 

301-X, 302, 304 
74. AEB 
29. Alcumite 

2. Allegheny Brands 
41. Alloy No. 502 

41. Alloy No. 670 

4. Amsco Alloy Brands 
12. Anka H, M. and O 
12. Arcanka 

5. Armco Brands 


B 

12. B B 
12 BB4K 

7. B & W Brands 

9. Bethadur Brands 
9. Bethalon 303 
9. Bethalon 416 
8 Bethlehem Tantiron 
81. Blue Label 

10. Braeburn Stainless 

11. Brearley-A, B, and K 

C 

15. Calite Brands 

26. Chromax 

25. Chrome-Nickel A and B 
41. Chromel A and C 

26. Cimet 

49. Circle **L»’ Brands 
24. Cobaltcrom (Stainless) 

78. Colonial Brands 
21. Cooper Brands 
46. Corrosion Resistant **R-1'*, 
“R-2”. “R-3’' and “R-4" 
59. Corrosiron 
Crolov Brands 

27. Cromln **D'* 

27. Cupron 

35. Cyclops No. 17 


manufacturer. 

C 

76. Cyclops No. 17-A and No. 
17-B 

76. Cyclops K Riustless 

D 

44. D Nickel 
65. Deflheat 
65 Deflrust 
65. Deflrust-Machmmg 
65. Deflrust N 

65 Deflrust. Turbine Quality 

65. Deflstaln 

65. Deflstain-Machinmg 

28. Duraloy Brands 

29. Durco Brands 
29. Durichlor 

29. Durimet 
?9. Duriron 

45 Duro-Gloss Cl. C2, C3 and 
C4 

E 

37. Economet 

32. EM Brands 

64. Enduro Brands 

12. Engineering 

30. Esco Alloy 36. 40. 43 and 45 

3. Excelsior 

F 

33. F Brands 

57, Fahrlte Brands 

35. Fernlte Brands 
51. Fire Armor 

51. Fire Armor “B” 

36. Franklte “Copper-Free” Nl- 

Reslst 

36. Franklte High Chromium 
36. Fraiiklte Nl-Hard 
36. Franklte Ni-Reslst 


G 

38. Grade A Stainless Steel Type 
420 

38. Grade B Stainless Steel Type 

440 

38. Grade B-lOO Stainless Steel 

(ConUnwd) 


B 

69. H. R. Brands 
40. Hascrome 

40. Hastelloy A, B. C and D 
40. Haynes Stellite No. 1, 6 and 
12 

45. Heat Resisting and j:5 
67. Heat Resisting Shawinigan 
HR-1 and HR-2 
45. Hi-Gloss 

48. Hy-Glo Stainless Steel 

I 

13. Illium G and R 
44. Inconel 

42 Industrial Brands 

43. IngAclad 
11. Inventor 

K 

44. K Monel 

L 

48. Lesco Brands 
23. LO-CRO 46, 46 MO and 46 
W 

11 . Lowscore 

48 Lusterite Stainless Steel 

M 

21. Monel 
44. Monel 

53. Midvaloy Brands 
52. Misco Brands 
52. Miscrome 1 and 3 


N 

58. 36 N 

54. NA Brands 

22 N.C. Heat Resisting 

55. Nationalloy 1, 2 and 3 

26. Nichrome wire, castings, ”8” 
and V 
21. Nickel 
44. Hi-Resist 
47. Nl-Resist 
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N 

44. Nl-Reslst (Copper-Pree) 

34. Nirosta KA2. KA2S and 10-9 
14. No-Kor-O Brands 
51. No. 48 Alloy 
51. No. 100 Alloy 

O 

81. Orange Label 

P 

60. Page-Allegheny Brands 

61. Pioneer Brands 
24. Plreks-Reactal 

62. Poldi Brands 
3. Premier 

18. Pyrasteel 14, 18, 20 and 2000 
59. Pyrocast 


Q 

37 Q Alloy A -f- 
37. Q Alloy B 

37. Q Alloy CNl, CN2, ONl-B, 
Cl and C2 


B 


81 Red Label 

48. Regular Stainless Steel 


B 

23. Rezistal Brands 
38. Rezistal Brands 

65. Rustless Brands 

S 

66 . Sharon Stainless Brands 
81. Ship Brands 

50. Silcrome Brands 
68 . Sivyer Brands 
65. Special Dclisiain 
45. Sta-Qloss 

20. Stainex 1. 2 and 3 Stainless* 
3 Superior 

70. Superior Silcrome Brands 


V 

63. Vac-Melt B7M 


W 

80. Warman Brands 
12. Weldanka 

83. Whelco Brands 

84. Wlssco Brands 


X 

37. X-B 
37. X-ite 


T 



Thermalloy Brands 

51. 

Zorite 

73. 

Timken Brands 

71 

Tisco Brands 



27. 

Tophet “A,” “C” and “D” 



12 . 

Twoscore 

58. 

0-4 



58. 

0-8 


XJ 

58. 

0-12 

74 

UHB Stainless Brands 

58. 

0-16 

74 

UHB Uddco 1 and 2 

58. 

0-18 

76. 

Unlloy Brands 

58. 

0-24 

75. 

USS Brands 

58. 

0-30 


Z 


No. 


•Firms using “Stainless”, “Stainless Iron”, “Stainless Steel” or “Stainless Type” with letters 
or numbers for their trade names are as follows: 3, 17, 25, 34, 38, 72, 78 and 79. 


Received too late for clatsifying. 

63A. Milwaukee Steel Foundry Co., Mil- 



C 

Cr 

N1 

Mo 

Milwaukee 18-8 . 


17-19 

7-9 

... 

Milwaukee 18-8-8 . 


17-19 

7-9 

... 

Milwaukee 18-88MO . 


17-19 

7-9 

S-4 

Milwaukee 29-9 . 


28-30 

8-10 

• 0 • 
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DECIMAL AND METRIC EQUIVALENTS 


Gen. 601 


Decimal and Metric Equivalents of Parts of an Inch 


In. 

In. 

Mm. 

In. 

In. 

Mm. 


= 0.015625 

= 0.39687 


= 0.515625 

= 13.09671 


= 0.03125 

= 0.79374 


= 0.53125 

= 13.49362 


= 0.046875 

= 1.19061 


= 0.546875 

= 13.89045 

ih 

= 0.0625 

= 1.58748 

A 

= 0.5625 

= 14.28737 


= 0.078125 

= 1.98435 

H 

= 0.578125 

= 14.68419 


= 0.09375 

= 2.38123 

hi 

= 0.59375 

= 15.08111 


= 0.109375 

= 2.77809 

M 

= 0.609375 

= 15.47793 


= 0.125 

= 3.17497 

% 

= 0.625 

= 15.87485 


= 0.140625 

= 3.57183 

u 

= 0.640625 

= 16.27167 

i': 

= 0.15625 

= 3.96871 

u 

= 0.65625 

= 16.66859 

H 

= 0.171875 

= 4.36557 

n 

= 0.671875 

= 17.06541 


= 0.1875 

= 4.76245 

H 

= 0.6875 

= 17.46234 

hi 

= 0.203125 

= 5.15931 

ti 

= 0.703125 

= 17.85915 


= 0.21875 

= 5.55620 


= 0.71875 

= 18.25608 

a 

= 0.234375 

= 5.95305 


= 0.734375 

= 18.65289 

V 4 

= 0.25 

= 6.34994 


= 0.75 

= 19.04982 

H 

= 0.265625 

= 6.74679 


= 0.765625 

= 19.44663 

A 

= 0.28125 

= 7.14368 

2*5 
“5 2 

= 0.78125 

= 19.84356 

H 

= 0.296875 

= 7.54053 

n 

= 0.796875 

= 20.24037 

A 

= 0.3125 

= 7.93743 


= 0.8125 

= 20.63731 

H 

= 0.328125 

= 8.33427 

e 

= 0.828125 

= 21.03411 

H 

= 0.34375 

= 8.73117 


= 0.84375 

= 21.43105 


= 0.359375 

= 9.12801 


= 0.859375 

= 21.82785 

% 

= 0.375 

= 9.52491 

% 

= 0.875 

= 22.22479 

n 

= 0.390625 

= 9.92175 

H 

= 0.890625 

= 22.62159 


= 0.40625 

= 10.31865 

V 2 

= 0.90625 

= 23.01853 


= 0.421875 

= 10.71549 


= 0.921875 

= 23.41533 

A 

= 0.4375 

= 11.11240 

H 

= 0.9375 

= 23.81228 

1! 

= 0.453125 

= 11.50923 

n 

= 0.953125 

= 24.20907 


= 0.46875 

= 11.90614 


= 0.96875 

= 24.60602 


= 0.484375 

= 12.30297 

li 

= 0.984375 

= 25.00281 


= 0.5 

= 12.69988 

1 

= 1. 

- 25.4 
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Decimal Inch Equivalents of Millimeters and 
Fractions of Millimeters 


Mm. 

In. 

Mm. 

In. 

Mm. 

In. 

Mm. 

In. 

1/50 

0.000 787 

46/50 

0.036 220 

9 

0.354 33 

18 

0.708 66 

2/50 

0.001 575 

47/50 

0.037 008 

9.2 

0.362 20 

18.2 

0.716 53 

3/50 

0.002 362 

48/50 

0.037 795 

9.4 

0.370 08 

18.4 

0.724 41 

4/50 

0.003 150 

49/50 

0.038 583 

9.6 

0.377 95 

18.6 

0.732 28 

5/50 

0.003 937 



9.8 

0.385 83 

18.8 

0.740 16 

6/50 

0.004 724 

1 

0.039 37 

10 

0.393 70 

19 

0.748 03 

7/50 

0.005 512 

1.2 

0.047 24 

10.2 

0.401 57 

19.2 

0.755 90 

8/50 

0.006 299 

1.4 

0.055 12 

10.4 

0.409 45 

19.4 

0.763 78 

9/50 

0.007 087 

1.6 

0.062 99 

10.6 

0.417 32 

19.6 

0.771 65 

10/50 

0.007 874 

1.8 

0.070 87 

10.8 

0.425 20 

19.8 

0.779 53 

11/50 

0.008 661 

2 

0.078 74 

11 

0.433 07 

20 

0.787 40 

12/50 

0.009 449 

2.2 

0.086 61 

11.2 

0.440 94 

20.2 

0.795 27 

13/50 

0.010 236 

2.4 

0.094 49 

11.4 

0.448 82 

20.4 

0.803 15 

14/50 

0.011 024 

2.6 

0.102 36 

11.6 

0.456 69 

20.6 

0.811 02 

15/50 

0.011 811 

2.8 

0.110 24 

11.8 

0.464 57 

20.8 

0.818 90 

16/50 

0.012 598 

3 

0.118 11 

12 

0.472 44 

21 

0.826 77 

17/50 

0.013 386 

3.2 

0.125 98 

12.2 

0.480 31 

21.2 

0.834 64 

18/50 

0.014 173 

3.4 

0.133 86 

12.4 

0.488 19 

21.4 

0.842 52 

19/50 

0.014 961 

3.6 

0.141 73 

12.6 

0.496 06 

21.6 

0.850 39 

20/50 

0.015 748 

3.8 

0.149 61 

12.8 

0.503 94 

21.8 

0.858 27 

21/50 

0.016 535 

4 

0.157 48 

13 

0.511 81 

22 

0.866 14 

22/50 

0.017 323 

4.2 

0.165 35 

13.2 

0.519 68 

22.2 

0.874 01 

23/50 

0.018 110 

4.4 

0.173 23 

13.4 

0.527 56 

22.4 

0.881 89 

24/50 

0.018 898 

4.6 

0.181 10 

13.6 

0.535 43 

22.6 

0.889 76 

25/50 

0.019 685 

4.8 

0.188 98 

13.8 

0.543 31 

22.8 

0.897 74 

26/50 

0.020 472 

5 

0.196 85 

14 

0.551 18 

23 

0.905 51 

27/50 

0.021 260 

5.2 

0.204 72 

14.2 

0.559 05 

23.2 

0.913 38 

28/50 

0.022 047 

5.4 

0.212 60 

14.4 

0.566 93 

23.4 

0.921 26 

29/50 

0.022 835 

5,6 

0.220 47 

14.6 

0.574 80 

23.6 

0.929 13 

30/50 

0.023 622 

5.8 

0.228 35 

14.8 

0.582 68 

23.8 

0.937 01 

. 31/50 

0.024 409 

6 

0.236 22 

15 

0.590 55 

24 

0.944 88 

32/50 

0.025 197 

6.2 

0.244 09 

15.2 

0.598 42 

24.2 

0.952 75 

33/50 

0.025 984 

6.4 

0.251 97 

15.4 

0.606 30 

24.4 

0.960 63 

34/50 

0.026 772 

6.6 

0.259 84 

15.6 

0.614 17 

24.6 

0.968 50 

35/50 

0.027 559 

6.8 

0.267 72 

15.8 

0.622 05 

24.8 

0.976 38 

36/50 

0.028 346 

7 

0.275 59 

16 

0.629 92 

25 

0.984 25 

37/50 

0.029 134 

7.2 

0.283 46 

16.2 

0.637 79 

25.2 

0.992 12 

38/50 

0.029 921 

7.4 

0.291 34 

16.4 

0.645 67 

25.4 

1.000 00 

39/50 

0.030 709 

7.6 

0.299 21 

16.6 

0.653 54 



40/50 

0.031 496 

7.8 

0.307 09 

16.8 

0.661 42 



41/50 

0.032 283 

8 

0.314 96 

17 

0.669 29 



42/50 

0.033 071 

8.2 

0.322 83 

17.2 

0.677 16 



43/50 

0.033 858 

8.4 

0.330 71 

17.4 

0.685 04 



44/50 

0.034 646 

8.6 

0.338 58 

17.6 

0.692 91 



• 45/50 

0.035 433 

8.8 

0.346 46 

17.8 

0.700 79 




•Por more complete conversion tables refer to Circular 47, Bureau of Standards, Washington, 
D. C. 
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Multiply by 
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Comparative Table of Wire and Sheet Gages 

Dimensions of Si 2 e 8 in Decimal Parts of an Inch 


No. of Wire Gage 

American or 

B. & S. 

Birmingham or 
Stubs’ Iron Wire 

Steel Wire Gage 

W. & M. Steel 
Music Wire 

New Am. S. ft W. 
Co.’s Music 

Wire Gage 

Imperial Wire 

Gage 

Stubs’ Steel Wire 

U. S. Standard 
Gage for Sheet 
and Plate Iron 
and Steel 

No. of Wire Gage 

00000000 




0.0083 





00000000 

0000000 



0.490 

0.0087 





0000000 

000000 



0.4615 

0.0095 

0.004 

0.464 


0.46875 

000000 

00000 



0.4305 

0.010 

0.005 

0.432 


0.4375 

00000 

0000 

0.460 

0.454 

0.3938 

0.011 

0.006 

0.400 


0.40625 

0000 

000 

0.40964 

0.425 

0.3625 

0.012 

0.007 

0.372 


0.375 

000 

00 

0.3648 

0.380 

0.3310 

0.0133 

0.008 

0.348 


0.34375 

00 

0 

0.32486 

0.340 

0.3065 

0.0144 

0.009 

0.324 


0.3125 

0 

1 

0.2893 

0.300 

0.2830 

0.0156 

0.010 

0.300 

0.227 

0.28125 

1 

2 

0.25763 

0.284 

0.2625 

0.0166 

0.011 

0.276 

0.219 

0.265625 

2 

3 

0.22942 

0.259 

0.2437 

0.0178 

0.012 

0.252 

0.212 

0.250 

3 

4 

0.20431 

0.238 

0.2253 

0.0188 

0.013 

0.232 

0.207 

0.234375 

4 

5 

0.18194 

0.220 

0.2070 

0.0202 

0.014 

0.212 

0.204 

0.21875 

5 

6 

0.16202 

0.203 

0.1920 

0.0215 

0.016 

0.192 

0.201 

0.203125 

6 

7 

0.14428 

0.180 

0.1770 

0.023 

0.018 

0.176 

0.199 

0.1875 

7 

8 

0.12849 

0.165 

0.1620 

0.0243 

0.020 

0.160 

0.197 

0.171875 

8 

9 

0.11443 

0.148 

0.1483 

0.0256 

0.022 

0.144 

0.194 

0.15625 

9 

10 

0.10189 

0.134 

0.1350 

0.027 

0.024 

0.128 

0.191 

0.140625 

10 

11 

0.090742 

0.120 

0.1205 

0.0284 

0.026 

0.116 

0.188 

0.125 

11 

12 

0.080808 

U.109 

0.1055 

0.0296 

0.029 

0.104 

0.185 

0.109375 

12 

13 

0.071961 

0 095 

0.0915 

0.0314 

0.031 

0.092 

0.182 

0.09375 

13 

14 

0.064804 

0.083 

0.0800 

0.0326 

0.033 

0.080 

0.180 

0.078125 

14 

15 

0.057068 

0.072 

0.0720 

0 0345 

0.035 

0.072 

0.178 

0.0703125 

15 

16 

0.05082 

0.065 

0.0625 

0.036 

0.037 

0.064 

0.175 

0 0625 

16 

17 

0.045257 

0.058 

0.0540 

0.0377 

0.039 

0.056 

0.172 

0 05625 

17 

18 

0.040303 

0 049 

0.0475 

0.0395 

0.041 

0.048 

0.168 

0.050 

18 

19 

0.03589 

0 042 

0.0410 

0.0414 

0.043 

0.040 

0.164 

0.04375 

19 

20 

0.031961 

0.035 

0.0348 

0.0434 

0.045 

0.036 

0.161 

0.0375 

20 

21 

0.028462 

0.032 

0.03175 

0.046 

0.047 

0.032 

0.157 

0.034375 

21 

22 

0.025347 

0.028 

0.0286 

0.0483 

0.049 

0.028 

0.155 

0.03125 

22 

23 

0.022571 

0.025 

0.0258 

0.051 

0.051 

0.024 

0.153 

0.028125 

23 

24 

0.0201 

0.022 

0.0230 

0.055 

0.055 

0.022 

0.151 

0.025 

24 

25 

0.0179 

0.020 

0.0204 

0.0586 

0.059 

0.020 

0.148 

0.021875 

25 

26 

0.01594 

d.018 

0 0181 

0.0626 

0.063 

0 018 

0.146 

0.01875 

26 

27 

0.014195 

0.016 

0 0173 

0.0658 

0.067 

0.0164 

0.143 

0.0171875 

27 

28 

0.012641 

0.014 

0.0162 

0.072 

0.071 

0 0149 

0.139 

0.015625 

28 

29 

0.011257 

0.013 

0.0150 

0.076 

0.075 

0.0136 

0.134 

0.0140625 

29 

30 

0.010025 

0.012 

0.0140 

0.080 

0.080 

0.0124 

0.127 

0.0125 

30 

31 

0.008928 

0 010 

0.0132 


0.085 

0.0116 

0.120 

0.0109375 

31 

32 

0.00795 

0.009 

0.0128 


0.090 

0.0108 

0.115 

0.01015625 

32 

33 

0.00708 

0.008 

0.0118 


0.095 

0.0100 

0.112 

0.009375 

33 

34 

0.006304 

0.007 

0.0104 



0.0092 

0.110 

0.00859375 

34 

35 

0.005614 

0.005 

0 0095 



0.0084 

0.108 

0.0078125 

35 

36 

0.005 

0.004 

0.0090 



0.0076 

0.106 

0.00703125 

36 

37 

0.004453 





0.0068 

0.103 

0.006640625 

37 

38 

0.003965 





0.0060 

0.101 

0.00625 

38 

39 

0.003531 





0.0052 

0.099 


39 

40 

0.003144 



. 


0.0048 

0.097 


40 
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WEIGHTS OP STEEL 


Gen. 604 


Weights of Steel Bars 

Carbon Steels—Approximate weights of carbon steel bars in rounds, squares, 
hexagons, octagons, and flats are given in the following tables. The weights given 
have been calculated from the unit, 1 cu. in. equals 0.2833 lb. or its equivalent, 1 cu. ft. 
equals 489.54 lb. A convenient unit much used in practice is 1 cu. in. equals 0.3 lb. 
This gives weights about 6% heavier than those in the tables, but since bar steel 
is usually furnished slightly full to size, weights calculated on this basis yield fairly 
close working results for all except very large sizes. 

High Speed Steels—On account of the large proportion of special elements pres¬ 
ent, high speed steels are heavier than carbon steels. While this increased weight 
is not constant, a fairly close estimation of the weight of high speed steels may be 
obtained by adding 10% to the figures for carbon steels as given in the tables. In 
other words, multiply the figures in the tables by 1.1 to obtain the weight of high 
speed steel. 

Useful Methods for Calculating Weights—There are several methods which may 
often be used to advantage in determining weights of odd-sized bars not included 
In the subsequent tables. 

(1) To find the weight per ft. of any size round, square or octagon, square the 
diameter (or stated dimension) and multiply by the weight per ft. of 1 in. round, 
square or octagon, respectively. 

(2) The weight per ft. of octagon steel may be found by multiplying the weight 
per ft. of a round bar of the same size by 1.0547. 

(3) The weight per ft. of hexagon steel may be found by multiplying the weight 
per ft. of a roimd bar of the same size by 1.1026. 

(4) To find the weight per ft. of any flat, multiply the product of the width 
and thickness by the weight per ft. of 1 in. sq. 



Weii^hts and Areas of Carbon Steel Bars 
Weight per Lineal Ft. and per In. in Lb. 


WEIGHTS OP STEEL 


59 



(Continued) 






































Weiirhts and Areas of Carbon Steel Bars 
Weight per Lineal Ft. and per In. in Lb. 


60 


WEIGHTS OF STEEL 



(Continued) 






Weights and Areas of Carbon Steel Bars 
Weight per Lineal Ft. and per In. in Lb. 


WEIGHTS OP STEEL 


61 


K>N BARS— 
Weight. 
Per In. 

7.424 

8.115 

8.836 

10.368 

13 031 

15.718 

19.88 

24.542 

29.698 

35.72 

— ^HEXAG 
Weight, 
Per Pt. 

89.09 

97.38 

106.04 

124.42 

144.38 

188 61 
238.58 
294.50 

356.38 
428.64 

ION BARS - 

Weight. 
Per In. 

<2SS2! ^ S32 « coco 

<Dt-fe«fc*£'e*too(>e6ooadcda»CkCAO»oio»ooooei-4>-i.Hr4v-!e<9C9c«Mmmco)«^*ioe6(«)ep(«} 

- OCTAC 

Weight, 
Per Pt. 

M M (I *-i e Ok t-« eq t. 

«con(onc«co^ia<OflSAiHC4^t>Ae««oeoc4(oeineomfloni>c»>eoiAt-ieoe«ioecDeo««Deo 

«oeoooceo»AAAAOooOfH,H.-ir4r4Ciegc9c«(»)mroc*k«^^^toiAioiotDtDfeoesi€0^o 

s - 

Weight. 

Per Pt. 

«iOe««>o^A^a»^o<OMeoiAC4A«oiOC9^a»eeeotD(0(ototot^eoA<-;roc^Meo<D(ooe«o 

fiSS!2Ef25!2!^?!f®*^*‘0^®W'^*«®c>^rI^dAA^^^orite)AN»oeOl-^^co2j^•?foe-^Kic>•-^A 

OOOO^^^tH,HAAArOr9nfn^^^^miOlO<OtD(OAt<*C>r>WA»AAO>-l.-«f««it-4CP 

—SQUARE BAR 
Weight. 
Per In. 

^2ET£!t!5r2S?®* •HMiOf wt-Aio omen aq Aii»ot*^i>i-i«>cnto v«o 

m to t- A <H A lO C« A C9 ^ A A O eo lO A C9 A A r-t « A A iH A A A *-1 A A <<• O A (-t A A A 

AAAAAAAAAdoddr4f-4.-tvH.4AAAAA(r>rOA<4«^««««lAiOiOAAt-^C<^eOAA‘«d 
r4.^_l«-4*i4«-4..4<M.-lr4f-4r4rHr-l<Hr-li-«r>lrmHr^.HiMr-4r4r4..4^r4AAA^ 

Area. 

Sq.in. 

r-AA^AAAAAOAAAAA^AAt-AAAAr'^OAt«r>AAAAAirAAeeoeO 
to A A A A O t- A O A A O A A A O A tr^ to't; A ^ O A tr A A ^ A A A •H p n A p O p O 

A d d «H A A A ^ A* A A t-’ A A A d *-• A* A a' ^ A A t-' A A* a' d (H a' A* A A A d A* ^ d iH « 
AAAAAAAAAAAAAAA^^^^^^^'»««i*«'«*'r^AAAAAAAAAAAAOA^ 

.-4 

3 - 

Weight, 

Per Pt. 

At>-AAAAAt-4«)44«^ 

ApA4««AAAf-t,H,-l.-iAAA^AC'AAA^t'AAAAAAAAAApAAAA04«tA0^ 

A d a’ '** Sg « d a’ ^ A A d A A « d A ^ t-’ A .-i A A A A A A f'd A A d A d a' i-i A t-' A 4jJ 

CoAAAAAAAAAAOOOOOr-l«H.>I.H«HAAAAAAAA^«4l<^AAAAC*f-4AAA 
^..4,-l.-l.-tr-I.H.-l^,-lr-l«-l,-tr-l<-ir-l,-liHr-lr4r^t-l<-4iH.Hv-lr-IAAAA 

ROUND BARS 
Weight, 
Per In. 

A A AAA A A A A AA A AA A A A AAA 

t- A A A A tH A«H C-A»H « C-4|t A t-A AA f-» O O O O •>< A A A A «-l A 

A l> A O •H A p S 00 o .H cn A A A O A p A t> p r-J A A A *-< A A p ^ A A A A A A A A A p 

A A A r* t* S' A A A A A a' a' A A A A* A d d d d O ,-4 .-i A* A a' A A A d a' A a’ 

fs 

ASoSpAAOA?OAAAAA«A©AAA4«'AAAAA«222r32*:!2*£?®EJ'^**^® 

At*AAVAAr4AAA^OAAAA<-«A4f««HC«4|<r4|>4t<rHAAAOI>^<HA«-4C«AAAO^ 

Slxe, 

Round or 
Square, In. 

•«d!«c:?-i:#Hss*es!i!TjpaiS* •c#'C:S*B!P'{a!#;Pjs 

A C* A A O A 

r4 ^ ^ 
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WEIGHTS OP STEEL 


Flat Rolled Carbon Steel 

Weight Per Lineal Ft. in Lb. 
width in In. 


Thic 

ness, 



% 

% 

1 

1V« 

1>4 

IH 

IH 

IH 

1% 

2 

2H 

A 

0.1060 

0.1381 

0.1594 

0.1859 

0.212 

0.2391 

0.2656 

0.292 

0.319 

0.346 

0.372 

0.425 

0.478 


0.2125 

0.2656 

0.3188 

0.3720 

0.4250 

0.4782 

0.5312 

0.585 

0.638 

0.692 

0.744 

0.850 

0.96 

A 

0.319 

0.399 

0.478 

0.558 

0.638 

0.717 

0.797 

0.875 

0.957 

1.04 

1.15 

1.28 

1.44 

V4 

0.429 

0.531 

0.636 

0.743 

0.850 

0.957 

1.06 

1.17 

1.28 

1.38 

1.49 

1.70 

1.92 

A 

0.531 

0.664 

0.797 

0.929 

1.06 

1.20 

1.33 

1.46 

1.59 

1.73 

1.86 

2.12 

2.39 

% 

0.638 

0.797 

0.957 

1.116 

1.28 

1.43 

1.59 

1.76 

1.92 

2.08 

2.23 

2.55 

2.87 

A 

0.744 

0.929 

1.116 

1.302 

1.49 

1.68 

1.86 

2.05 

2.23 

2.42 

2.60 

2.98 

3.36 


0.850 

1.06 

1.275 

1.487 

1.70 

1.92 

2.12 

2.34 

2.55 

2.72 

2.98 

3.40 

3.83 

A 

0.957 

1.20 

1.434 

1.674 

1.92 

2.16 

2.39 

2.63 

2.87 

3.11 

3.35 

3.83 

4.30 

% 

1.06 

1.33 

1.594 

1.859 

2.12 

2.39 

2.65 

2.92 

3.19 

3.46 

3.72 

4.25 

4.78 

H 

1.17 

1.46 

1.753 

2.045 

2.34 

2.63 

2 92 

3.22 

3.51 

3.80 

4.09 

4.67 

5.26 

% 

1.28 

1.60 

1.913 

2.232 

2.55 

2 87 

3.19 

3.51 

3.83 

4.15 

4.47 

5.10 

5.76 

H 

1.38 

1.73 

2.072 

2.417 

2.76 

3.11 

3.45 

3.80 

4.14 

4.49 

4.84 

5.53 

6.21 

% 

1.49 

1.86 

2.232 

2.604 

2.98 

3.35 

3.72 

4.09 

4.47 

4.84 

5.20 

5.95 

6.69 

H 

1.60 

1.99 

2.391 

2.789 

3.19 

3.59 

3.99 

4.39 

4.78 

5.18 

5.58 

6.38 

7.18 

1 

1.70 

2.13 

2.55 

2.98 

3.40 

3.83 

4.25 

4.68 

5.10 

5.53 

5.95 

6.80 

7 65 


1.81 

2.26 

2.710 

3.161 

3.61 

4.064 

4.52 

4.97 

5.42 

5.87 

6 32 

7.22 

8.13 


1.91 

2.39 

2.868 

3.347 

3.83 

4.304 

4.78 

5.26 

5.74 

6.22 

6.70 

7.65 

8 61 

lA 

2.02 

2.52 

3.03 

3.553 

4.04 

4.54 

5.05 

5.56 

6.06 

6.56 

7.07 

8.08 

9.09 

iy4 

2.12 

2.66 

3.19 

3.72 

4.25 

4.79 

5.31 

5.85 

6.38 

6.91 

7.44 

8.50 

9.57 


2.23 

2.79 

3.35 

3.91 

4.46 

5.02 

5.58 

6.14 

6.69 

7.25 

7.81 

8.93 

10.04 

1% 

2.34 

2.92 

3.51 

4.09 

4.67 

5.26 

5.84 

6.43 

7.02 

7.60 

8.18 

9.35 

10.52 

lA 

2.45 

3.06 

3.67 

4.28 

4.89 

5.50 

6.11 

6.72 

7.34 

7.94 

8.56 

9.78 

11.00 


2.55 

3.19 

3.83 

4.47 

5.10 

5.74 

6.38 

7.02 

7.65 

8.2flr 

8.93 

10.20 

11.48 


2.66 

3.32 

3.99 

4.65 

5.32 

5.98 

6.64 

7.31 

7.97 

8.74 

9.30 

10.63 

11.95 


2.76 

3.45 

4.15 

4.84 

5.52 

6.22 

6.90 

7.60 

8.29 

8.98 

9.67 

11.05 

12.43 

IH 

2.87 

3.59 

4.31 

5.02 

5.74 

6.46 

7.17 

7.89 

8.61 

9.30 

10.04 

11.47 

12.91 

1% 

2.98 

3.72 

4.47 

5.21 

5.95 

6.70 

7.44 

8.19 

8.93 

9.67 

10.42 

11.90 

13.40 


3.08 

3.85 

4.62 

5.466 

6.16 

6 93 

7.70 

8.48 

9.24 

10.02 

10.79 

12.33 

13.86 

1% 

3.19 

3.99 

4.79 

5.58 

6.38 

7.17 

7.97 

8.77 

9.57 

10.36 

11.15 

12.75 

14.34 

IH 

3.30 

4.12 

4.94 

5.77 

6.59 

7.42 

8.24 

9.06 

9.88 

10.71 

11.53 

13.18 

14.83 

3 

3.40 

4.25 

5.10 

5.95 

6 80 

7.65 

8.50 

9.35 

10.20 

11.06 

11.90 

13.60 

15.30 


Flat Rolled Carbon Steel 

Weight Per Lineal Ft. in Lb. 

Width in In. 


Thick¬ 
ness, In 

2H 

2% 

3 

3H 

3H 

3% 

4 

4H 

4H 

4% 

5 

5^4 

5H 

A 

0.531 

0.584 

0.638 

0.691 

0.744 

0.80 

0.85 

0.90 

0.96 

1.01 

1.06 

1.116 

1.169 

H 

1.06 

1.17 

, 1.28 

1.38 

1.49 

1 59 

1.70 

1.81 

1.91 

2.02 

2.13 

2.232 

2.338 

A 

1.59 

1.75 

1.91 

2.07 

2.23 

2.39 

2.55 

2.71 

2.87 

3.03 

3.19 

3.35 

3.51 

Va 

2.12 

2.34 

2.55 

2.76 

2.98 

3.19 

340 

3.61 

3.83 

4.04 

4.25 

4.46 

4.67 

A 

2.65 

2.92 

3.19 

3.45 

3.72 

3.99 

4.25 

4.52 

4.78 

5.05 

5.31 

6.58 

6.84 

H 

3.19 

3.51 

3.83 

4.15 

4.47 

4.78 

5.10 

5.42 

5.74 

6.06 

6.38 

6.69 

7.02 

A 

3.72 

4.09 

4.46 

4.83 

6.20 

5.68 

5.95 

6.32 

6.70 

7.07 

7.44 

7.81 

8.18 

H 

4.25 

4.67 

5.10 

5.53 

5.96 

6.38 

6.80 

7.22 

7.65 

8.08 

8.50 

8.93 

9.35 

A 

4.78 

5.26 

5.74 

6.22 

6.70 

7.17 

7.65 

8.13 

8.61 

9.09 

9.57 

10.04 

10.52 

H 

5.31 

5.84 

6.38 

6.91 

7.44 

7.97 

8.60 

9.03 

9.67 

10.10 

10.63 

11.16 

11.69 

H 

5.84 

6.43 

7.02 

7.60 

8.18 

8.76 

9.35 

9.93 

10.52 

11.11 

11.69 

12.27 

12.85 

% 

6.38 

7.02 

7.65 

8.29 

8.93 

9.57 

10.20 

10.84 

11.48 

12.12 

12.75 

13.39 

14.03 

H 

6.90 

7.60 

8.29 

8.98 

9.67 

10.36 

11.05 

11.74 

12.43 

13.12 

13.81 

14.50 

15.19 


(Continued) 
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Flat Rolled Carbon Steel 
Weight Per Lineal Ft. in Lb. 
width In In. 


hS 

27i 

274 

3 

374 

3V6 

374 

4 

4H 

4 »>^ 

474 

5 

674 

5V ^ 

78 

7.44 

8.18 

8.93 

9.67 

10.41 

11.16 

11.90 

12.65 

13.39 

14.13 

14.87 

15.62 

16.36 

H 

7.97 

8.77 

9.57 

10.36 

11.16 

11.95 

12.75 

13.55 

14.34 

15.14 

15.94 

16.74 

17.63 

1 

8.50 

9.35 

10.20 

11.05 

11.90 

12.75 

13.60 

14.45 

15.30 

16.15 

17.00 

17.85 

18.70 


9.03 

9.93 

10.84 

11.74 

12.65 

13 55 

14.45 

15.35 

16.26 

17.16 

18.06 

18.96 

19.87 

IVa 

9.57 

10.52 

11.48 

12.43 

13.39 

14.34 

15.30 

16.26 

17.22 

18.17 

19.13 

20.08 

21.04 

lA 

10.10 

11.11 

12.12 

13.12 

14.13 

15.14 

16.15 

17.16 

18.17 

19.18 

20.19 

21.20 

22.21 

174 

10.63 

11.69 

12.75 

13.81 

14.87 

15.94 

17.00 

18.06 

19.13 

20.19 

21.25 

22.32 

23.38 


11.16 

12.27 

13.39 

14.50 

15.62 

16.74 

17.85 

18.96 

20.08 

21.20 

22.32 

23.43 

24.54 

1 % 

11.69 

12.85 

14.03 

15.20 

16.36 

17.53 

18.70 

19.87 

21.04 

22.21 

23.38 

24.54 

26.71 

lA 

12.22 

13.44 

14.66 

15.88 

17.10 

18.33 

19.55 

20.77 

21.99 

23.22 

24.44 

25.66 

26.88 

1 % 

12.75 

14.03 

15.30 

16.58 

17.85 

19.13 

20.40 

21.68 

22.95 

24.23 

25.50 

26.78 

28.05 

lA 

13.28 

14.61 

15.94 

17.27 

18.60 

19.92 

21.25 

22.58 

23.91 

25.24 

26.57 

27.89 

29.22 

1 % 

13.81 

15.19 

16.58 

17.96 

19.34 

20.72 

22.10 

23.48 

24.87 

26.25 

27.63 

29.01 

30.39 

iH 

14.34 

15.78 

17.22 

18.65 

20.08 

21.51 

22.95 

24.38 

25.82 

27.26 

28.69 

30.12 

31.55 

1 % 

14.88 

16.37 

17.85 

19.34 

20.83 

22.32 

23.80 

25.29 

26.78 

28.27 

29.75 

31.24 

32.73 

IH 

15.40 

16.95 

18.49 

20.03 

21.57 

23.11 

24.65 

26.19 

27.73 

29.27 

30.81 

32.35 

33.89 

178 

15.94 

17.53 

19.13 

20.72 

22.31 

23.91 

25.50 

27.10 

28.69 

30.28 

31.87 

33.47 

35.06 

IH 

16.47 

18.12 

19.77 

21.41 

23.06 

24.70 

26.35 

28.00 

29.64 

31.29 

32.94 

34.59 

36.23 

3 

17.00 

18.70 

20.40 

22.10 

23.80 

25.50 

27.20 

28.90 

30.60 

32.30 

34.00 

35.70 

37.40 


Flat Rolled Carbon Steel 
Weight Per Lineal Ft. in Lb. 
Width In In. 


o . 
2 w 

574 

6 

6 % 


6 % 

7 

7V4 

7 % 

7 % 

8 


8 ^ 

8 % 


1.222 

1.275 

1.328 

1.381 

1.434 

1.487 

1.540 

1.594 

1.647 

1.70 

1.753 

1.806 

1.859 

Vs 

2 444 

2.550 

2 656 

2.762 

2.869 

2 975 

3.081 

3.188 

3.294 

3.40 

3.506 

3.612 

3.720 

A 

3.67 

3.83 

3.99 

4.14 

4.30 

4.46 

4.62 

4.78 

4.94 

5.10 

5.26 

5.42 

5.58 

Vs 

4.89 

6.10 

6.31 

5.53 

5.74 

5.95 

6.16 

6.36 

6.58 

6.80 

7.01 

7 22 

7.43 

A 

6.11 

6.38 

6.64 

6.90 

7.17 

7.44 

7.70 

7.97 

8.23 

8.50 

8.76 

9.03 

9.29 

% 

7.34 

7.65 

7.97 

8.29 

8.61 

8.93 

9.25 

9.57 

9.88 

10.20 

10.52 

10.84 

11.16 

A 

8.56 

8.93 

9.29 

9.67 

10.04 

10.41 

10.78 

11.16 

11.53 

11.90 

12.27 

12.64 

13.02 

Vi 

9.77 

10.20 

10.63 

11.05 

11 48 

11.90 

12.32 

12.76 

13.18 

13.60 

14.03 

14.44 

14.87 

A 

1100 

11.48 

11.95 

12.43 

12.91 

13.39 

13.86 

14.34 

14.82 

15.30 

15 78 

16.26 

16.74 

Vs 

12.22 

12.75 

13.28 

13 81 

14 34 

14.87 

15.40 

15.94 

16 47 

17.00 

17.53 

18.06 

18.59 

H 

13.44 

14.03 

14.61 

15.20 

15.78 

16.36 

16.94 

17.53 

18.12 

18.70 

19.28 

19.86 

20.45 

74 

14.67 

15.30 

16.94 

16.58 

17.22 

17.86 

18.49 

19.13 

19.77 

20.40 

21.04 

21.68 

22.32 

H 

15.88 

16.58 

17.27 

17.95 

18.65 

19.34 

20.03 

20.72 

21.41 

22.10 

22.79 

23.48 

24.17 

Vs 

17.10 

17.85 

18.60 

19.34 

20.08 

20.83 

21.57 

22.32 

23.05 

23.80 

24.55 

25.30 

26.04 

H 

18.33 

19.13 

19.92 

20.72 

21.51 

22.32 

23.11 

23.91 

24.70 

26.50 

26.30 

27.10 

27.89 

1 

19 55 

20.40 

21.25 

22.10 

22.95 

23.80 

24.65 

25.50 

26.35 

27.20 

28.05 

28.90 

29.75 

lA 

20.77 

21.68 

22.58 

23.48 

24.39 

25.29 

26.19 

27.10 

28.00 

28.90 

29.80 

30.70 

31.61 

IVa 

21.99 

22.95 

23.91 

24.87 

25.82 

26.78 

27.73 

28 68 

29.64 

30.60 

31.66 

32.52 

33.47 

lA 

23.22 

24.23 

25.23 

26.24 

27.25 

28.26 

29.27 

30.28 

31.29 

32.30 

33.31 

34.32 

35.33 

IV4 

24.44 

25 50 

25.56 

27.62 

28.69 

29.76 

30.81 

31.88 

32.94 

34.00 

35.06 

36.12 

37.20 

lA 

25.66 

26.78 

27.90 

29.01 

30.12 

31.22 

32.35 

33.48 

34.59 

35.70 

36.81 

37.93 

39.05 

1 % 

26.88 

28.05 

29.22 

30.39 

31.56 

32.72 

33.89 

35.06 

36.23 

37.40 

38.57 

39.74 

40.91 

lA 

28.10 

29.33 

30.55 

31.77 

32.99 

34.21 

35.44 

36.66 

37.88 

39.10 

40.32 

41.54 

42.77 

IV2 

29.33 

30.60 

31.88 

33.15 

34.43 

35.70 

36.98 

38.26 

39.53 

40.80 

42.08 

43.35 

44.68 

^A 

30.55 

31.88 

33.20 

34.53 

35.86 

37.19 

38.51 

39.84 

41.17 

42.60 

43.83 

45.16 

46.49 

17s 

31.77 

33.15 

34.63 

35.91 

37.99 

38.67 

40.05 

41.44 

42.82 

44.20 

45.58 

46.96 

48.34 

IH 

32.99 

34.43 

35.86 

37.30 

38.73 

40.16 

41.59 

43.03 

44.47 

45.90 

47.33 

48.76 

50.20 

174 

34.22 

35.70 

37.19 

38.68 

40.17 

41.66 

43.14 

44.63 

46.12 

47.60 

49.09 

50.58 

52.07 

IH 

35.43 

36.98 

38.52 

40.05 

41.60 

43.14 

44.68 

46.22 

47.76 

49.30 

50.84 

52.38 

63.92 

17s 

36.63 

38.25 

38.85 

41.44 

43.03 

44 63 

46.22 

47.82 

49.40 

51.00 

52.60 

54.20 

55.79 

iff 

37.88 

39.53 

41.17 

42.82 

44.46 

46.12 

47.76 

49.41 

51.05 

52.07 

54.35 

56.00 

57.64 

2 

39.10 

40.80 

42.50 

44.20 

45.90 

47.60 

49.30 

51.00 

52.70 

54.40 

56.10 

57.80 

59.50 


(Continued) 
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WEIGHTS OP STEEL 


Flat Rolled Carbon Steel 
Weight Per Lineal Pt. in Lb. 
Width In In. 




^ c 

i » 

9V4 

9 % 

9 % 

10 

10 ^ 

lO'A 

10 % 

11 

IIVa 

11 % 

11 % 

12 


1.913 

1.065 

3.019 

3.078 

2.135 

2 178 

2.232 

2.284 

2.338 

2.39 

2.44 

2.497 

2.65 

% 

3.826 

3.931 

4.037 

4.144 

4.250 

4.366 

4.463 

4.569 

4.676 

4.78 

4.88 

4.99 

5.10 

A 

5.74 

5.00 

6.06 

6.22 

6.38 

6.64 

6.70 

6.86 

7.02 

7.17 

7.32 

7.49 

7.65 

^4 

7.65 

7.86 

8.08 

8.29 

8.50 

8.71 

8.92 

9.14 

9.34 

9.57 

9.78 

10.00 

10.20 

A 

9.56 

9.83 

10.10 

10.36 

10.62 

10.89 

11.16 

11.42 

11.68 

11.95 

12.22 

12.49 

12.75 

% 

11.48 

11.80 

12.12 

12.44 

12.75 

13.07 

13.39 

13.71 

14.03 

14.35 

14.68 

14.99 

15.30 

A 

13.40 

13.76 

14.14 

14.51 

14.88 

16.25 

15.62 

15.99 

16.36 

16.74 

17.12 

17.49 

17.85 

% 

15.30 

15.73 

16.16 

16.58 

17.00 

17.42 

17.85 

18.28 

18.70 

19.13 

19.55 

19.97 

20.40 

A 

17.22 

17.69 

18.18 

18.65 

19.14 

19.61 

20.08 

20.56 

21.02 

21.51 

22.00 

22.48 

22.95 

% 

19.13 

19.65 

30.19 

20.72 

21.35 

21.78 

22.32 

22.75 

23.38 

23.91 

24.44 

24.97 

25.50 

H 

21.04 

31.62 

32.21 

32.79 

23.38 

23.96 

24.54 

25.13 

25.70 

26.30 

26.88 

27.47 

28.05 

% 

22.96 

23.59 

24.33 

24.86 

25.50 

26.14 

26.78 

27.42 

28.05 

28.68 

29.33 

29.97 

30.60 

H 

24.86 

25.55 

26.24 

26.94 

27.62 

28.32 

29.00 

29.69 

30.40 

31.08 

31.76 

32.46 

33.15 

% 

26.78 

27.62 

28.26 

29.01 

29.75 

30.60 

31.34 

31.98 

32.72 

33.47 

34.21 

34.95 

35.70 

H 

28.69 

29.49 

30.28 

31.08 

31.88 

32.67 

33.48 

34.28 

35.06 

35.86 

36.66 

87.46 

38.25 

1 

30.60 

31.45 

32.20 

33.15 

34.00 

34.85 

35.70 

38.55 

37.40 

38.25 

39.10 

39.95 

40.80 

lA 

32.53 

33.41 

34.32 

35.22 

36.12 

37.03 

37.92 

38.83 

39.74 

40.64 

41.54 

42.45 

43.35 


34.43 

35.38 

36.34 

37.29 

38.25 

39.21 

40.17 

41.12 

42.08 

43.04 

44.00 

44.94 

45.90 

lA 

36.34 

37.35 

38.36 

39.37 

40.38 

41.39 

42.40 

43.40 

44.42 

45.42 

46.44 

47.45 

48.45 

iy4 

38.36 

39.31 

40.37 

41.47 

42.50 

43.66 

44.63 

45.69 

47.76 

47.82 

48.88 

49.94 

51.00 

lA 

40.16 

41.28 

42.40 

43.52 

44.64 

45.75 

46.86 

47.97 

49.08 

50.20 

51.32 

52.44 

53.55 

1 % 

43.08 

43.25 

44.41 

45.58 

46.75 

47.92 

49.08 

50.25 

51.42 

52.59 

53.76 

54.93 

56.10 

lA 

44.00 

45.22 

46.44 

47.66 

48.88 

50.10 

51.32 

52.54 

53.76 

54.99 

56.21 

67.43 

58.65 

1 % 

45.90 

47.18 

48.45 

49.73 

61.00 

52.28 

53.55 

54.83 

56.10 

57.37 

68.65 

59.93 

61.20 


47.82 

49.14 

50.48 

51.80 

53.14 

54.46 

55.78 

57.11 

58.42 

59.76 

61.10 

62.43 

63.75 

iVa 

49.73 

51.10 

52.49 

63.87 

55.25 

66.63 

58.02 

59.40 

60.78 

62.16 

63.54 

64.92 

66.30 

IH 

51.64 

53.07 

54.51 

55.94 

57.38 

58.81 

60.24 

61.68 

63.10 

64.55 

65.98 

67.42 

68.85 

1 % 

53.56 

55.04 

56.53 

58.01 

59.50 

60.99 

62.48 

63.97 

65.45 

66.93 

68.43 

69.92 

71.45 


55.46 

57.00 

58.54 

60.09 

61.62 

63.17 

64.70 

66.24 

67.80 

69.33 

70.86 

72.41 

73.90 

1 % 

67.38 

58.97 

60.56 

62.16 

63.75 

65.35 

66.94 

68.53 

70.12 

71.72 

73.31 

74.90 

76.60 

IH 

59.29 

60.94 

62.58 

64.23 

65.88 

67.52 

69.18 

70.83 

72.46 

74.11 

75.76 

77.41 

79.05 

3 

61.30 

62.90 

64.60 

66.30 

68.00 

69.70 

71.40 

73.10 

74.80 

76.50 

78.20 

79.90 

81.60 


(Concluded) 
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Temperature Conversion Data 

The two temperature scales commonly used In metallurgical work are Fahrenheit and 
grade. In the former the freezing of water Is called 32* and its boiling point 212*; in the latter 
the freezing temperature of water is taken as 0* and the boiling point 100*. Thus lOO divlsloM 
(100-4)) on the Centigrade scale are equivalent to 180 divisions (212-32) on the Fahrenheit scale 
or one Centigrade degree is 0/5 (180/100) of a Fahrenheit degree. Conversion from one scale 
to the other may be made quite readily by the following formulae based on the relations given 
above. 

(a) Conversion from Fahrenheit (P.) to Centigrade (C.) : C = 6/9 (F.-32). 

(b) Conversion from Centigrade (C.) to Fahrenheit (F.) = 9/5 (C.) -f 32. 

Problem—How many *F. arc equivalent to 356*C.? 

How many *C. are equivalent to 1505*F.? 

In the first ease use formula (b) which becomes 

F =; 9/5 (366) + 32 = 639 -f 32 = 871 

In the second case use formula (a) which becomes 

C = 6/9 (1505-32) = 6/9 (1473) = 818.33 

Temperature Conversion Table—^Many tables and charts have been prepared for direct con¬ 
version from one temperature scale to the other, but they are. of necessity, quite large if direct 
readings to the nearest degree are given. A most useful small table' from which accurate con¬ 
versions can be obtained is given on the next page. It will be noted that all Centigrade readings 
are given in heavy type; the figures in light t3^ are Fahrenheit readings. The table give's direct 
readings at even 10*C. intervals from —270-3990*C. Conversions to the nearest degree are made 
by means of the ^'Interpolation Columns" at the right side of the page. 

For example, to convert 355*C. to the Fahrenheit scale follow horizontally to the right from 
300*C. in column 1 until under 50. The reading here is 662 and represents the equivalent In 
degrees Fahrenheit of 350*C. To find the equivalent of 355*C. which is 5*C. higher than the value 
we now have, obtain the Fahrenheit equivalent of 5*C. from the *'Interpolation Column" at the 
upper right side of the page; this is 9*F. Add to 662*F.. which gives 671*P. as the equivalent 
of 355*C. 

Likewise, to find the equivalent on the Centigrade scale of 1505*F.. locate the nearest number 
to this in the body of the main table. This is 1508*F. in the fourth column under the heading 
20 and opposite 800. In other words. 1508*F. is equivalent to 820*0. The equivalent of 1505*F.. 
or three degrees less, may be found by subtracting the equivalent of 3*F. (= 1.67*C.), obtained 
from the "Interpolation Column" at the lower right-hand side of the sheet, from 830*C. Thus 
1605*F. equals 818.33*C. 


'Based on data prepared by Dr. Leonard Waldo. Metallurgical and Chemical Engineering. 
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CONVERSION DATA 


Temperature Conversion Table 


c* 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 




F 

F 

F 

F 

F 

F 

F 

F 

F 

F 



-200 

-328 

-346 

-364 

-382 

-400 

-418 

—436 

-454 


.... 



-100 

-148 

-166 

-184 

-202 

-220 

-238 

-256 

-274 

-292 

-310 



-0 

+ 32 

+ 14 

-4 

-22 

-40 

-58 

-76 

-94 

-112 

-130 

Interpola¬ 

tion 

0 

32 

50 

68 

86 

104 

122 

140 

158 

176 

194 

Column! 

100 

212 

230 

248 

266 

284 

302 

320 

338 

356 

374 

C* 

F* 

200 

392 

410 

428 

446 

464 

482 

500 

518 

536 

554 

1. 

.. 1.8 

800 

572 

590 

608 

626 

644 

662 

680 

698 

716 

734 

2. 

3. 

.. 3.6 
.. 5.4 

400 

752 

770 

788 

806 

824 

842 

860 

878 

896 

914 

4^ 

7 2 

500 

932 

950 

968 

986 

1004 

1022 

1040 

1058 

1076 

1094 

5. 

9.0 

600 

1112 

1130 

1148 

1166 

1184 

1202 

1220 

1238 

1256 

1274 

6. 

..10.8 

700 

1292 

1310 

1328 

1346 

1364 

1382 

1400 

1418 

1436 

1454 

7. 

..12.6 

800 

1472 

1490 

1508 

1526 

1544 

1562 

1580 

1598 

1616 

1634 

8. 

..14.4 

in 9 

900 

1652 

1670 

1688 

1706 

1724 

1742 

1760 

1778 

1796 

1814 

10. 

..18.0 

mg 

1832 

1850 

1868 

1886 

1904 

1922 

1940 

1958 

1976 

1994 



1100 

2012 

2030 

2048 

2066 

2084 

2102 

2120 

2138 

2156 

2174 



1200 

2192 

2210 

2228 

2246 

2264 

2282 

2300 

2318 

2336 

2354 



1800 

2372 

2390 

2408 

2426 

2444 

2462 

2480 

2498 

2516 

2534 

F* 

C* 

1400 

2552 

2570 

2588 

2606 

2624 

2642 

2660 

2678 

2696 

2714 

1. 

2, 

.. 0.56 
1 11 

1500 

2732 

2750 

2768 

2786 

2804 

2822 

2840 

2858 

2876 

2894 

3. 

.. 1.67 

1600 

2912 

2930 

2948 

2966 

2984 

3002 

3020 

3038 

3056 

3074 














4. 

.. 2.22 

1700 

3092 

3110 

3128 

3146 

3164 

3182 

3200 

3218 

3236 

3254 

5. 

.. 2.78 

1800 

3272 

3290 

3308 

3326 

3344 

3362 

3380 

3398 

3416 

3434 

6. 

..3 33 

1900 

3452 

3470 

3488 

3506 

3524 

3542 

3560 

3578 

3596 

3614 

7 

..3 89 

2000 

3632 

3650 

3668 

3686 

3704 

3722 

3740 

3758 

3776 

3794 

8. 

9. 

.. 4.44 
.. 5.00 

2100 

3812 

3830 

3848 

3866 

3884 

3902 

3920 

3938 

3956 

3974 

10. 

.. 5.56 

2200 

3992 

4010 

4028 

4046 

4064 

4082 

4100 

4118 

4136 

4154 

11. 

.. 6.11 

2300 

4172 

4190 

4208 

4226 

4244 

4262 

4280 

4298 

4316 

4334 

12. 

.. 6.67 

2400 

4352 

4370 

4388 

4406 

4424 

4442 

4460 

4478 

4496 

4514 

13. 

.. 7.22 

2500 

4532 

4550 

4568 

4586 

4604 

4622 

4640 

4658 

4676 

4694 

14. 

15. 

.. 7.78 
.. 8.33 

2600 

4712 

4730 

4748 

4766 

4784 

4802 

4820 

4838 

4856 

4874 



2700 

4892 

4910 

4928 

4946 

4964 

4982 

5000 

5018 

5036 

5054 

16. 

17. 

.. 8.89 
.. 9.44 

2800 

5072 

5090 

5108 

5126 

5144 

5162 

5180 

5198 

5216 

5234 



2900 

5252 

5270 

5288 

5306 

5324 

5342 

5360 

5378 

5396 

5414 

18. 

... 10 00 

3000 

5432 

5450 

5468 

5486 

5504 

5522 

5540 

5558 

5576 

5594 



3100 

5612 

5630 

5648 

5666 

5684 

5702 

5720 

5738 

5756 

5774 



8200 

5792 

5810 

5828 

5846 

5864 

5882 

5900 

5918 

5936 

5954 



8300 

5972 

5990 

6008 

6026 

6044 

6062 

6080 

6098 

6116 

6134 



3400 

6152 

6170 

6188 

6206 

6224 

6242 

6260 

6278 

6296 

6314 



3500 

6332 

6350 

6368 

6386 

6404 

6422 

6440 

6458 

6476 

6494 



3600 

6512 

6530 

6548 

6566 

6584 

6602 

6620 

6638 

6656 

6674 



8700 

6692 

6710 

6728 

6746 

6764 

6782 

6800 

6818 

6836 

6854 



8800 

6872 

6890 

6908 

6926 

6944 

6962 

6980 

6998 

7016 

7034 



8900 

7052 

7070 

7088 

7106 

7124 

7142 

7160 

7178 

7196 

7214 



C* 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 
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Fusing Points of Pyrometric Cones* 


Cone 

No. 

When fired 
slowly 68®P. 
per hr. 

•P. 

When fired 
rapidly SOO^P. 
per hr. 

•P. 

Cone 

No. 

When fired 
slowly 68® P. 
per hr. 

•p 

When fired 
rapidly 300®P 
per hr. 

®P. 

022 

1085 

1121 

1 

2057 

2120 

021 

1103 

1139 

2 

2075 

2129 

020 

1157 

1202 

3 

2093 

2138 

019 

1166 

1220 

4 

2129 

2174 

018 

1238 

1328 

5 

2156 

2201 

017 

1328 

1418 

6 

2174 

2246 

016 

1355 

1463 

7 

2210 

2282 

015 

1418 

1481 

8 

2237 

2300 

014 

1463 

1526 

9 

2282 

2345 

013 

1517 

1580 

10 

2300 

2381 

012 

1544 

1607 

11 

2345 

2417 

Oil 

1607 

1661 

12 

2390 

2435 

010 

1634 

1643 

13 

2462 

2462 

09 

1706 

1706 

14 

2534 

2552 

08 

1733 

1742 

15 

2570 

2615 

07 

1787 

1814 

16 

2642 

2669 

06 

1841 

1859 

17 

2669 

2687 

05 

1886 

1904 

18 

2705 

2714 

04 

1922 

1940 

19 

2759 

2768 

03 

1976 

2039 

20 

2768 

2786 

02 

2003 

2057 




01 

2030 

2093 





Cone 

No. 

When heated at 210-^F 
per hr., 

®P. 

Cone 

No. 

When heated at 210®P. 
per hr., 

•P. 

23 

2876 

34 

3200 

26 

2903 

35 

3245 

27 

2921 

36 

3290 

28 

2939 

37 

3308 

29 

2984 

38 

3335 

30 

3002 

•39 

3389 

31 

3056 

•40 

3425 

32 

3092 

•41 

3578 

33 

3173 

•42 

3659 


•Compiled by The Edward Orton, Jr, Ceramic Foundation, Columbus, Ohio Complete details 
are given in the J. Am. Ceramic Soc., Nov., 1926, v. 9, No. 11, p. 701. 

•Heated at 1110«P. per hr. 


The Greek Alphabet 


Alpha 


A,‘a 


A, a 

Nu 


N, 

= 

N, n 

Beta 

= 

B, P 


B, b 

Xi 

= 

S, { 


X, X 

Gamma 


r, 7 

— 

G. g 

Omicron 


O, 0 

= 

O, 0 

Delta 

=z 

A, 6 


D, d 

Pi 


IT, TT 

= 

P. P 

Epsilon 

= 

E, € 


E, e 

Rho 


P. P 

= 

R, r 

Zeta 

== 

z. i- 

= 

Z, z 

Sigma 

= 

2. 

= 

S, s 

Eta 


11, 71 

— 

E, e 

Tau 


T, T 


T, t 

Theta 

= 

0 , e 


Th, th 

Upsilon 

=: 

T, w 

= 

U. u 

Iota 

= 

I, « 

— 

I. i 

Phi 

= 

0 


Ph, ph 

Kappa 

rz 

K, K 


K, k 

Chi 


X, X 

= 

Ch, ch 

Lambda 

rr 

A. X 


L, 1 

Psi 

= 

* 

= 

Ps, ps 

Mu 

= 

M, M 

— 

M, m 

Omega 

= 

n, ot 


O, 0 
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Specific Heat of Gases 

By J. H. G. Williams* 

Air is a mechanical mixture of chemical elements and compounds, as follows: 
Oxygen, nitrogen, carbon dioxide, water vapor, traces of dust, and rare gases. Dry 
air is free of we.ter vapor. 

Saturated air contains the maximum amount of water vapor possible at any 
particular temperature and barometric pressure. 

Atmospheric air usually contains an amount of moisture (water vapor) less than 
saturated air. The amount of moisture in atmospheric air relative to the amount 
of moisture in saturated air (humidity) is reported daily by the U. S. Weather Bu¬ 
reau, as well as the mean temperature and the barometric pressure. 

' Variations in the amount of moisture modify the specific heat of air, and, there¬ 
fore, the specific heat of dry air at a given temperature should be corrected for the 
actual humidity condition. 

The weight in lb. per cu. ft. of moist air is represented by the equation: 

f B 1 r he 

(a) D = 1.326 ] — \ —0.501 \ — 

ITj [T 

where 

D = weight in lb. per cu. ft. of moist air at temperature T and relative 
hiunidity h 

t = temperature of the air in ®P. 

T = absolute temperature = t + 459.6 

B = barometric pressure in in. of mercury 

h = relative humidity 

e = pressure of saturated vapor corresponding to temperature t, in 
in. of mercury. 

Problem—On July 6, 1923, the report of the U. S. Weather Bureau for Hartford 
at 8:00 a. m., was 

Barometer 30; temperature 66, and humidity 92. 

What was the specific heat of the air at 1500°F.? 

Solution of Problem —^The term 1.326/T in equation (a) can be obtained directly 
from Table II by dividing the figures given in column 6 by 1000. For 66®F. this 
equals 0.002523. 

Likewise the term 0.501 e/T can be obtained from Table II by dividing the 
figures given in column 7 by 1000. For 66®F. this equals 0.000614. 

Substituting in equation (a) we have: 

D = 0.002523 X 30 — 0.000614 X, 0.92 = 0.0751 lb. per cu. ft. 

This air consists of water vapor and dry air. 

To find the weight of water vapor in the air, multiply the (relative) humidity 
by the weight of 1 cu. ft. of completely saturated vapor at the stated temperature 
(66®F.), as shown in Table I, and divide by 100, thus: 

Pounds of water vapor per cu. ft. of air = ' 

0.1001 X 0.92 

-= 0.0009 

100 

Now, we have 

0.0751 —0.0009 = 0.0742 lb. of dry air, and 
0.0009 lb. of water vapor 

in our mixture at Hence 1 lb. of the mixture should consist of: 

*Metallurglcal Engineer, The Hartford Electric Steel Corp., Hartford, Conn. 
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0.0742 

- X 100 = 98.8% dry air, and 

0.0751 


0.0009 

- xl00= 1.2% water vapor 

0.0751 

The mean specific heat of air with any degree of saturation may be found by 
multiplying the weight of dry air by its specific heat and adding the product of the 
weight of water vapor by its specific heat and then dividing the sum by the total 
weight. 

The mean specific heat of dry air at any temperature “t” is shown in column 
3, Table III, to be equal to 

0.240 4-0.0000051 t 

Likewise the mean specific heat of water vapor at any temperature *‘t” is 
shown to be equal to 

0.459 4-0.000031 t 

Thus the specific heat at 1500®P. for 

dry air is 0.240 4-0.0000051 x 1500 = 0.2477 

water vapor is 0.459 4- 0.000031 x 1500 = 0.5055 

Since there are 98.8 parts of dry air and 1.2 parts of water vapor per 100 parts 
of moist air, the total mean specific heat of the mixture is equal to 

0.2477 x 98.8 0.5055 x 1.2 

--= 0.2508 4- 0.0069 = 0.2577 

100 100 


Table I (^) 

Weight of 100 Cubic Feet of Aqueous Vapor at Different Temperatures, 
Completely Saturated 

(Relative Humidity = 100) 


Temp., 

•P. 

Weight, 

Lb. 

Temp., 

"P. 

Weight, 

Lb. 

Temp., 

op. 

Weight, 

Lb. 

Temp., 

op 

Weight, 

Lb. 

Temp., 

-P. 

Weight, 

Lb. 

0 

0.0069 

24 

0.0212 

48 

0.0543 

72 

0.1215 

96 

0.2518 

1 

0.0072 

25 

0.0222 

49 

0 0562 

73 

0.1235 

97 

0.2592 

2 

0.0075 

26 

0.0232 

50 

0.0582 

74 

0.1295 

98 

0.2667 

3 

0.0079 

27 

0.0242 

51 

0.0603 

76 

0.1337 

99 

0.2744 

4 

0.0083 

28 

0.0253 

52 

0.0625 

76 

0.1379 

100 

0.2824 

5 

0.0087 

29 

0.0265 

53 

0.0647 

77 

0.1423 

101 

0.2905 

6 

0.0091 

30 

0.0276 

54 

0.0669 

78 

0.1468 

102 

0.2988 

7 

0.0096 

31 

0.0289 

55 

0.0693 

79 

0.1514 

103 

0.3073 

8 

0.0101 

32 

0.0302 

56 

0.0716 

80 

0.1562 

104 

0.3161 

9 

0.0106 

33 

0.0314 

57 

0.0742 

81 

0.1611 

105 

0.3250 

10 

0.0111 

34 

0.0326 

58 

0.0767 

82 

0.1661 

106 

0.3242 

11 

0.0117 

35 

0.0338 

59 

0.0793 

83 

0.1712 

107 

0.3435 

12 

0.0122 

36 

0.0351 

60 

0.0821 

84 

0.1765 

108 

0.3531 

13 

0.0128 

37 

0.0364 

61 

0.0849 

85 

0.1819 

109 

0.3629 

14 

0.0134 

38 

0.0378 

62 

0.0877 

86 

0.1875 

110 

0.3730 

15 

0.0141 

39 

0.0392 

63 

0.0907 

87 

0.1932 

115 

0.4270 

16 

0 0147 

40 

0.0407 

64 

0.0938 

88 

0.1991 

120 

0.4874 

17 

0.0154 

41 

0.0422 

65 

0.0969 

89 

0.2051 

125 

0.5548 

18 

0.0161 

42 

0.0438 

66 

0.1001 

90 

0.2113 

130 

0.6300 

19 

0.0169 

43 

0 0454 

67 

0.1034 

91 

0.2176 

135 

0.7135 

20 

0.0176 

44 

0.0471 

68 

0.1069 

92 

0.2241 

140 

0.8061 

21 

0.0185 

45 

0.0488 

69 

0.1104 

93 

0.2308 

150 

1.0216 

22 

0.0194 

46 

0.0506 

70 

0.1140 

94 

0.2376 

160 

1.2826 

23 

0.0203 

47 

0.0524 

71 

0.1177 

95 

0.2446 

170 

1.5961 

iProm the Chemist’s Pocket Manual—^Meade 

, page 125. 
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Table H (') 

Properties of Air Mixed with Water Vapor 


Temp., 

Vapor Pressure 

In. of 

Weight of water 

1.326 6 

Mercury 

•P. Psl. 

vapor per cu ft 

-XlOOO 0.601—X 1000 

t 

e 

Grains Lb. 

T T 


32 

0.1804 

• 0.0886 

2 129 

0.000304 

2.697 

0.184 

34 

0.1955 

0.0960 

2.297 

0.000328 

2.686 

0.198 

36 

0.2117 

0.1040 

2.477 

0.000354 

2.676 

0.214 

38 

0.2290 

0.1125 

2.669 

0.000381 

2.665 

0.231 

40 

0.2477 

0.1217 

2.872 

0.000410 

2.654 

0.248 

43 

0.2677 

0.1315 

3.091 

0.000442 

2.644 

0.267 

44 

0 2891 

0.1420 

3.322 

0.000475 

2.633 

0.287 

46 

0 3119 

0 1532 

3.670 

0.000510 

2.623 

0.309 

48 

0 3366 

0 1653 

3 831 

0 000547 

2.612 

0.332 

50 

0.3627 

0 1781 

4.110 

0.000587 

2 602 

0.357 

52 

0 3905 

0.1918 

4.411 

0.000630 

2.592 

0.383 

54 

0.4202 

0.2064 

4.720 

0.000674 

2.582 

0.410 

56 

0.4518 

0.2219 

5.054 

0.000722 

2.572 

0.439 

58 

0.4856 

0.2385 

5.410 

0.000773 

2.562 

0.470 

60 

0.5217 

0.2562 

S.78S 

0.000827 

2.552 

0.503 

62 

0.5598 

0.2749 

6.043 

0.000883 

2.542 

0.538 

64 

0.6005 

0.2949 

6.604 

0.000943 

2.532 

0.575 

66 

0.644 

0.3161 

7.048 

0.001007 

2.523 

0.614 

68 

0.689 

0.3386 

7.52 

0.001074 

2.513 

0.655 

70 

0.738 

0.3625 

8.02 

0.001145 

2.504 

0.698 

73 

0.789 

0.3879 

8.54 

0.001220 

2.494 

0.744 

74 

0.844 

0.4148 

9.10 

0.001300 

2.485 

0.793 

76 

0 903 

0.4433 

9.68 

0.001383 

2.476 

0.845 

78 

0 964 

0.4735 

10.30 

0.001471 

2.466 

0.899 

80 

1.029 

0.5054 

10.95 

0.001564 

2.457 

0.956 

82 

1.098 

0.539 

11.64 

0.001663 

2.448 

1.016 

84 

1.171 

0.575 

12.37 

0.001768 

2.439 

1.080 

86 

1.248 

0.613 

13.15 

0.001879 

2.430 

1.146 

88 

1.329 

0.653 

13.98 

0.001997 

2.422 

1.216 

90 

1.415 

0.695 

14.85 

0.002121 

2.413 

1.290 

92 

1.506 

0.739 

15.77 

0.002253 

2.404 

1.368 

94 

1.602 

0.787 

16.74 

0.002391 

2.395 

1.450 

96 

1.704 

0.837 

17.76 

0.002537 

2.387 

1.537 

98 

1.812 

0.890 

18.79 

0.002690 

2.378 

1.629 

100 

1.925 

0.946 

19.95 

0.002850 

2.370 

1.724 

102 

2.044 

1.004 

21.12 

0.003017 

2.361 

1.825 

104 

2.171 

1.066 

22.35 

0.003193 

2.353 

1.931 

106 

2.303 

1.131 

23.63 

0.003376 

2.344 

2.041 

108 

2.441 

1.199 

24.96 

0.003566 

2.336 

2.155 

110 

2.588 

1 271 

26.36 

0.003765 

2.328 

2.274 

120 

3.439 

1.689 

34.42 

0.004916 



130 

4.518 

2.219 

44.45 

0.00635 



140 

5.874 

2.885 

56.86 

0.00812 



150 

7.56 

3.714 

72.0 

0.01029 



160 

9.64 

4.737 

90.5 

0.01293 



170 

12.19 

5.988 

112.7 

0.01611 



180 

15.28 

7.506 

139.4 

0.01991 



190 

20.01 

9.335 

171.0 

• 0.02443 



200 

23.46 

11.523 

208.3 

0.02976 



210 

28.75 

14.122 

252.1 

0.03601 



212 

29.92 

14.697 

261.7 

0.03738 




iMark’B, Mechanical Engineers* Handbook. 
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Table III 

Mean Specific Heats of Gases at Constant Pressure of One Atmosphere* 
Temperatures up to 2000°C. (3600°P.) 


Mean Specific Heat at Constant Pressuret 
G. cal. per B.t.u. per lb. per 

g. per “C, t ^ “C. T, t = •P. 


Hydrogen . .... 3.39 +0.000176t 3.39 +0.000098t 

Nitrogen . 0.248+ 0.0000095t 0.248+ 0.0000063t 

Oxygen . 0.217+ 0.0000083t 0.217 + 0.0000046t 

Water vapor. 0.46 +0.000055t 0.459+ 0.00003It 

Carbon monoxide. 0.248+ 0.0000095t 0.248 + 0.0000053t 

Carbon dioxide. ... 0.199 + 0.000038t 0.198 + 0.000021t 

Air. . .. . 0 240 + 0.0000092t 0.240 + 0.000005It 


Gas 


Hydrogen . 

Nitrogen . 

Oxygen . 

Water vapor. 

Carbon monoxide. 

Carbon dioxide. 

Air . 


G. cal. per 

cu.m, per “C., B.t.u. per cu.ft. 

trr^C. per*P, t = T. 

305 + 0.0158t 0.0190 + 0.00000055t 

310 + 0.01l9t 0.0194+0.00000041t 

3l0 + 0.0119t 0.0194+ 0.00000041t 

275 + 0.0328t 0.0171+ 0.00000116t 

310 + 0.0119t 0.0194+ 0.00000041t 

393 + 0.075t 0.0244 + 0.0000026t 

310 + 0.0119t 0.0194+ 0.00000041t 


tMean Specific Heat at Constant Pressure. Gas volumes at 1 atmosphere pressure and 0*C. 
(32“P.), except for water vapor for which the volume is at 100*C. (212®P.). 


Mean Specific Heats per Cu.Ft., B.t.u. per Cu.Ft. per *F. 

Nitrogen, Oxygen, Carbon 


Temp., ‘P. Monoxide, Airt Carbon Dloxldef: Water Vaportt 

100 . 0.0194 0 0247 . 

200 . 0.0195 0.0249 . 

300 . 0.0195 0.0262 0.0174 

400 . 0.0196 0.0264 0.0176 

500 . 0.0196 0.0257 0.0177 

600 . 0.0196 0.0260 0.0178 

700 . 0.0197 0.0262 0.0179 

800 . 0.0197 0.0265 0.0180 

900 . 0,0198 0.0267 0.0181 

1000 . 0.0198 0.0270 0.0183 

1100 . 0.0199 0.0273 0.0184 

1200 . 0.0199 0.0275 0.0185 

1300 . 0,0199 0.0278 0.0186 

1400 . 0.0200 0.0280 0.0187 

1500 . 0.0200 0.0283 0.0188 

1600 . 0.0201 0.0286 0.0189 

1700 . 0.0201 0.0288 0.0190 

1800 . 0.0201 0.0291 0.0192 

1900 . 0.0202 0.0293 0.0193 

2000 . 0.0202 0.0296 0.0194 


*Compiled by James B. Friauf, A. O. Smith Corp., Milwaukee. 

tVolume of 1 cu.ft. measured at 1 atmosphere and 32’F. Mean Cp from 32'*F. to temperature 
in first column 

ttVolume of 1 cu.ft. measured at 1 atmosphere and 212''F. Mean Cp from 212**F. to tem¬ 
perature in first column. 
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The Crystal Structure of Metals and Alloys* 

By Kent B. Van Homf 

The various elements crystallize according to a definite pattern or symmetrical 
arrangement of atoms that is repeated at regular intervals to form a section of 
any size. The three dimensional lattice-work of imaginary lines connecting the 
atoms is called a space lattice. The smallest parallelepiped which possesses the 
fuU symmetry of the crystal is termed the unit cell. *The type and dimensions of 
the unit cells of most elements have been determined and tabulated in X-ray 
books*' *' •' *> ® or summarized on page 78. 

There are only 14 types of space lattices possible and they fall into the seven 
crystal systems, cubic, tetragonal, hexagonal, rombohedral, orthorhombic, mono- 
clinic and triclinic. The crystal systems are defined in the Glossary of X-ray terms 
on page 11. The large majority of the metals crystallize according to three of 
the fourteen space lattices, the face-centered and body-centered of the cubic 
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Pis 1—Periodic table showing the chemical elements having crystal structures of high symmetry. 


system and the close-packed type of the hexagonal system. These three space 
lattices will be described in detail. 

A periodic table of the elements is reproduced in Pig. 1 with the inert gases, and 
the metals beryllium and magnesium appearing twice to complete the ssmunetry 
of the arrangement. The number in the periodic system is indicated above each 
member of Group I and above the last element occurring on any horizontal line. 
The numerous elements crystallizing in the face-centered cubic, body-centered 
cubic, and hexagonal close-packed lattices are enclosed by characteristic markings. 
All polsmiorphic modifications having any of these three simple atomic arrange¬ 
ments are indicated by additional outlines (Pe, Co, Tl, etc.). The complex struc¬ 
tures are not given. The majority of the metals which generally have one (or 
more when there are polymorphic modifications) of the three lattices of high 
symmetry appear at the left and the central part of the table. The nonmetallic 
elements, excepting the inert gases of Group VIII, are located at the extreme right 
of the table and have more complicated unit cells. 

Since a high degree of crystalline symmetry, for example, face-centered cubic, 
body-centered cubic, and hexagonal close-packed arrangements, imparts the degree 

•Revised section of the paper on "The Constitution of Alloys" by Kent R. Van Horn from the 
Symposium on Radiography and X-Ray Diffraction Methods, A.S.T.M., 1937. 
tAluminum Research Laboratories, Aluminum Co. of America. Cleveland. 
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of plasticity and other important properties enjoyed by metals, these typical struc¬ 
tures will be briefly described. The plasticity of metals is generally attributed to 
movements in certain directions along speciflc crystallographic planes, all the atoms 
in one series of planes moving as a block relative to a similar series of parallel 
planes. The planes of easiest slip generally possess the greatest atomic concentration 
and the associated characteristic of a large distance between the intervening planes 
(interplanar distance). The latter feature implies that the restraining forces acting 
between consecutive planes will be a minimum. Also, slip within the favorite planes 
proceeds most easily along the atomic rows of highest density. It is the flowing or 

gliding movement along these planes 
of atoms in speciflc directions which 
permits a solid metal to alter its 
external form. The three lattices of 
high atomic symmetry have more 
densely populated planes and lines of 
atoms than the complex structures. 
The three simple atomic arrangements 
also exhibit different degrees of plas¬ 
ticity, for example, metals crystalliz¬ 
ing in the hexagonal close-packed 
system are generally less ductile than 
those of the face-centered cubic 
lattice. 

Face-Centered Cubic Structure— 
A more concrete picture of the famil¬ 
iar metal structures may be obtained 
from Fig. 2, 3 and 4 which were re¬ 
produced from Hume-Rothery’s inter¬ 
esting treatise on alloys.* Fig. 2(a) 
shows the face-centered cubic unit 
cell with an atom located in each cor¬ 
ner and center of each face of the 
cube. Fig. 2(b) illustrates the same 
configuration repeated for a number 
of cells but the atoms are represented 
by spheres in contact. This type of 
lattice is termed “close-packed” be¬ 
cause the most intimate possible asso¬ 
ciation of the spheres results. Although 
Fig. 2(b) more nearly typifies the man¬ 
ner in which the atoms exist in metals compared to the voids suggested by Fig. 2(a), 
it should not be inferred that an atom is a hard ball of speciflc dimensions. If the 
atom marked with a dot is removed from a corner of a cube of Fig. 2(b), the 
arrangement of Fig. 2(c) is obtained, exposing a plane of six spheres (appearing 
lighter in the illustration), lines through the centers of which form equilateral 
triangles. Fig. 2(d) shows the arrangement on this plane more clearly after the 
above six spheres are extracted. The same operation could be initiated from any 
of the corners of a cube, thereby uncovering eight similar close-packed planes in 
which each atom is at the center of a hexagon formed by lines through the centers 
of its six equidistant neighbors. The eight planes would form the faces of an 
octahedron if extended and are called the octahedral or ^ 111 } planes.* There are 
only four series of <{ 111 planes as the opposite faces of the octahedron are parallel. 
The three rows of close atom packing on the -I ID ^ planes are the sides of the 
equilateral triangles or [110] directions which are the normals to the faces of the 
regtilar dodecahedron. The face-centered cubic lattice has, therefore, four close- 
packed planes ] 111 ) and twelve close-packed directions [110] which is the highest 
degree of atomic concentration and symmetry encountered in any crystal structure. 
Consequently, the metals of this type such as aluminum, copper, and silver are 
ductile, easily deformed, and are good conductors of heat or electricty. The X-ray 
pattern characteristics of this space lattice is included as Fig. 2(e). 

Body-Centered Cubic Structure—^The body-centered cubic unit cell has an atom 
at each comer and one in the center of the cube as illustrated in Fig. 3(a) and 

*-{ 111 } denotes the Miller Indices which are the symbols of a crystallographic system fox 
identifying the planes in space. (See page 14.) 



Fig. 2—Paoe-centered cubic structure, (a) Pace- 
centered cubic unit cell, (b), (c), (d) Face-centered 
cubic packing of spheres in contact^ (e) X-ray 
photogram of face-centered cubic copper. Mo-Ka 
radiation. 
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represented by spheres in contact in Pig. 3(b).* The low concentration of atoms, 
compared to Pig. 2(b), suggests that this structure is not one of most intimate 
atomic association. If the two spheres (marked by dots) of the nearest cube edge 
of Fig. 3(b) are removed, the result is shown in Pig. 3(c). The plane exposed is 
that containing the most atoms for this space lattice, namely, the cube diagonal 
or dodecahedral ^ 110 !> of which there are six sets. The large voids op interstices 
between the atoms signify that this plane is not one of close-packing compared 
to the face-centered cubic ] 111}- planes. Therefore, the body-centered cubic metals 
do not have a well defined slip plane but may deform* by movement along various 
planes *1110 )•, <{ 112 ^ 123 [ dependent on the relations of stress and the important 

directions [111]. Fig. 3(c) exhibits close-packed lines of atoms, the diagonal [111] 
rows, which are normal to the four sets of octahedral 'I 111 j- planes. This condition 
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Fig. 3--Body-centered cubic structure, (a) Body-centered cubic unit cell, (b), (c) Body-centered 
cubic packing of spheres In contact.^ (d) X-ray photogram of body-centered cubic iron. MoKa 

radiation. 

(no close-packed planes and only four close-packed directions) does not impart 
a high degree of plastlcitj^ and the metals of this class such as alpha iron, 
molybdenum, or tungsten, have great strength, high melting points and medium 
ductility. The X-ray pattern characteristic of this structure is illustrated in Pig. 3(d). 

Hexagonal Close-Packed Structure—The close-packed hexagonal unit cell is 
depicted in Fig. 4(a) which is redrawn according to the conventional spheres in 
contact in Fig. 4(b). The close-packed arrangement approaches that of Fig. 2(b). 
The lower and upper horizontal planes of spheres exhibit the hexagonal grouping 
of one atom intimately surrounded by six neighbors. These planes of high atomic 
concentration are the basal faces ^ 0001 y and the lines of close-packing on these 
planes are parallel to the edges of the first order prism faces ^ 1010 f. As the opposite 
faces of the hexagon are parallel, there is one-close packed series of planes -j 0001 y 
and three important rows [1010]. Consequently it is to be expected that slip may 
proceed along specific planes in certain directions in this structure but not with 
the freedom of the face-centered cubic lattice (four planes, twelve directions). 
The hexagonal elements such as cadmium, magnesium, or zinc may accommodate 
their structure to stress by another mechanism, twinning, which alteration gen¬ 
erates new additional slip planes -{ 0001thereby approximating the plasticity char¬ 
acteristic of face-centered cubic metals and surpassing that of the body-centered 
cubic metals. The X-ray pattern characteristic of the close-packed hexagonal cell 
is represented in Fig. 4(c). Elements crystallizing with lower symmetry than the 
face-centered cubic, body-centered cubic, and hexagonal close-packed arrangements 
such as orthorhombic, monoclinic, or triclinic do not possess the close-packed planes 
and directions of slip or deformation. They are therefore relatively brittle and are 
not used as extensively as the more plastic metals. 

Polymorphic Modifications of Metals—When a mineral or chemical compound 
crystallizes in two or more different forms, it is called polymorphic. Frequently the 
prefixes “di” or “tri” are used to denote the number of modifications if there are two 
or three. Metals which occur in two or more forms characterized by either dif¬ 
ferent crystal structures or marked differences in energy content or both are gen¬ 
erally called allotropic. The terminology has been the source of confusion as allotropy 
has been interpreted by some to represent a reversible change of a physical property 
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while Others consider allotropy to be equivalent to polymorphism involving only an 
alteration in atomic arrangement. The disturbing effects of impurities frequently 
cause variations in physical properties which might be erroneously interpreted as a 
significant change by the former conception. Although allotropy may be more 
frequently considered to denote a crystal structure transformation, it seems advisable 
to use “polymorphism’* so there will be no doubt as to the nature implied. 

Precision X-ray investigations of 
the elements have disclosed at least 
fifteen metals (berylliiun, calcium, ce¬ 
rium, cobalt, iron, lanthanum, man¬ 
ganese, nickel, rhodium, thallium, tin, 
tungsten, uranium and zirconium) to 
exist in two or more different crystal 
forms. The names of the polymorphs, 
the type of space lattice, and the 
temperature range of stability have 
been tabulated.' In addition to the 
metals, carbon, oxygen, nitrogen, phos¬ 
phorus, selenium and sulphur have 
polymorphic modifications. The ele¬ 
ments arsenic, antimony, bismuth, 
erbium, neodsmiium, praseodymium, 
ruthenium and possibly silver and 
strontium may be polymorphic. 

The classic example of polymor¬ 
phism is the transition of metallic 
white tin to the gray powder at 18°C., 
frequently called the tin pest. The 
white type is tetragonal and the gray 
tin variety, diamond cubic. 

The much discussed phase change from a to 7 iron at 1668®P. (909®C.), on 
heating, is the basis of steer heat treating. For a considerable period of time there 
were supposed to be four different structural forms, namely, a, i3, 7 and d iron. 
However, X-ray analysis has established the nature of •the transformations by the 
examination of pure electrolytic iron at elevated temperatures in a specially designed 
camera.* It now appears that the so-called “jS” iron is not a unique modification, 
that a and d have the same structure and that pure iron therefore exists in only 
two different crystal forms corresponding to two polymorphic transformations, 
a ^7 at A„ and 7 ^ 5 ^(a) at A 4 . Pure a iron is body-centered cubic while the 
7 form has a face-centered cubic structure. X-ray analysis is a very reliable and 
convenient method for investigating polymorphic transformations at room or elevated 
temperatures. 

Alloy Structures—When two metals are melted together and then solidified, 
a number of different structures may result. The various types are derived from 
the degree of mutual solubility of the component metals, their ability to combine 
or form intermediate phases, and the effect of temperature on these tendencies. 
The structural types which two elements may assume in the solid are graphically 
represented by constitutional diagrams, page 388, and are characterized by: (1) 
elements or metals; (2) solid solutions; (3) intermediate phases; and (4) superlattices. 

A metal may occur in an alloy system where one metal is immiscible in the 
solid state in the other metal. The three symmetrical atomic arrangements typical 
of the common metals are Illustrated in Fig. 2, 3 and 4. If the metal is not poly¬ 
morphic, the same crystal structure will exist up to the melting point. 

A solid solution of two or more metals is defined as a phase in which the 
crystal lattice of one component is retained. This would include continuous solid 
solutions and restricted solutions such as the end (terminal) phases of diagrams 
exhibiting immiscible regions (eutectic) and intermediate phases. Solid solutions, 
either complete or partial, may be divided into two types: The general or substi¬ 
tutional class, and the more limited interstitial group. When the solute atoms 
replace or are substituted for some of the atoms of the solvent lattice, the solution 
is termed substitutional. In the second, or interstitial type, the solute atoms are 
dispersed in the vacant spaces between the solvent atoms, that is introduced in the 
lattice in addition to the solvent atoms. The interstitial solutions occur infrequently 
and are confined to systems where the diameter of a solute atom is appreciably 



Fig. 4 —^Hexagonal close-packed structure, (a), 
(b) Close-packed hexagonal unit cell and packing 
of spheres in contact.* (c) X-ray photogram of 
close-packed hexagonal zinc. Mo-Ka radiation. 
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smaller than that of the solvent atom. Boron, carbon, and nitrogen are prone to 
form interstitial solutions with the transition elements, for example, carbon in 
7 iron (austenite). 

Substitutional solutions may contract or expand the dimensions of the solvent 
metal cell depending on the size of the replacing solute atoms. An interstitial solu¬ 
tion always enlarges the solvent lattice. The above discussion of the structures 
of metals would apply to solid solutions in as much as their crystal structures are 
generally simple and are similar to at least one of the component metals. 

Intermediate phases are frequently referred to as .“intermetalllc compoimds” or 
solid solutions, depending on certain phenomena and preference of definitions. It 
has been difficult in the past with the older methods of determining constitutional 
data to define the limits where a solid solution begins and a compound terminates. 
No satisfactory classification of intermediate phases was evolved until the advent of 
X-ray analysis. Now the term intermediate phase is used to denote those products 
of intermetallic reactions of two or more elements having a different space lattice 
from any of the components.* An intermediate phase may have a restricted or 
extended range of homogeneity. A variable composition is obtained by a change 
in the numerical atomic ratios of the elements composing the phase effected 
generally by atomic substitutions and infrequently by interstitial additions. In 
several instances two atoms, or a chain of atoms, replace a single atom in a 
substitutional region of an intermediate phase. The crystal structures of some 
intermediate phases are simple (Fig. 2-4), but many crystallize in complex arrange¬ 
ments which could not be adequately described in the alloted space. 

A new structural arrangement called a superlattice has recently been dis¬ 
covered. There has been much discussion as to the classification of a superlattice 
structure such as a solid solution, intermediate phase, or “intermetallic compound.” 
As this formation may occur in a homogeneous alloy with no appreciable alteration 
in the crystal structure, a superlattice may best be considered to be a modification 
of a solid solution or an intermediate phase, depending on the parent arrangement. 

A substitutional solid solution exhibits, in most cases, a random or disordered 
distribution of the solute and solvent atoms in the solvent cells. However, some solid 
solutions when slowly cooled, or annealed at low temperatures, possess definite 
ordered positions of both atoms in the solvent space lattice (superlattice). This 
resorting of atoms may occur in a solid solution when two elements, A and B, 
exist in concentrations approximately represented by the formulas AB and A 3 B 
such as CuAu, Gu,Au, Cu^Pd. Also intermediate phases of variable compositions 
in the range of the same atomic proportions as above may experience an order- 
disorder change, as the /3 phase CuZn. Superlattice formations may be accom¬ 
panied by marked variations in physical properties such as specific heat and electrical 
resistivity. 

It would appear that the ordered distribution is the stable condition at low 
temperatures in the susceptible compositions because the atoms meshed together 
with a lower degree of internal energy than in one of disorder. At high temper¬ 
atures where the alloy is less rigid, thermal movements tend to shuffle the atoms 
into random positions. The transition is not so abrupt as transformations involving 
a phase change, but gradual so that many intermediate stages may be encountered. 
X-ray methods can accurately follow the process in either direction as the ordered 
atoms give diffraction effects in addition to the reflections characteristic of the 
parent lattice. The intensities of the extra superlattice lines progressively decrease 
as the ordering diminishes, becoming fainter, and finally the lines vanish when 
the disordered distribution is attained. 
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Physical Constants of Elements* 

Introduction—The following table has been compiled from the best available 
sources and checked by about fifty specialists on the various elements. While the 
data are believed to be accurate, certain generalizations have been necessary for 
tabulation and should, therefore, be used only for general purposes and comparison 


Elements 

Symbol 

Atomic No. 

Atomic 

Weight (19381 

e- 

cog 

Ip- 

Co 

a)c<« 

^6 

ts'' 

Atomic Volume, 
cm.*/g. Atom 

Melting 

Point, “P. 

Boiling 

Pomt, -F. 

(760 mm. Pressure) 

Specific Heat. cal./g./^C. 
at Room Temperature 
Equals B.t.u /lb./"P. at 
Room Temperature 

Latent Heat of 

Fusion, cal./g. 

Latent Heat of 

Fusion. B t.u./lb. 













Aetinium 

Ac 

89 

227 




3272d 

>3092** 




Alununum 

A1 

13 

26 97 

2 70 

0 0975 

9.99 

1214 6 

3733 

0 2259 

93 

167 4 

Antimony 

Sb 





18 39 

1166 9 

2624 


38.26 

68 87 

Argon 

A 

18 






-302 4 

0 1252 

6.71 

msEm 

Arsenic 

As 

33 

MFZHl 

jSSSS 



1497‘* 

1139** 

0 0822 



Banum 

Ba 

56 

137.36 

3 5 

0 1265 

39 2.’) 

1562 

■mi 




Beryllium 

Be 

4 

HI3[ 

1.85 


4 96 

2345 


0 425 

345 5 

621 9 

Bismuth 

Bi 

83 

ES13 

9.80 

fgEMSSM 

bbsi 

519 8 

2642 


12 46 

22 43 

Boron 

B 

5 

10 82 

2 3 

wmimm 

msm 

4172 

4622 




Bromine 

Br 

36 

79 916 

3.12 

0 1127 

25 62 

19 04 

137 79 

0 0703 

16 15 

29 07 

Cadmium 

Cd 

48 

112 41 

8.65 

0 3125 

12 99 

609 6 

1412 8 

0 0547 

13 17 

23 71 

Calcium 

Ca 

H 


1 55 





0 157 



Carbon (graphite) 

C 

6 

12.01 

2.22 

0 0802 

5 41 


8721 

0.165 



Cerium 

Ce 

58 

140 13 

69 

0 2493 

20 3 

1427 

2552 

0 05 



(^lum 

Cs 

55 

132 91 

1 9 

0 0686 

69 95 

78 8 

1238 

0 0521 

3 76 

6.77 

Chlorine 

Cl 

17 

35 457 




-150 88 

-30 28 

0.226 

22 97 

41.35 

Chromium 

Cr 

24 

52 01 

7 14 

0 2579 

7 29 

2822 

4500 

0 12 

, 31 75 

57 15 

Cobalt 

Co 

27 

58 94 

8 9 

0 3216 

6 6 

2714 

5252 

0 0989 

58 38 

105 08 

Columbium 

Cb 

41 

92.91 

8 57 

0 3096 

10 8 

3542 

>5972 




Copper 

Cu 

29 

63.57 

8 94 

0 323 

7.11 

1981 4 

4703 

0 0918 

50 6 

91 

Dysprosium 

Dy 

66 

162 46 









Erbium 

Er 

68 

167 2 









Europium 

Eu 

63 

152 0 









Fluorine 

F 

9 

19 00 




-369 4 

-304 6 


10 06 

18 1 

Gadolinium 

Gd 

64 

156.9 









Gallium 

Ga ^ 

31 

69 72 

5 91 

0 2135 

11.8 

85 6 

3760 

0 0788 

19 16 

! 

34 5 

Germanium 

Ge j 

32 

72 60 

5.36 

0 1937 

13.54 

1757 3 

4892 

0 0733 



Gold 

Au 1 

79 

197 2 

19.3 

0.6973 

10 22 

1945 4 

5371 

0 0308 

16 111 

28 99 

Hafnium 

Hf 

72 

178 6 

11 4 

0 4118 

15 66 

3092 

9740 1 



Helium 

He 

2 

4 003 

0 1664xl0-« 

10.6008x10-* 


<-458 0 

-452 0 

1.25 



Holmiiim 

Ho 

67 

163 5 








1 

Hydrogen | 

H 

1 

1 0081 

0.08375xl0-» 

to 3026x10-* 


-434 4 

-422 9571 3 415 

15 0 

1 27 0 

niimum 

11 

61 






1 


1 

Indium 

1 In 

49 

114.76 

7 31 

0 264 

15 7 

322 

>2642 

0 0568 


1 

Iodine 

I 

53 

126 92 

4 93 

0.178 

25.7 

236 3 

363.8 

0 0523 

1 

I 28.40 

1 

Indium 

1 Ir 

77 

193.1 

22.4 

0.809 

8.6 

4368 

8852 

0.0322 

1 


Iron 

1 Fe 

26 

55 84 

7.87 

0 284 

7.1 

2795 

5430 

0.1075 

1 65 

1 117 

Krypton 

1 Kr 

36 

83 7 

3 488xl(H 

3 502x10-* 

1 

-275 22 

-250 6 1 1 

1 

Lanthanum 

1 La 

67 

138 92 

6 15 

0 222 

1 22 6 

1518 8 

3272 

0 0446 


1 


_ (Continued) 

^ *Thi8 table was compiled by the Subcommittee on Physical Constants. The membership of the 
subcommittee was as follows: R. L. Kenyon, Chairman; J. B. Johnson, H. W. Russell, and C. S. 
Barrett. 

The subcommittee solicits additional data and corrections for future revisions of this table. 
Communications should be directed to J. E. Donnellan, Sec. of the Committee, 7016 Euclid Ave., 
Cleveland. 
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between elements. In general, the data are as published in the various sources from 
which they were selected. 

The articles in this Handbook which deal with the individual elements should 
be consulted for more complete Information, especially regarding minor variations 
and effect of special treatments on the properties listed. 


Linear Coefficient of 
Thermal Expansion/‘’C. 
at Room Temperature 

Linear Coefficient of 
Thermal Expansion/”F. 
at Room Temperature 

Thermal Conductivity. 
cal./cm.Vcm./ ‘‘C./sec. 
at Room Temperature 

Electrical Resistivity. 
Microhm-cm 

Modulus of Elasticity 
(Tension), psl. 

Type of Crystal 
Lattice 

Lattice Constant 
(A = 10-» cm.) 
20*C. (68“P.) 

Closest Approach 
of Atoms. A 

Elements 

a, b, c. 

\1(H 

xl0-« 



xlO* 

















Actimum 

24 

13 3 

0 62 

2 655 

10 

Face-Centered Cubic 

4 0413 



2 858 

Aluminum 

n 29 

6 27 

0.0444 

39 

11 3 

Rhombohedral Hexagonal 

4 4974 


57®6' 

2 878 

Antimony 



0.406x10^ 








Argon 

3 86 

2 14 


35 

1 Rhombohedral Hex^onai* 

4 1.35 


54*75' 

2 50 

Arsenic 





1 Body-Centered Cubic* 

5 015 



4 34 

Banum 

12 3 

6 8 

0 3847 

18 5 

42 7 1 Hexagonal Close Packed* 

2 281 


3 577 

2 22 

Beryllium 

13 45 

7 47 

0 0200 

115 

4 6 1 Rhombohedral Hexagonal 

4 736 


5ri4' 

3 104 

Bismuth 

2 

1 1 


1 8xI0>5 


Hexagonal (?)* 





Boron 











Bromine 

29 8 

16 6 

0 217 

7 59 

1 Hexagonal Close Packed 

2 9727 


5 6061 

2.972 

Cadmium 

25 

13 89 


4 6 

1 Face-Centered Cubic* 

5 560 



3 93 

Calcium 

1 2 

0 67 

0 057 

1000 

0 7 I Hexagonal* 

2 46 


6 69 

1 42 

Carbon 

(graphite) 

1 


78 

1 Face-Centered Cubic* 

5 143 



3 64 

Cerium 

97 1 54 


20 

1 Body-Centered Cubic 

6 2 



5 3 

1 Cesium 

11.44 1 6 36 

0.172xl0-< 

lOxlO'6 

1 





CUorine 

8 1 i 4 5 

0 165 

13 1 

j Body-Centered Cubic* 

2 878 



2.492 

Chronuum 

12 08 1 6 71 

0 165 

9 7 

I Hexagonal Close Packed* 

2 507 


4.072 

2.50 

Cobalt 

CM 


20 

1 Body-Centered Cubic 

3 2941 



2 852 

Columbium 

16 42 1 91 

Mjvmi 

1 682 

■ ■■! 1 III 1 ll|i|H — 

BIS] 



2 551 

Copper 

1 



1 





Dysprosium 

1 



1 Hexagonal Close Packed* 

3 74 


6 09 

3.74 

Erbium 

1 



1 





1 Europium 

1 



1 




. 

Fluorine 

1 



1 





1 Gadolinium 

18 3 1 10 2 


57 1 

1 One-Face-Centered Ortho- 
! rhombic 

4 506 

4 506 

7 642 

1 2 447 

Gallium 

1 


89x10* 1 

1 Cubio (Diamond) 


HBl 

■n 


1 Germanium 

HEChHEOI 

0 7072 

2 42 1 

11 3 1 Face-Centered Cubic 


HHl 


2.878 

Gold 

1 


1 

1 Hexagonal Close Packed* 

3 200 


5 077 

3.14 

Hafmum 

1 

3 32xl0-« 

1 1 1 

mi 



1 Hdium 

1 


1 1 1 




1 Holmium 

1 

4 06x10-4 

t 

1 




1 Hydrogen 

1 


1 

1 




Illinium 

33 1 18 3 


9 1 

Face-Centered Cubic | 4.585 


4 941 

3 24 

Indium 

93 1 51.7 

10 4xl(H 

1 3xl0>» 


One-Face-Centored Ortho¬ 
rhombic 

4 791 

7 248 

9.771 

2 70 

Iodine 

6.41 1 3 5 

0.141 

6 08 17.47x107 

Face-Centered Cubic | 3.8312 



2.709 

1 Iridium 

11.9 1 6 6 

0.19 

9 8 1 30 

Body-Centered Cubic* 1 2 8610 



2.478 

1 Iron 

1 

0 212x10-4 

1 

1 


1 

1 Krypton 

1 


59 1 1 Hexagonal Close Packed* | 3 75 


6 06 1 3 7 

1 Lanthanum 


•See page Si for footnote. 


(Continued) 
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Elements 

Symbol 

Atomic No. 

Atomic 

Weight (1938) 

91 

1 

g| 

OS 

li 

li 

i:- 

ii 

Boiling 

Point. •P. 

(760 mm. Pressure! 

Specific Heat, cal./g./”C. 

at Room Temperature 

Equals B.t.u./lb./“P. at 

Room Temperature 

l<atent Heat of 

Fusion, cal./g. 

A 

*5 

IS 

** iS 

ll 

iS, 


■■■ 

BHI 

■■■■■■■ 

HHHH 

lllll[||[|||n|llllllin^^ 

IIIIBHHHHI 


Lead 

Pb 

■a 


11.34 


18 3 

621 2 1 3171 

■tltsW 

6 26 

11 27 

Lithium 

Li 

3 

6 940 

0 53 

0.0193 

13 1 

366.8 1 2502 

0 79 

32 81 

50 02 

Lutecium 

Lu 

71 

175 0 




1 




Magnesium 

Mg 

12 

MtWVM 

1 74 


■on 

1204 1 2025 

0.249 

70.0 

126 

Manganese 

Mn 

25 

54.93 

7 44 

0.268 

7.4 

2268 i 3904 

0.107 

64.8 

116.64 

Masurium 

Ma 

43 





1 





Hg 

80 

200.61 

13 55 

0 489 

14 8 

||Q][!]QQ[|||||||^^ 


2.66 

4.78 


Mo 

42 

95.95 

■EOHli 


9.4 

4748 

8679 




Neodymium 

Nd 

60 

144.27 

7.05 

0 255 

20 5 

1544 


0 0447 


• 

Neon 

Ne 

10 

20 183 

0 8387x10-* 

3 030x10-* 


BIBI’M lia 

imi 



Nickel 

Ni 

28 

58 69 

8 9 

0.322 

6 64 

2646 1 5252 

0.112 

73.8 

132 8 

Nitrogen 

N 

7 

14.008 

1.1649x10^ 

4 209x10-* 


-345.871 -320.40 

0 247 

6.15 

11 07 

Osmium 

Os 

76 

190.2 

22.5 

0.812 

8 45 

4892 i 9920 

0.031 



Oxygen 

0 

8 

16.0000 

1.3318xl(H 

4.8122x10-* 


-361.121 -297 334 

0.2184 

3.32 

5 98 

Palladium 

Pd 

46 

106.7 

12.0 

0 433 

8 9 

2831 1 7196 

0 0587 

34 2 

61 8 


H 

H 

31.02 

1.82 

0.0657 

17.0 

111.4 1 536 

0.177 

5.04 

9 07 

Platinum 

Pt 

78 

195.23 

21.45 

0 774 

9.1 

3224 1 7933 

0.0319 

27.1 

48.78 

Pdonium 

Po 

84 





1 



iTT" 

Potassium 

K 

19 

39.096 

0 86 

0 031 

45.5 

144.1 1 1425 

0 177 

V L 

Praseodymium 

. Pr 

59 

140 92 

6.63 

0 239 

21.3 

1724 1 

0 458 




Pa 

■101 

231 




1 




Radium 

Ra 

88 

226.05 

5.0 

0 1808 

45 2 

1760 1 2084 




Radon 

Rn 

86 

222 

4.40« 

0.159 

50 45 

1 

oo 

1 




Rhenium 

Re 

75 

186.31 1 20 

0 723 

8 9 

5432 1 10,600 

0 0346 



Rhodium 

Rh 

45 

102.91 

12 44 

0.449 

8.23 

3571 

8132 

1 0 0598 



Rubidium 

Rb 

37 

85.48 

1.53 

0 0553 

55 87 

101 

1292 

1 0 0802 

6.095 

10.75 

Ruthenium 

Ru 

44 

101.7 

12.2 

0 441 

8.33 

4442 

8852 

IliliMM 



Samaniim 

Sm 

62 

150 43 

7.7 

0.28 

19 4 

>2400 





Scandium 

Sc 

mm 


2 5 

0 09 


2200 


1 



Selenium 

Se 

34 

78 96 

4.81 

0.174 

16 4 

428 

HIQEIH 




Silicon 

Si 

14 

28.06 

2 4 

0 087 

11.7 

2600 

4149 




Silver 

Ak 

47 



0 38 

1 10 27 

1761 

3634 


24 3 

43 8 

Sodium 

Na 

11 




23 7 

207 5 

16.38 


27 53 

1 49 6 

Strontium 

Sr 

38 

i 87.63 

2 6 

0 094 

1 33.7 


2523 


25 

1 45 

Sulphur 


n 

mg 



13.48 

235 4 

832 3 

0.175 

9.3 

1 16 7 

Tantalum 

Ta 

73 

180 88 

16 6 

0 60 

10 9 

5162 

11,000 

0 0356 


1 

Tellurium 

Te 

52 

127.61 

6.24 

0 224 

20 45 1 816 

1989 

0 0468 

7 305 

1 13.15 

Terbium 

Tb 

65 

159.2 



1 590 





Thallium 

T1 

81 

204 39 

11.85 

0 428 

17 24 1 578 

2655 

0 0311 

7 185 

12 94 

Thorium 

Th 

90 

232 12 

11 5 

0 416 

20 2 1 3353 

9392 

0 0276 

1 

[ 

Thulium 

Tm.Tu 

69 

169.4 



1 




i 

Tin 

Sn 


■IQQl 

7.30 

0 264 

16.23 1 449 6 

4118 


14.4 

1 25 9 

'ntanium 

Ti 

22 

.47 90 

4.5 


10 6 1 3272 

9212 



1 

Tungsten 

W 

74 


19 3 

0 698 

9.53 1 6098 

10,700 

0 034 

44 

; 79 

Uramum 

U 

92 

238 07 

18.7 

0.676 

12 73 1 3074 

6332 

0 0276 



Vanadium 

V 

23 

50.95 


0.205 

8.97 1 3110 

5432 

0.1153 



Xenon 

Xe 

54 

131.3 

5 495x10-* 

5.517x10^ 

1 -169.6 

-160 78 




Ytterbium 

Yb 

—r 


ifmiiiiiiiiii 

hhhi 

hhhhhhi 

IHHHH 

nmH 


hhh 

Yttrium 

Y 

39 

88.92 

5.51 

0.199 

16.13 i 2700 

8312 


1 


Zinc 

Zn 

30 


7.14 


9.16 1 787 

1665 

1X31 

■CTin 

43.36 

Zirconium 

Zr 

40 

91.22 

6.4 

0.23 

14.3 1 3092 

9122 

0 066 

1 



^Liquid at 
^Sublimes. 


•Single crystal, 22.4 |i crystal axis 
_46.4 i crystal axis 


■•Single crystal, 12.4 |i crystal axis 
_26.8 1 crystal axis 








































































PHYSICAL CONSTANTS 


81 


d ft* 

oil III 

III 111 .El 

|§S III 

»ia 'Sda 

I PI El 

ess 



Type of Crystal 
Lattice 


1 xl(h« 1_ 


I 2.56 I Face-Centered Cubic 



Lattice Constant 
(A =: 1(M cm.) 
20*C. (68*F.) 




I 25 1 Hexagonal CHoee Packed 


I Cubic (Complex)* 


I I 0 0200 I 95.8 


I 3.492 I Lead 


I Lithium 


i Lutecium 


5.19911 3.190 I Magnesium 


_ I 1 065 I Manganese 


I Masurium 


I Mercury 



1 1 

Hexagonal Close Packed | 

2.659 1 

1 

i 4.936 1 

2.658 1 

Zinc 


1 1 

Hexagonal Close Packed* I 

3.223 

I_ 


Km 

Zirconium 


•30-1817«C., 12.6 II crystal axis 
4.7 1 crystal axis 
b20.l917‘'C.. 6.94 J| crystal axis 
3 61 j. crystal axis 

*Ordinary form at 20*’C.; other modifications 
Known or probable at other temperatures. 


'32.5 pure, hot rolled sine with grain 
23.0 ** ** ** ** across rolling 

S18.0 pure, hot rolled sine with grain 

13.6 . ** across rolling 

hSingle crystal. 6.3 || crystal axis 
5.8 1 crystal axis 














































































82 


DENSITY OF ALLOYS 


Gen. 3002 


Density of Alloys* 

(at 60»F.) 

Material or 

Trade Designation 

Approx Compo.sition. % 

-Cast-> 

sp gr. lb./in.> 

--^Wrought- 

sp.gr. lb./in.* 

Aluminum and Aluminum Alloys 






Aluminum . 

.A1 99 97 



2,70 

0 0975 

12 and 212, ASTM-B. SAE-30. 

.Cu8 

2.82 

0.102 

. . ^ . 


43, ASTM-J, SAE-35. 

.Si 5 

2.66 

0.096 



47. ASTM-K, SAE-37. 

.Si 12.5 

2.63 

0.095 



108 . 

.Cu 4. Si 3 

2.74 

0.099 



109, ASTM'E. SAE-32. 

• Cu 12 

2.91 

0.105 



112, ASTM-C, SAE-33. 

Cu 7, Zn 2, Fe 1 2 

2.85 

0.103 



ASTM-F, 8AE-34.. 

Cu 10. Fe 1 2. Mg 0 2 

2 93 

0 106 



142, ASTM-H, SAE-39. 

Cu 4. Ni 2. Mg 1 5 

2 80 

0 101 



195, ASTM-G. SAE-38. 

.Cu 4 5 

2 77 

0.100 



214 

Mg 3 7 

2.63 

0.095 



216 

Mg 6 

2.60 

0.094 



220 

Mg 10 

2.55 

0.092 



A 334. 

.Cu 3. Si 4. Mg 0 .3 

2.74 

0.099 



35'). 

.Cu 2, Si 5. Mg 0.5 

2.69 

0 097 



A 365.. 

,Cu 1.4, Si 6. Mn 0.7, Ni 0.7, 

2.74 

0.099 




Mg 0.5 





356.. . 

.31 7. Mg 0 3 

2 63 

0.095 



645. 

.Zn 11. Cu 2 5. Fe 1 5 

2 93 

0.106 



A 108. 

.Cu 4 5. Si 5 5 

2 74 

0.099 



B 113. 

CU 7. Si 1 5. Fe 1 2 

2 88 

0.104 



132. 

,Si 14. Cu 1, Fe 1. Mg 1. Ni 2 

2.71 

0.098 



144. 

.Cu 10. Si 4. Mg 0 25 

2 88 

0.104 



B 195. 

.Cu 4.5. Si 3 

2 77 

0.100 



D 195. 

.CU 5 5 

2.82 

0.102 



A 214. 

.Mg 3 75. Zn 2 

2.66 

0.096 



2S . 

.Commercial A1 



2 71 

0 098 

3ft . 

.Mn 1 25 



2 73 

0 099 

4S. 

.Mn 1 25. Mg 1 



2 72 

0 098 

17S (Duralumin) . 

.Cu 4. Mn 0 5. Mg 0 5 



2.79 

0 101 

24S. 

.Cu 4 2. Mn 0 6, Mg 1 5 



2 76 

0 100 

25S . 

.Cu 4 5. Si 0 8. Mn 0 8 



2.79 

0.101 

51S . 

.Si 1, Mg 0.6 



2 69 

0 097 

52S . 

. Mg 2 5. Cr 0 25 



2 67 

0.096 

53S . 

.Si 0 7. Mg 1 25. Cr 0 25 



2 69 

0 097 

Copper and Copper Alloys 






Copper (electrolytic) . 

.99 90 -f 



8 89 

0 3217 

(deoxidized) . 

.99.90 -f 



8 93 

0 323 

Primer Gilding. 

. Cu 97, Zn 3 



8.89 

0.321 

Gilding . 

. Cu 95, Zn 5 



8 866 

0 320 

Commercial Bronze . 

.Cu 90, Zn 10 



8 804 

0.318 

Red Brass 859'r. 

. Cu 85, Zn 15 



8.745 

0.316 

Red Brass 80%. 

. Cu 80, Zn 20 



8 667 

0 313 

Brazing Brass . 

.Cu 75, Zn 25 



8 594 

0 310 

Spring Brass. 

.Cu 72, Zn 28 



8.553 

0.309 

Cartridge Brass . 

. Cu 70, Zn 30 



8.528 

0.308 

Eyelet Brass . 

. Cu 68, Zn 32 



8 50 

0 307 

Commercial High Brass. 

. Cu 65, Zn 35 



8 47 

0.306 

Brass Wire . 

.Cu 63, Zn 37 



8 437 

0 305 

Muntz Metal . 

. Cu 60, Zn 40 



8.396 

0 303 

Tube Brass . 

.Cu 67.5, Zn 32. Pb 0 5 



8.495 

0 307 

Leaded Comm. Bronze. 

, Cu 88 5. Zn 10, Pb 1 5 



8.83 

0.319 

Leaded Red Brass 80%. 

.Cu 78.5, Zn 20. Pb 1 5 



8.698 

0 314 

Leaded Brass . 

.Cu 69, Zn 29 5, Pb 1 5 



8.562 

0 309 

Forging Brass. 

.Cu 60, Zn 38. Pb 2 



8.44 

0 305 

Free Cutting Rod. 

.Cu 62. Zn 35, Pb 3 



8.489 

0.307 

Naval Brass or Tobin Bronze 

.Cu 60, Zn 39 25, Sn 0 75 



8.404 

0.304 

Fourdrinler Wire. 

•Cu 81, Zn 18 75, Sn 0 25 



8.712 

0.315 

Special Bronze . 

.Cu 98.75, Sn 1 25 



8.89 

0.321 

Signal Bronze . 

.Cu98 25, Sn 1.75 



8.89 

0 321 

Phosphor Bronze . 

.Cu 96. Sn 3 75, P 0 25 



8.88 

0.320 

Chain Bronze . 

.Cu 95. Sn 5 



8.87 

0 320 

Leaded Chain Bronze. 

,Cu 94. Pb 1. Sn 5 



8.929 

0 322 

Gun' Metal. 

. Cu 92. Sn 8 



8.815 

0 318 

Coe Bronze . 

.Cu 89 5. Sn 10 5 



8.78 

0.317 

Free Cutting Phos. Bronze... 

.Cu 88. Zn 4 Pb 4, Sn 4 



8.86 

0.320 

Super Nickel . 

. Cu 70. Ni 30 



8.95 

0.323 

15% Cupro Nickel. 

.Cu 85. Ni 15 



8 95 

0.323 

Constantan . 

.Cu 55. Ni 45 



8.90 

0.322 


(Continued) 






*Compiled by the Subcommittee on Physical Constants. The membership of the subcommittee 
was as follows: R. L. Kenyon. Chairman, H. W Russell, J. B. Johnson, C. S. Barrett 













































































DENSITY OP ALLOYS 


83 


Material or 

Trade Designation 




.-Wrought- 

sp.gr. Ib./in.* 

Approx. Composition, % 

sp.gr 

lb./ln.» 

307c Nickel Silver. 

...Cu 47. Zn 23. Ni 30 



8 74 

0.316 

Ambrac B. 

.. Cu 65. Zn 5. Ni 30 



8.86 

0.320 

Ambrac A. 

...Cu 75. Zn 5. NI 20 



8.86 

0.320 

257c Nickel Silver. 

...Cu 55. Zn 20. Ni 25 



8 72 

0.315 

187c Nickel Silver. 

...Cu 65. Zn 17. Ni 18 



8.752 

0.316 

187c Nickel Silver. 

...Cu 55. Zn 27. Ni 18 



8.68 

0.314 

157c Nickel Silver. 

...Cu 64. Zn 21, Ni 15 

.* - ■ 


8.691 

0.314 

157c Nickel Silver. 

...Cu 57. Zn 28. Ni 15 



8.631 

0.312 

107c Nickel Silver. 

...Cu 65. Zn 85. NI 10 



8.675 

0.313 

5% Aluminum Bronze.... 

...Cu 95. A1 5 



8.176 

0.295 

8% Aluminum Bronze.... 

...Cu 92, A18 



7.80 

0.281 

87c A1 Bronze with Pe... 

...Cu 89.5. A1 8, Fe2.5 



7.74 

0.280 

107o A1 Bronze. 

...Cu 90. A1 10 



7.57 

0.273 

Avialite . 

...Ou 90. Al 9.60. Fe 0.5 



7.585 

0.274 

Calsun Bronze. 

...Cu 95.5. A1 2.5. Sn 2 0 



8.540 

0 308 

Manganese Bronze. 

.. .Cu 69. Zn 39. Mn 0.5, Fe 

0.80. Sn 0.70 



8.370 

0.302 

Everdur 1010. 

...Cu 96. Mn 1. 813 



8.539 

0.308 

Everdur 1016 . 

...CU98.25. MnO.25. Si 1 5 



8.740 

0.316 

Hitenso A . 

...Cu 99.35, CdO 65 



8.89 

0 321 

Hitenso BB . 

...Cu 99. Cd 1 



8.89 

0.321 

Hitenso C . 

. ..Cu 98 6. Cd 0 8. Sn 0 6 



8 89 

0 321 

Tempaloy 917 . 

...Cu 81 9. Fe 2 5. NI 5. A1 

9 6, Mn 1 



7.569 

0 273 

Architectural Bronze. 

...Cu 57. Zn 40. Pb 2.5, Sn 

0 34. Fe 0 16 



8.432 

0.305 

Beryllium Copper. 

...Cu 97 75, Be 2 25 



8.23 

0.297 

Bronze A . 

...Cu 87. A19 8. Fe3 2 



7.71 

0 279 

Bronze B . 

...Cu 85 6. A1 10 8, Fe3 6 



7.58 

0 274 

Die Casting Alloys 

ASTM-XXI, SAE-921. 

.. .Zn 92 8. Cu 3. A1 4, Mg 0.1, 
FeO 1 

67 

0 242 



ASTM-XXIII, SAE-903 .... 

...Zn 95 75, Cu 0 1. A1 4. Mg 

0 05. Fe 0 1 

6.64 

0.240 



Bearing Metals 

ASTM-1 . 

...Cu 4 5, Sn 91, Sb4 6 

7 34 

0 265 



ASTM-2 . 

...Cu 3 5. Sn89, Sb 7 5 

7 39 

0 267 



ASTM-3 . 

...Cu 8'^, Sn 831^, Sb 81^ 

7.46 

0.269 



ASTM-4. 

. Cu 3, Sn 75. Sb 12, Pb 10 

7 52 

0 272 



ASTM-5 . 

...Cu 2, Sn 65, Sb 15. Pb 18 

7.75 

0 280 



ASTM-6 . 

...Cu 1.5, Sn 20, Sb 15. Pb 

63 5 

9.33 

0.337 



ASTM-7 . 

...Sn 10, Sb 15. Pb 75 

9.73 

0.352 



ASTM-8 . 

...Sn 5, Sb 15. Pb 80 

10.04 

0 363 



ASTM-9 . 

...Sn 5, Sb 10,Pb85 

10.24 

0.370 



ASTM-10 . 

... 3n 2, Sb 15. Pb 83 

10.07 

0.364 



ASTM-11 . 

... 3b 15. Pb 85 

10.28 

0 371 



ASTM-12 . 

...Sb 10, Pb 90 

10.67 

0 386 



SAE 65 (T-1). 

...Cu 88 75, Sn 11, Pb 0 25 

8.5 

0 307 



SAE 63 (T-2). 

T-3. 

...Cu 87 5. Sn 11. Pb 1 5 
...Cu 85, Sn 10, Pb 5 

8.8 

8 7 

0.316 

0 314 



T-4. 

...Cu84, Sn 10, Pb2.5. Ni3 5 

8.8 

0 318 



T-5. 

T-6. 

...Cu84. Snl6 
... Cu 80, Sn 20 

8.6 

8.7 

0.310 

0.314 



T-7. 

...Cu 80. Sn 10. Pb 10 

8 9 

0 322 



T-8. 

...Cu 78, Sn 8. Pb 14 

9 4 

0.339 



T-9 . 

...Cu 70, Sn 9. Pb21 

9.6 

0.346 



T-10. 

...Cu 70. Sn 4. Pb 26 

9.7 

0.376 



T-11. 

...Cu 10. A1 4. Zn 86 

6.9 

0.250 



Illium 

NI Cr Ou 

.... 


8.3 

0 3 

Ferrous Metals 

Iron ... • 

• •• 99.97 Fe 



7.87 

0.284 

Armco Iron . 

;..<0.1 Total of C, Mn. S, P, S 
Si 

...C 0.10 

..1. 


7.86 

0.284 

Soft Steel . 



7.85 

0 284 

Structural Steel . 

...CO.25 

.... 


7.85 

0.284 

Carbon Steel. 

...CO.40 

» - * • 


7 84 

0.283 

Spring Steel . 

. C0.75 

.... 


7.83 

0 283 

Tool Steel. 

...CO,90 

.... 


7.82 

0 283 

Malleable Cast Iron. 

...C2.50 

7.42 

0 268 



Gray Cast Iron. 

...03.50 

7.0-7 22 0 253-0 261 



Strong Gray Cast Iron... 

.. C 3 50 

7 22 

0 261 



High Strength Cast Iron.. 

...C3 00 

7.30 

0 264 



Alloy Cast Iron. 

...C2.75 

7 35 

0.266 



Wrought Iron. 


.... 


7.4-7 9 

0 267-0 285 


(ConUnwd) 
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DENSITY OP ALLOYS 



Material or 

Trade Designation 

Approx. Composition. % 




sp.gr. 

ib./in.* 

sp.gr. 

''"'ib'/in.* 

Stainless Steel . 

.. .Cr 18-20. N1 8-10. 

.... 


7.92 

0.286 

Stainless Steel .. 

...cr 22-26, N111-13, C 0.20 

.... 


7.84 

0.283 

Stainless Steel . 

...Cr 16-18, CO. 12 

.... 


7.56 

0.273 

Stainless Steel . 

...Cr 23-30. CO.35 

.... 


7.48 

0.270 

Duriron . 

...Si 14.5, Mn 0.36, CO.80. 

7.0 

0.253 

.... 



Fe Bal. 





Silicon Steel (Magnetic)... 

...Si 0.60 



7.5 

0.271 

Silicon Steel (Magnetic)... 

...SI 1.00 



7.5 

0.271 

Silicon Steel (Magnetic)... 

...S11.17 



7.7 

0.278 

Silicon Steel (Magnetic)... 

...Si 1.30 



7.7 

0.278 

Magnesium Alloys 






Magnesium . 




1.74 

0.063 

ASTM-l Dow-A. 

...A18. Mn 0.2, Mg 91.8 

1.80 

0.065 



ASTM-2 Dow-G. 

...Al lb. MnO 1. Mg 89.9 

1.81 

0.066 



ASTM-3 Dow-B. 

...Al 12. Mn 0.1. Mg 87.9 

1.82 

0.066 



ASTM-4 Dow-H. 

... Al 6. Mn 0 2. Zn 3. Mg 90.8 

1.84 

0.066 



ASTM-6 Dow-P. 

...Al 4. Mn U 3. Mg 95.7 

^ > 


i.77 

0.064 

ASTM-8 DOW-J. 

...Al 6 5. Mn 0.3, Zn 0.75, Mg 

• • • • 


1.81 

0.065 


92 45 





ASTM-9. 

...A18 5. MnO.2. ZnO.5. Mg 

• • a • 


1.83 

0.066 

, 

90.8 





ASTM-10. 

...Mn 1.0. Sn 6 0. Mg 93 

• • • • 


1.85 

0.067 

ASTM-11 Dow-M. 

...Mn 1 5. Mg 98.5 

ft • . » 


1.76 

0.064 

ASTM-14. 


1.82 

0.06575 

.... 



88 9 





Nickel and Nickel Alloys 






Nickel . 




8.85 

0 320 

Copper-Nickel . 

...Ni 20. CU 80 

• * • 9 


8.96 

0 324 

Copper-Nickel . 

...Nl 30. CU70 

9 9 9 9 


8.93 

0 323 

Copper-Nickel . 

...Ni 45. Cu55 

• 9 9 9 


8.90 

0.322 

Copper-Nickel . 

...Ni 70. CU30 

9 9 9 9 


8.80 

0 318 

Monel . 

.. .Ni 65-70. Cu 26-30, Fe 3. 

• • • • 


8.80 

0.318 


Mn 1.5, Si 0 25. CO 25 





Permalloy . 

...Ni 78 

• • • • 


8.6 

0.311 

Hypernik . 

...Ni 50 

•••• 


8.3 

0.300 
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HEAT CONTENTS 


85 


Heat Contents Above 0®C.* 


‘’C. 100 200 300 400 600 800 1000 1200 1500 

^F. 212 392 572 752 1112 1472 1832 2192 2732 


Calories Per Gramf 


Aluminum . 

... 21.2 

43.8 

67 9 

93.8 

148S 

296L 

348 



Antimony. 

... 5.0 

10.1 

15.4 

20.9 

32.3S 

83.2L 

95 



Arsenic . 

... 8.0 

16.3 

24.8 

33 5 

52.2 

- 73.6 




Beryllium . 

... 43.8 

94.8 

152 

212 

339 

474 




Bismuth . 

... 2.98 

6.076 

21.4L 

25.1 

32.3 

39.6 

46.8 



Boron . 

... 25.2 

56.7 

94.4 

136.8 

230 

333 




Cadmium . 

... 5.6 

11.3 

17.4S 

36 6L 

49.3 

62 




Calcium . 

... 15.9 

32.2 

50.3 

68.9a 

71.7/9 

108.5 

149 




Carbon . 

... 20.7 

45 4 

74.3 

108.2 

183.5 

269 

357 

448 

590 

Chromium . 

... 11.1 

23 

35.1 

47.6 

73.8 

103 

135 

170 

229 

Cobalt . 

... 10.5 

21.6 

33.1 

45 5 

71.6 

99.5 

131 

163.5S 

279L 

Copper . 

... 9.3 

18.8 

28 7 

38.6 

59.3 

81 

103S 

175.5L 

211 

Germanium .... 

7.4 

15 1 

23.1 

30 






Gold. 

3.05 

62 

9.4 

12.75 

19.7 

26 7 

34S 

5'6.8L 

67 4 

Iron . 

... 10.9 

22.7 

36 

50.7 

83.6a 

126/9 

165 57 

1967 

247 

Iridium . 

... 3.1 

6 3 

9.55 

12 8 

19.8 

26.9 

34.5 

42.2 

54 5 

Lead . 

. . 3.1 

63 

9.68 

18 8L 

25.4 

32 

38 6 



Lithium . 

.. 91 





... 

... 

• • • 


Magnesium .... 

... 24.6 

50 6 

77.8 

106 

1658 

267L 

... 

• •• 


Manganese .... 

... 11.2 

23.7 

37.3 

52.8 

87.8 

128a 

166/9 

2077 

33bL 

Molybdenum ... 

... 6.06 

12.5 

19.3 

26.3 

41 

56.5 

72.5 

89.9 

117 

Nickel . 

... 10.9 

22.7 

35.7a 

50.7/3 

77 

103.8 

131 

159/9 

274L 

Osmium . 

... 3.1 

6 3 

9.5 

12.8 

19.5 

26 3 

33.5 

40.7 


Palladium . 

... 5.6 

11.3 

17.2 

23.7 

36.6 

50 4 

64 5 

79.5 

102 8 

Platinum . 

... 3.2 

65 

9.8 

13.1 

20.2 

27.4 

34.9 

42.7 

54.6 

Rubidium . 

... 6.0 

12.1 

18.4 

24 9 

38.9 

53.7 

69.1 

85.2 

110.5 

Ruthenium .... 

... 6.7 

13.6 

20.6 

27.8 

42.8 

58.7 

75.3a 

92 6^^ 

1196 

Selenium . 

... 7.9 

16.7S 

33.SL 


» • 

.. • 

... 

• • • 


Silicon . 

... 17.6 

36.6 

57.2 

78 0 

121 

165 

... 

• • • 


Silver . 

... 6.6 

11.3 

17.2 

23.3 

35.9 

49S 

88L 

103 


Tantalum . 

... 8.4 

6.9 

10.5 

14.1 

21.5 

29.1 

... 

•. • 


Tellurium . 

... 4.7 

9 6 

14.8 

20.0 




• *. 


Thallium . 

3 2 

6.6a 

11.0/5 

18 2L 

25.1 



... 


Tin . 

... 56 

11.6S 

31.8L 

37 4 

48.5 

59 7 

70 8 

... 


Titanium . 

... 11.3 

25 3 

44.5 

63.7 




... 


Tungsten . 

... 3.3 

6.5 

9.9 

13 2 

20. i 

27 i 

34.4 

41.8 

53.5 

Zinc . 

... 9.4 

19.1 

29.4 

40.0S 

88.5L 

114 


... 



S = Solid. L = Liquid. 

tMultiply by 1.8 to convert to B.t.u. per lb. 


*Selected from Bureau of Mines Bulletin No. 371, by the Subcommittee on Physical Constants. 
The membership of the subcommittee was as follows: R. L. Kenyon, Chairman, H. W. Russell, 
J. B. Johnson, and C. S. Barrett. 
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Properties of Metals at Low Temperatures 

By R. K. Hopkins* and H. S. Blumbergt 

General—Large sized pressure vessels are used mainly in the petroleum and 
chemical industries. In the former, most common application is in the oil dewaxing 
process, where propane or some other suitable liquid is used as a refrigerant at 
temperatures in the range —40 to —75®P. and at high pressures. In the chemical 
industry a number of heavy walled pressure vessels are operating at temperatures as 
low as — 150®P. Operating temperatures as low as that of liquid air have also been 
reported. 

Because of the danger incident to the use of low vapor pressure liquids such as 
propane, the utmost care should be exercised in selecting materials for this 
service. Attention should be given to composition, melting history, mill processing, 
methods of fabrication, and heat treatment. 

Definition of “Low Temperatures**—The definition of the term “low tempera¬ 
tures” is of necessity arbitrary. It is felt that the range of temperatures included 
should be as wide as possible, particularly since many metals are quite sensitive to 
slight lowering of temperature below room temperature, and in some cases even at 
temperatures somewhat above atmospheric. Accordingly, “low temperatures” as used 
in this article will refer to all temperatures below room temperature. Wherever 
the term is used specifically, a definite temperature range should be mentioned. 

Importance and Relation of Welding—A great many large parts used at low 
temperatures are fabricated by welding. Welded Joints are usually considered to 
consist of three zones which merge into each other, namely, base, metal, weld 
metal proper, and the heat affected zone between the two. Therefore, the properties 
of a welded joint at low, as well as room, temperature should be considered with 
reference to these three zones. 

Where welding is part of fabrication procedure, tests should be carried out 
to insure weld quality, particularly with reference to impact resistance. Test bars 
should be notched at various locations in the welded joint, through the weld 
proper, junction of weld and heat affected zone, the center of the heat affected 
zone, junction of heat affected zone and base metal, and the base metal proper. 

It is important that, wherever possible, laboratory tests be augmented by tests 
on large models having the same symmetry as a full sized vessel. Such tests are 
extremely valuable, particularly when a new material is being used for the first 
time. 

Forms Used for Low Temperature Service—Pressure vessels and other large parts 
are usually made from large rolled plates. Smaller parts are made from wrought 
material and in many cases castings are satisfactorily used. 

In the majority of cases, operating temperatures do not fall below — 150®F. 
Properly made low carbon steel is satisfactory down to — 100°F. and certain low 
alloy steels give good impact values down to — 150®F. Where operating temperatures 
are below — 150®F., special materials such as austenitic stainless steels and certain 
nonferrous metals should be used. 

Wrought materials in rolled form are usually used for pressure vessels. The 
directional properties must be considered, as it is usual to find that transverse bars 
are lower than longitudinal ones in ductility and shock resistant properties as deter¬ 
mined by laboratory tests. Segregation is also an important factor and thus, where 
large plates are fabricated, tests should be made from representative parts of the 
plate. Because of the extreme dimensions of large plates, it is practical to heat 
treat only by annealing or normalizing. Thus a number qf compositions which would 
meet notched bar shock test requirements in the quenched and tempered condition 
are not used in heavy sections which do not lend themselves to drastic heat 
treatments. 

Where castings can be used, such as in smaller parts, the fabricator has at his 
command many more compositions than are available for large heavy plates. In 
general it may be said that for castings there can be used all those materials satis¬ 
factory for heavy plates. However, the castings should generally be quenched and 
tempered, although in a number of compositions simple heat treatment will sufllce. 


*Director of Metallurgical Research and Development, and tChlef Metallurgist, M. W. Kellogg 
Co., Jersey City, N. J. 
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Properties of Metals at Low Temperatures—The lowering of the temperature of 
metals below room temperature is generally accompanied by an increase in the ten¬ 
sile strength and yield point and a lesser decrease in elongation and reduction of 
area as measured in a tension test bar. The property which is affected most by low¬ 
ering temperature is the resistance to shock. 

Tension Test Properties—There is a large amount of data available on tension 
test results on various compositions at low temperatures. Selected results are given 
in Tables I-III, covering carbon steels, alloy steels, cast irons, and nonferrous alloys. 

Impact Properties—Interpretation of Impact data, on a quantitative basis with 
relation to use in design and in service is extremely difficult for a number of reasons. 
The phenomenon of the shock resistance of steels is extremely complex and does not 
lend itself to simple analysis. The fundamentals of impact testing are still far from 
being understood and, more important, therefore, is the fact that no quantitative 
use of impact tests is made in design. The range of such service factors as notch 
effect, velocity of blow, energy of blow, or combination with other stresses, are diffi¬ 
cult to vary sufficiently in the laboratory to evaluate properly. 

Rational use of data is based on experience, in that service history of metals of 
known impact properties dictates acceptable, or unacceptable material. It is gener¬ 
ally accepted that a Charpy ft-lb. value is satisfactory upon the basis of 10 ft-lb. 
minimum for subzero service. 

When impact tests on ductile materials are earned out, an unnotched specimen 


Table I 

Tensile Results on Steels at Low Temperatures 





Test 

Tensile 

Yield 


Red. 




Treatment, 

Temp., 

Strength. 

Point, 

Elong., 

Area. 


Authority 

Material 

“F. 

op 

psi 

psi. 

% in 2 in. 

% 

Brinell 












Room 

45,700 


27 9 

73.2 





— 4 

53,750 

30,766 

42.0 

75.0 


Colbeck 



~ 58 

59.400 

42.200 

43.0 

74.0 


MacGillivray 

Armco C 0.035% 

As rec’d. 

— 94 

61,700 

43,400 

37.5 

72.0 


Manning 



—148 

66,800 

57,200 

26.5 

70.0 




—184 

77,000 

66,700 

17.0 

68.0 





—292 

112.000 


Nil 

Nil 



Swedish charcoal 


Room 

52,500 

41,700 

25 

81.0 

104 

Hadfield 

iron 

As forged 

—296 

116,500 


Nil 


230 


C 0.03%, Mn 0.04% 


—423 

117,000 

117.000 

Nil 

Nil 

232 

Colbeck 

etc 



Room 

66,300 

54,700 

29.7 

71.8 


C 0.13% 

As rec’d. 

— 85 

80,700 

67,700 

33.6 

70.3 




—292 

121,300 


26 5 

55 0 


Hadfleld 

Carbon steel 

C 0.14%, Mn 0.07% 

Annealed 

1472 

Room 

—296 

—423 

45,700 

137,000 

155,000 

42,700 

155,000 

27.5 

7.5 

0.3 

77.5 

2 5 

114 

281 

326 

Sands 

C 0 21% 

As rec’d 

Room 

—114 

62,600 

69.000 

39,800 

47,780 

35.5 

35.5 

53 0 
56.8 


Bull 

Rolled bar 


Room 

62,600 

39,800 

35 5 

53.0 


C0.21%,Mn 0.60% 


—114 

68,995 

47,780 

35.5 

56 8 


Bull 

Carbon casting 


Room 

71,840 

32,195 

34 8 

55.3 


CO. 21 %. Mn 0 70% 


—114 

77,585 

39,540 

33.3 

52.5 


Bull 

Carbon forging 


Room 

57.300 

38,940 

34.0 

54.7 


C 0 26%. Mn 0 46% 


—114 

72,840 

50,325 

36.0 

53.2 


Kinzpl 



•f 25 

85,000 

50.000 

29 0 

52.0 


Crafts 

Egan 

S.A.B. 1036 

Normalized 

— 25 

— 60 

95,000 

102,000 

60,000 

76,000 

27.0 

30.0 

48 0 
48.0 




—190 

144.000 

143,000 

5.0 

5.0 


Haddeld 

Carbon steel 

C 0 37%. Mn 0 20% 

Annealed 

1472 

Room 

—296 

76,200 

148,000 


20.0 

17.0 

63.0 

39.0 

157 

294 



—423 

151,000 

151,000 

Nil 

Nil 

316 

Strauss 

C 0.40% 

Annealed 

Room 79,400 

Liq air 139,400 

45,800 

114,100 

30.8 

73 

49.0 

7.1 


Strauss 

C 0.40% 

Treated 

Room 104,400 

Llq. air 160,400 

76,900 

150.200 

25.0 

9.8 

61.3 

94 


Bull 

Carbon forging 


Room 

77,440 

44,670 

29.0 

45 3 


C 0 40%. Mn 0 52% 


—114 

83,310 

47,075 

30.8 

44.9 


Hadfleld 

Carbon steel 

C 0.78%., Mn 0.10<^g 

Annealed 

1472 

Room 

—296 

—423 

99,000 

154,700 

123.000 

95,000 

123.066 

12.0 

Nil 

02 

35.0 

Nii 

194 

325 

244 
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Table I— -Continued 

Tensile Results on Steels at Low Temperatures 





Test 


Yield 


Red. 



Treatment. 

Temp., 

strength. 

Point, 

Elong., 

Area, 

Authority 

Material 

®P. 

•P. 

psl. 

psi. 

% In 2 In. 

% 

















C 0.53% 

1500 oil 

1120 tempered 

+100 

135,000 

90,000 

21.0 

62 

nurtgen 

Cr 0.97% 

Mo 0.22% 

0 

—100 

138,000 

150,000 

97,500 

107,500 

21.5 

22.0 

59 

55 




Room 

152,000 

137,700 

14.0 

65.0 


C 0.33% 


— 6 

154,500 

141,000 

15.6 

64.0 

Colbeck 

Cr 0.67% 

1560 oil 

— 76 

164,000 

143,300 

14.0 

63.0 

etc. 

N1 2.45% 

1185 tempered 

— 90 

163,000 

145,500 

15 6 

62.0 

Mo 0.64% 


—141 

170,000 

149.000 

16.4 

61.0 




—292 

201,500 

183.500 

17.0 

63.0 

Hadfleld 

C 0.35% 

Cr 0.71% 

N1 3.34% 

Oil quench, 

Room 

146,000 

133,000 

13.5 

59.5 

1200 tempered 

—423 

243,000 

243,000 

4.5 

48.5 



Annealed 

Room 

79.400 

57,000 

31.5 

57.2 


Ni3% 

Lio. air 116.600 

111,000 

6.8 

8.7 

Strauss 






Treated 

Room 

98,800 

76.400 

27.3 

65.9 



Liq. air 148,700 

132,900 

15.5 

17.6 

Strauss 

Cr 14% 

Treated 

Room 225.800 
Liq. air 259,700 

212,200 

210.800 

9.8 

2.8 

37.3 

3.5 

Strauss 

Cr 16% 

Annealed 

Room 75,100 
Liq. air 145,700 

42,800 

123,200 

34.0 

14.0 

70.8 

14.3 

Strauss 

Cr 20% 

Treated 

Room 91,900 
Liq. air 99,200 

51,900 

99,200 

24.0 

0.0 

59.3 

0.0 

Nickel Steel 

C 1.27% 


Room 

148,000 

77,300 

44.5 

39 0 

Topics 

Mn 12.69% 


—296 
—423 

137,000 

146,000 

146,000 

2.5 

Nil 

NiV 

Hadfleld 

Cr 18% 


Room 

117,000 


56.0 

54.0 

N1 8% 


—423 

268.000 


25.0 

31.0 

Russell 

Cr 8% 

Annealed 

Room 

107,600 

48.300 

44.3 

60 1 

N1 21% 

Liq. air 180,200 

102,800 

25.3 

21.5 

Colbeck 
etc. • 

C 0.11% 

Ni 10.5 % 

Water 

quenched 

—292 

232,000 

77,000 

30.5 

45.0 

Cr 19.6 % 

2010 




Colbeck 

CO.06%, Cr. 13.45% 

As above 

Room 

80,400 

38.500 

59.5 

75 5 

etc. 

Ni 10.05%. Mn 4.07% 

—292 

197,500 

89,500 

47.0 

60.0 

Hadfleld 

C 0.41% 

NI 20 0 % 


Lio. air 353.000 


15.0 







Nickel Steel 

C 0.56% 


Room 

120,500 

160,000 


20.4 


Topics 

Ni 24 6 % 


—112 


14.1 





Russell 

Ni 26% 

Annealed 

Room 99,800 
Liq. air 205,000 

52.900 

157,800 

38.3 

11.5 

52 1 

9.7 

Russell 

C 0.56% 

Ni 24.6 % 

Mn 1.18% 


64 

—112 

120,500 

160,000 

71,200 

105,000 

20.4 

14.1 

67.4 

64.0 


will usually bend as in a slow bend test with no failure. This takes place even at 
extremely low temperatures in most materials which fail with low absorbed energy 
values in notched sections. Accordingly, uimotched bars are of little value in deter¬ 
mining differences between various materials. In design and manufactme notched 
and sudden changes in section should be avoided. 

The Charpy and Izod impact tests are most commonly used. Details of these 
tests will be found in another article in this Handbook. The Izod test is extremely 
sensitive to changes in notch and results are somewhat more erratic than in the 
Charpy test when the keyhole notch is used in the latter. There is a constantly 
growing tendency, therefore, for specifications to contain requirements upon Charpy 
keyhole impact specimens. In the earlier literature, Fremont impact tests were 
reported, but this machine is only infrequently used today. 

A recent impact test which appears unusually promising is the tensile impact 
test. It is expected that this test will come into more prominent use, because it is 
possible to obtain information as to the effect of velocity of the blow to a much 
greater degree than in the other impact tests. 

It should be mentioned that all Impact tests made today give "single blow" data. 
There appears to be no data on repeated Impact tests at low temperatures. 

Carbon Steels—Herty and co-workers* have made a thorough study of the effect 
of deoxidation on the Impact strength of carbon steels at low temperatures. Compo- 
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sitions studied varied from 0.14-0.48% carbon. Correctly deoxidized steels with 0.22% 
carbon and less had satisfactory low temperature values down to -~40®P., while 
0.48% carbon steel showed low results at —2*’F. even though correctly treated. Herty 
points out the harmful effect of overheating in heat treatment and the decided 
lowering of the impact values if the steels are not properly normalized. 

The low temperature Charpy impact properties of carbon steels are related to 
composition, melting history, heat treatment, and microstructure. Thus, when low 
carbon steels are made without being properly deoxidized, the authors*’ have shown 
that impact properties drop off suddenly in the vicinity of 0®P., whereas when these 
steels are properly treated in the melting process, good values are obtained down 
to ~100°P. All of these steels were found to be readily weldable, and the test values 
easily passing the Boiler Code requirements for pressure vessels. Table IV gives the 
average results of three impact tests of each of sixteen normalized and stress relieved 
carbon steels made with varying deoxidation practice. Impact values of weld metal 
are also given. It will be noted that the silicon and aluminum killed heats main¬ 
tained acceptable impact values down to — 100®P., while one of the heats deoxidized 
with silicon alone gave poor or erratic values at 0®P. 



Table 11 



Tensile Results on Cast Iron at Low Temperatures* 






Tensile 




Test Temp., 

Strength, 

Material 

Composition 

«P. 

psl. 



3.56% 

75 

20,500 

Machine 

C 

4 

22,000 

cast Iron 

Graphite 

3 06% 

—112 

medium strength 

31 

1.80% 

—150 




3.42% 

75 

31.000 

High grade 

C 

— 4 

30.000 

machine 

Graphite 

2 35% 

—112 

cast Iron 

81 

1.24% 

—150 




3.64% 

2 94% 

1 81% 

75 

22.000 

Pipe 
cast Iron 

C 

Graphite 

Si 

— 4 
—112 
—150 

22.500 

24.000 

24,700 



3.78% 

3.26% 

2.03% 

75 

18.000 

Hematite 
cast Iron 

c 

Graphite 

81 

_ 4 
—112 
—150 

19.000 

21,000 


Iron for thin 
walled castings 

*H. W. Russell. 


C 3.42<rr 

Graphite 2.82% 
81 2.17% 


75 
— 4 
—112 
—150 


22.000 

22.200 

24,000 

24,600 


As pointed out by Sands,^ carbon content of carbon steels is a factor. Aluminum 
killing is effective only when the carbon content does not exceed 0.30%. Above this 
percentage, carbon exerts a harmful effect even when steels are aluminum killed. 

Kinzel and co-workers" conclude that “aluminum killed, normalized, plain carbon 
steels of otherwise appropriate analysis, in small sections, are satisfactory for 
engineering service at temperatures down to — 112®P.” They further state that, 
“welds produced with carbon steel electrodes having a combustible or mineral coating 
show sufficient energy absorption on low temperature notched bar impact testing to 
Indicate their fitness for engineering service at temperatures down to — 112®P.” 

It is apparent, then, that properly deoxidized low carbon steel is satisfactory 
for service down to — 100°P. These steels represent metals of lowest cost for low 
temperature service. They are easily weldable and weld properties are satisfactory. 

Nickel Steels—The 2^/4% nickel and 3%% nickel steels have shown excellent low 
temperature impact properties. Sands^ gives the following values for normalized 
steels of 0.20% carbon content: 


Nickel, % 

Brlnell at 
room temp. 

Charpy Impact Resistance, ft-lb. 

Room Temp. —50"P. 

0 

127 

80 

7 

1 

146 

94 

30 

2 

155 

88 

35 

3 

168 

88 

40 

4 

187 

75 

5G 


The effect of carbon in conjunction with nickel in normalized steels is pointed 
out in the following: 
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Nickel, % 

Carbon, % 

Charpy, 
Room Temp. 

ft-lb. 

-50”P. 

0 

0.33 

25 

5 

1 

0.22 

85 

20 

2 

0.16 

05 

43 

3 

0.12 

110 

70 

4 

0.04 

172 

170 


The authors® describe the fabrication of a full sized 2^/4% nickel steel pressure 
vessel, including two types of welding, heat treatment, and testing. Pressure vessels 
are ordinarily given a final heat treatment, as a unit, consisting of stress relieving 
at 1100-1200°F. followed by furnace cooling. Base metal and welded joints were 
shown to have acceptable properties at — 75°P. and to easily pass Boiler Code 
requirements. Deposited weld metal of 2%% nickel steel composition gave better 
values than %% nickel welds at — 50®F. Poor impact values resulting from too high 
a normalizing temperature were fotmd. Microscopic studies pointed to the beneficial 
effect of small pearlite-ferrite grain size on base metal notched bar values. 

Moses’ reports on the excellent values obtained in the weld and base metal of 
0.20% carbon, 3% nickel steels for pressure vessels. High values are shown at 
-100°P. 

The results of a great deal of test data on low nickel steels are furnished in 
Properties of Nickel Alloy Steels at Low Temperatures.® Important conclusions 
noted are: 1. Nickel steels of the pearlitic type containing 2-5% nickel remain quite 
tough at temperatures down to at least --100°F. 2. Nickel is equally as beneficial in 
pearlitic steel weld deposits as in rolled steel. 3. Normalizing pearlitic nickel steels 
at temperatures somewhat over the critical range gives values which are satisfactory 
for service down to — 100°F. 4. Quenching and high tempering of low carbon, low 
and medium nickel steels have given good notched bar values at extremely low 
temperatures. 5. Improvements comparable to those effected in wrought steels are 
conferred by nickel* upon cast steels as well. Cast steels should be heat treated by 
double normalizing and tempering. 

An excellent comprehensive study of 2%% nickel steels with special consideration 
for the fabrication of a dewaxing plant to operate at temperatures as low as — 75°P. 
is reported by Aldridge and Shepherd.® A large amount of data are available involv¬ 
ing study of impact testing procedure, welding, effect of heat treatment upon plate 
as well as castings and piping. All of the conclusions point to excellent properties 
of various parts of properly heat treated material of this composition. 

The low nickel steels when properly deoxidized are satisfactory for temperatures 
down to at least — 100®F. These steels are only slightly more difficult to weld than the 
carbon steels because of greater air hardening tendencies. Many vessels of the 2M% 
nickel composition are in service today at —50°F. This composition, however, is 
about twice as expensive as carbon steel. 

Low Chromium Alloy Steels—Egan, Crafts and KinzeP® have made extensive 
study of the low temperature properties of a great many combinations of low alloy 
steels with alloying elements of chromium, nickel, manganese, vanadium, molyb¬ 
denum, zirconium, copper, and silicon. Their conclusions are as follows: 1. Many 
normalised low alloy steels are suitable for epgineering applications down to — 112®F. 
2. Zirconium and vanadium markedly improve the low temperature impact strength 
of normalized low alloy steels. 3. When suitably combined with another alloy, 
chromium, nickel, copper, manganese and molybdenum improve the low tempera¬ 
ture impact strength of normalized low alloy steels, the highest values being obtained 
with the chromium copper combination (0.12% C, 0.75% Cr, 0.50% Cu). 

These writers" have made further study of the chromium copper combination, 
in which consideration was given to the effects of various deoxidizers, to mass effect 
and to properties of welds. It is concluded that: 

Notched bar impact values obtained in steels at low temperatures fall into various 
energy levels. This phenomenon is a function of the nature of the material and is not 
due to minor variations in the preparation of the test specimens and test procedure. 

Chromium-copper aluminum killed low alloy steels are satisfactory for engineering 
service at temperatures down to — 148"P. and may be used in larger sections than plain 
carbon steel. 

Welds produced . . . indicate their fitness for engineering service down to —112^. 

The present authors report that a number of vessels have been built of the 
chromuun-copper aluminum killed steel. However, in practice it was found that 
commercial heats did not yield as high impact values as indicated by laboratory 
heats. Further, heavy plates had surfaces which were not wholly satisfactory. 
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Table III 

Tensile Results on Nonferrous Metals and Alloys at Low Temperatures 





Test 

Tensile 

Yield 


Red. 




Temp., 

Strength, 

Point, 

Elong., 

Area. 

Authority 

Composition 

Treatment 

•P. 

psi. 

psi. 

% in 2 in. 

% 



Cold rolled 

Room 

45.800 

43,300 

16.0 

55.9 



Liq air 

53,000 

50,400 

19.0 

55.4 



Annealed 

Room 

32.600 

12.700 

58 0 

44.3 



Liq. air 

50,400 

18,300 

63.0 

68.2 




64 

32.800 

7,300 

52.0 

69.7 


Copper 


32 

33.700 

7,300 

51.9 

68.5 


99.75% 


— 22 

33.900 

7,800 

47 5 

68 5 



—112 

37.400 

8,700 

47.1 

66.8 


Naval brass 

Rolled 

Room 

57.100 

28,800 

47.4 

50.5 


Liq air 

81.100 

37.200 

48 3 

48.4 




64 

41.500 

9,500 

82.6 

76.4 


Brass #72 


32 

42.800 

9,800 

79.7 

78.7 


Cu 7i 6% 


— 22 

43,200 

10,400 

75.9 

79.7 




—112 

48.600 

12,200 

74 5 

80.0 


Brass #60 


64 

46.200 

15,400 

54.6 

60.8 

Russell 


32 

46.500 

14.900 

55.4 

65.0 


Cu 63.8% 


— 22 

46,700 

14,700 

65.1 

68.5 


Pb 0 43% 


—112 

49.800 

15,600 

65.8 

64.0 


Leaded brass 

Rolled 

Room 

35.600 

24,400 

17.0 

22.2 


Liq. air 

42.800 

32,100 

13.0 

19.0 



Rolled 

Room 

61.600 

57,000 

36 0 

65.4 


Tin bronze 

Liq. air 

93.200 

71,800 

56 3 

58.0 


Cast 

Room 

40.200 

18.600 

31 3 

36.7 



Liq. air 

45.300 

30.500 

15 3 

24.6 



Cast 

Room 

70,300 

29.000 

33 3 

32.6 


Aluminum 

Liq. air 

85.900 

42.600 

24.9 

22.4 


bronze 

Forged 

Room 

88.900 

47.900 

45 2 

46.9 



Liq. air 

112.500 

84.900 

38.4 

42.1 


Silicon 

Rolled 

Room 

67,500 

34.100 

49.0 

45.2 


bronze 

Liq. air 

88,100 

39.700 

51.3 

41.3 


Manganese 

Cast 

Room 

68.500 

31,600 

39 2 

32.5 


bronze 

Liq. air 

82.700 

40,800 

26.3 

25.8 


N1 68% 

Not rolled 

Room 

91,500 

44,100 

45.7 

66.9 


Cu 29% 

Liq air 

135.500 

70.800 

53 5 

67.0 



Forged 

70 

80.200 


42 0 

71.0 




32 

83.000 


44.0 


Ackerman 

N1 68% 

Cu 29% 

Annealed 

10 

— 20 

84,400 

86,800 


42.0 

47.0 




Forged 

—310 

130.000 


32.0 

72.0 



Annealed 

—310 

117.600 


50.7 

75.3 


Nickel 

Hot rolled 

Room 

93.400 

54,400 

32.7 

45.5 


Liq air 

122.500 

81.800 

46.7 

57 2 



Annealed 

77 

62.000 


23 5 

75.0 


Ni 99.8% 

—301 

86.000 


22 0 

58.0 


Fe 0.15% 

Hard drawn 

77 

133.000 


1.06 

58.0 



93% Red 

—301 

155.000 


3.12 

54.0 



Cold rolled 

Room 

73,800 

69.300 

21 5 

54.3 



Liq air 

93.700 

80,500 

35.5 

62.6 


Nickel silver 

Annealed 

Room 

64.900 

29.500 

46.8 

62.3 


Liq. air 

83,000 

38.200 

56.8 

69.5 



Cast 

Room 

40.300 

16,800 

40 5 

39 2 



Liq. air 

49,200 

23,900 

32 7 

30.2 

Russell 

Aluminum 

Cast 

Room 

18.100 

7.600 

8 8 

10 2 


Alloy 

Liq. air 

17.800 

8,100 

7 0 

7.3 


Aluminum 

Cast 

Room 

17.300 

9.200 

49 

5.2 


Silicon alloy 

Liq. air 

19,600 

9,600 

3.7 

4.7 




Room 

57.800 

35,400 

26 5 

27.0 


Duraluminum 


Liq. air 

71.800 

42,700 

28.0 

28.7 



Annealed 

77 

29.500 


18.7 

63.0 


Cu 3.00% 

—301 

41.000 


18.5 

44 0 



rc u ^4 /0 

Si 0.21% 

Hard drawn 

77 

49.000 


2.0 

32 0 


93% Red. 

—301 

63.000 


6 0 

28.0 



Annealed 

77 

63 000 


0 

0 


Molybdenum 

—301 

96.000 


0 

0 


99.9% 

Drawn at 

77 

148.000 


4 7 

68.0 


2370‘'-2190“F. 

—301 

212,000 


0 

0 











92 


PROPERTIES OP METALS AT LOW TEMPERATURES 


Accordingly, about %% nickel was added to the chromium-copper composition and 
surface defects were eliminated together with improvement in Charpy impact values. 
Table V shows the relation between normalizing temperatures from 1650-1900*'F., 
followed by stress relieving, microstructure, and low temperature impact properties 
from +70*" to — 148''F. Weld data are also given. Best values at — 148*'F. are obtained 
when normalizing is carried out slightly above the upper critical point. The heat 
affected zone values are superior to base metal proper at lowest temperatures of 
impact testing. Weld test data of more recent origin than values given here prove 
that 10 ft-lb. at — 150®F. are met. 

Low Alloy Steels—Herzig and Parke,'^ in attempting to determine what steels 
could meet an arbitrary minimum Charpy strength of 10 ft-lb., when tested at low 
temperatures encountered in service, obtained data on the following S.AB. com¬ 
positions: 4130, 4140, 4615, 4640, 4815, 4340, 4015, 2330, 3135, 3240, 6145, and 1045. Speci¬ 
mens were tested after three heat treatments, normalizing at proper temperature, 
quenching and tempered to 200 and 300 Brinell. The beneficial effect of heat treat¬ 
ment was shown, also the superiority of alloy steels to the carbon steel. It was 
observed that the element molybdeniun appeared more effective in improving impact 
strength at low temperatures when used in conjunction with nickel or chromium 
or both, especially in the normalized condition. It was concluded that only steels 
4615 and 4815 were satisfactory (in excess of 10 ft-lb. Charpy at —94®P.) as nor¬ 
malized, while in the 200 Brinell condition all steels except 1045 had satisfactory 
low temperature impact strength. In the quenched and tempered to 300 Brinell 
condition, all steels except 4015, 3135, and 1045 had satisfactory subzero impact 
properties. The normalized and 300 Brinell steels were tested at — 94°P. minimum, 
while the quenched and tempered specimens were tested as low as --310°F. 

A nickel-molybdenum-vanadium steeP* used in cast valves is reported to be 
excellent for shock resistance at subzero temperatures. Heat treatment is drastic 
and consists of “an homogenizing treatment followed by an oil quench and high 
temper.** Properties given are: Room temperature, tensile strength 107,000 psi.; 
yield point 88,000 psi.; elongation 22% in 2 in.; reduction of area 61%; and Charpy 
impact at -150°F. 20 ft-lb. 

High Chromium-Nickel Steels—The high chromium-nickel austenitic steels retain 
notched bar toughness down to extremely low temperatures. Colbeck, MacGillivray, 
and Manning” report the following. 




, T _ 

t Resistance 

—184*P. 

In ft 1h nf _ 


Room 

Temp. 

—85'P. 

—292“P. 

Soaked in 
liquid air* 

c 

Nf 

Cr 

0.11 

10.0 

14 7 

116 

99 

86 

80 

79 

0.11 

10.5 

15.6 

113 



86 

70 

0.11 

10.1 

18.3 

114 

iis 

108 

100 

100 

0.11 

12 0 

12.7 

118 

118 

99 

102 

95 

0.11 

12.0 

14.7 

117 

118 

118 

98 

96 

0.11 

11.5 

16.2 

118 

118 


118 

118 

0.11 

13.8 

12.2 

111 

118 

ii7 

102 

103 

0.11 

14.0 

14.2 

117 

118 

117 

116 

104 

0.11 

15.9 

12.3 

115 

117 

118 

118 

118 

0.45to 

10.2 

13.8 

61 



14 


0.06C 

10.5 

13.45 

117 

iis 


118 

ii7 


■Tested at —292"P. after soaking in liquid air for from 7 to 14 days. 
^This steel contains 3 65% manganese. 

'This steel contains 4.07% manganese 


Russell and Welcker” obtained the following results on a chromium-nickel steel: 
Charpy Impact Resistance, ft-lb. at **F. 


Room 


0 

NI 

Cr 

Condition 

Temp. 

+ 32 

—4 

-40 

—76 

—112 

0.09 

9 24 

17.54 

Annealed 

80 

78 

77 

78 

81 

82 




Cold Worked 

35 

33 

31 

30 

29 

29 


High Nickel Steels—Chevenard’s tests made on a Fremont machine using test 
bars 35x10x8 mm. with a notch 1 mm. deep are presented graphically in Fig. 1. 
It is apparent that when nickel is present in excess of about 45% there is no 
decrease in resistance to impact at temperatures at least down to that of boiling 
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liquid air (—SIO^F.). Such steels are, therefore, suitable for parts of liquid air 
machines and other applications involving service at subatmospheric temperatures. 
A steel developed by Chevenard especially for this purpose contains 55-60% nickel, 
1-3% manganese and 0.2-0.4% carbon. It is reported to have the following properties 
at liquid air temperatures: Tensile strength, 114,000 psi.; elastic limit, 57,000 psi.; 
elongation, 40%; reduction in area. 55%; and Fremont impact, greater than 45 kg-m. 
per sq. cm. 






_ 

_ 
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1—1 
77 leti 
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/ 
















20 JO 40 30 60 PO 60 90 KX) 

Nickel, H 



‘200 0 200 400 

lempenoture,^R 


Fig. 1—Effect of nickel upon the Fremont im¬ 
pact resistance of iron-nickel alloys at the tem¬ 
perature of boiling liquid air. 


Fig. 2—Charpy Impact tests on stainless 
irons. 

1. 18% Cr, 8% Ni, Quenched in Water from 
1950* F. 2. Same as 1, Cold Drawn. 3. 18% 
Cr, Annealed. 4. Same as 3, Cold Drawn. 
5. 14% Cr, Annealed. 6. Same as 6, Cold 
Drawn. 


High Chromium Steels—The high chromium compositions should not be used 
for low temperature service where shock is a factor of any magnitude. Sergeson 
compares annealed and cold drawn stainless compositions of 18-8, 18% and 14% 
chromium and shows the low values obtained on the plain chromium compositions 
(Fig. 2). 

Russell and Welcker also bring out the low shock resistance of this group; 





--Charpy Impact Resistance In ft-lb. at-- 

c 

• Composition, %-- 

Nl Cr 

Condition 

Room 

Temp. 32'F. —4“F. 

—40"F. —76*F.—112*F. 

0.07 

13.85 

Annealed 

39 38 4 

25 11 


Heat Treated* 

28 

3, 25, 8 


•1850*P. oil; 1026*F. air cooled; 1035*P. water. 


Cast Irons and Wrought Irons—Ncither of these materials are recommended 
for low temperature service where shock is liable to be present. Russell* summarizes 
information on cast iron. Scattered and limited data will be found in the literature 
on wrought iron. 

Nonferrous Materials—Copper, which shows excellent values at room tempera¬ 
ture, is little changed in notched bar impact properties at extremely low tempera¬ 
tures. Pure nickel and high nickel-copper alloys also retain good impact properties 
at low temperatures. Aluminum and brass are likewise little affected as temperature 
is lowered. 

Brinell Hardness—In general the Brinell hardness of metals increases with 
decrease in temperature, paralleling to some degree the tensile strength. However, 
a number of nonferrous compositions are distinct exceptions. 

Fatigue—Little work has been done on the fatigue properties of metals at low 
temperatures. Indication is that endurance limit rises as temperature is lowered. 

Testing of Metals at Low Temperatures—General—By far the majority of tests 
carried out today are made upon impact bars. Many new specifications, particularly 
those involving welded structures, are requiring that impact tests be met. These 
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tests are also being used as a check of the suitability of metals and welded struc¬ 
tures to operate at low temperatures. Tensile tests are only infrequently made. 

Measurement of Temperature—Temperatures down to —328°P. may be measured 
with calibrated pentane thermometers. Toluol thermometers are also satisfactory 
for measurement as low as — 148‘*F. Thermometers should be checked frequently 
over a period of time. They offer the simplest means of temperature determination. 

Tabic V 


Microstructure and Charpy Impact Values at Low Temperatures* 



Stress Refieved, N^Nomnalized 


■Composition: O 0.10. Mn 0.68, SI 0.21. Cr 0.77. Cu 0.68. N1 0.63. Plate was lA in. thick. 
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Some prefer to use copper constantan or iron constantan thermocouples. This means 
is the most accurate. Practically all laboratories use thermometers for routine 
work. 

Methods of Cooling for Low Temperature Testing—‘Tor attaining desired low 
temperatures there are three general methods of cooling which may be used: 
1. Controlling the temperature of an entire room. 2. Circulating a cold medium 
aroimd the specimen before and during the cooling while test is being made. 
3. Immersing specimens in a cold medium of controllable temperature, then trans¬ 
ferring quickly to testing machine. 

The method of cooling depends upon the type of test to be carried out and 
the temperature it is desired to attain. Obviously the first scheme mentioned will 
probably give the most accurate results. However, it is the most complex and in 
most cases is not necessary. Choice of cooling method is also related to length of 
time required in testing. Where a test can be carried out in a few seconds, such 
as in a single blow impact test, the third method, which is the simplest, should be 
used. Only in Impact testing may this method be used, as in other tests length of 
time involved is sufficient to cause considerable temperature rise in a short space 
of time. It has been shown that where tests are made in seven seconds or less, 
no appreciable rise in temperature occurs. In tests where plastic deformation occurs 
temperature rise results and should be considered in interpreting results. 

For Impact testing the authors me (a) Acetone and dry ice, to —100°P.; and 
(b) Propane and liquid nitrogen, for lower temperatures. 

Mechanical Working—No specific studies have been made, but it has been general 
experience that wrought materials are superior to castings, after best heat treatments 
are carried out. 

Heat Treatment—Proper treatments improve impact values of practically all 
steels. The more drastic the heat treatment the lower the temperature at which 
notched J)ar values fall off, therefore, quenching and high tempering the pearlitic 
steels gives superior impact values to normalizing. 

The present writers were able to obtain more than 75 ft-lb. at — 75®P. on a 
Gharpy keyhole specimen of rimmed steel when it was water quenched in % in. sq. 
section, but when treated as a in. plate values were extremely low at this 
temperature. 

Microstmcture—There appears to be a relation between impact values on notched 
bars and actual grain size. Sergeson shows that impact specimens of wrought Iron 
broken at —4®P. broke along the grain boundaries with practically no distortion of 
adjacent grains, whereas at room temperature and higher considerable distortion was 
apparent in the microstructure. 

Melting History—Effpct of melting practice in low carbon steels is given by 
Epstein in Pig 3: 

Proper deoxidation has been 
shown to be of great importance in 
making carbon and low alloy steels. 

Aluminum killing in particular is 
beneficial. Killing with silicon alone 
has not been found to be as effective 
as when aluminum or other de¬ 
oxidizer is also used. 

Kinzel and co-workers point to the 
effectiveness of aluminum, zirco¬ 
nium, vanadium and columbium. 

Mass—Since the relation exists 
between impact values and grain 
size, it is to be expected that mass 
is a factor. Many compositions which 
are suitable in small cross section 
are not acceptable in larger masses. 

The effect of mass, may, of course, 
be overcome in degree by heat treat¬ 
ment. 


7&rr^oenoiupe, 



0 \ _T_I_ \ _I 

-f50 ‘fOO -50 O 50 too 150 


Terryoenatune, 

Fig. 3—^Low temperature Impact properties of carbon 
structural steels made by various processes. 
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Fluidity of Metals 

By Charles W. Brig^gs* 

The term “fluidity” refers to the property of a metal which allows it to flow 
freely and evenly into a mold and flU it before such freezing occurs that would 
offer an obstruction to its further flow. It is a property sometimes referred to as 
“castability,” “runnability,” “flowing power,” or “fluid life.” “Fluidity,” which is the 
word often preferred, has the disadvantage that in the past it had a specific physical 
meaning; namely, the reciprocal of the coefficient of viscosity. However, in recent 
literature the term “coefficient of liquidity” is preferred for this constant, thus 
allowing the broader fleld to be covered by “fluidity.” There are many, however, 
who have not accepted the term in its new sense as it is believed that old associations 
stand in the way of its adoption, and hence the terms given above are often 
preferred. 

When using “fluidity” in its broader aspects, it must be remembered that it 
should by no means be identifled with viscosity. The viscosity of a fluid in the 
physical sense is concerned with movements in the interior of the liquid, and thus 
at a given temperature it is a definite physical constant. The viscosity test, which 
is rather simple and accurate at relatively low temperatures, is exceedingly difficult 
to perform at the higher temperatures required by molten iron and steel. Foundry- 
men have, therefore, found it necessary to devise a more simple method for the 
study of fluidity. In general, this test consists of pouring molten metal into sand 
molds which contain a cavity in the form of a spiral. This test is concerned pri¬ 
marily with the fluid life of the metal and measurements refer both to the metal 
and to the mold. 

The fluidity or fluid life of metal is dependent on two major factors; (1) prop¬ 
erties af the metal, and (2) variables of testing. The factors relating to the metal 
are those of viscosity, surface tension, surface Aims, gas content, suspended inclu¬ 
sions, and the mode of solidiflcation and crystallization. The second set includes 
the form of the test piece, the casting head, the properties of the mold, the rate 
of pouring, and the degree of superheat. 

Properties of the Metal—Viscosity—-There is quite a general belief that molten 
metals differ widely in viscosity, and that metals that flow poorly have high vis¬ 
cosity. In reality, the viscosity of metals is very low, the kinematic viscosity being 
less than that of water in all cases investigated.’ Also, since viscosity changes only 
slightly with change of temperature, it is really a negligible factor in casting. It is 
unnecessary to go into the details of the methods employed in measuring viscosity. 
It may be pointed out, however, that there are two main methods of study. In one 
case liquid metal is allowed to flow under a constant head through a capillary 
tube and in the other some form of torsional pendulum is used. The first can be 
applied only to metals of low melting point since the capillary tube is constructed 
from glass or quartz. The second method may be used at relatively high tempera¬ 
tures with a fair degree of success since the apparatus consists essentially of re¬ 
fractory cylinders or discs suspended in the molten metal operating in torsional 
oscillations. Studies on tin and lead,’ various brasses, bronzes, and copper,* and cast 
iron’ have been undertaken by the torsional pendulum method. 

A critical review of the published data on viscosity was prepared by Andrade.’ 
In this he develops a new theory of the inner mechanism of the viscosity of liquids 
which has enabled him to calculate 17 with close approximation of the experimental 
values for a number of metals. These may be listed as follows: 


Substance 


At atmospheric temperature 


) 7 -Polse 


Water . 

Mercury 
Lead .. 
Tin ... 
Copper 
Iron .. 


Just above the melting point 


0.0105 

0.021 

0.028 

0.020 

0.038 

0.040 


^Technical Adviser. Steel Founders’ Society, Cleveland. 
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It may be concluded, therefore, that the viscosity of metals Is only a small 
multiple of that of water; and that the kinematical viscosity (or viscosity divided 
by density), on the basis of which the effects of stresses due to viscosity in modifying 
the existing motion of a fluid may be compared, is considerably lower than that of 
water. It is therefore evident that the viscosity of metals plays only a minor part 
in their casting behavior, and that the effects which have been attributed to 
viscosity are mainly due to other causes. 

Surface Tension—When molten metals are poured into a sand mold, the mold 
surface is not wetted.’* • The rise of steel in a narrow channel is impeded by thQ 
surface tension of the liquid metal. This effect becomes less marked as the diameter 
of the passage is increased. 

Values have been tabulated by Bircumshaw* of the surface tensions of some 
of the common metals, at temperatures not much above their melting points. 

Surface Tension of Some Common Metals 


Metal 


Surface tension 
Temperature *C. (dynes per cm.) 


Antimony .... 

Bismuth . 

Lead . 

Mercury . 

Tin . 

Cadmium .... 

Zinc . 

Silver . 

Copper . 

Gold . 

Iron (2.2% C) 
Iron (3.9% C) 


640 

269 

327 

20 

232 

320 

419 

998 

1131 

1120 

1420 

1300 


350 

378 

452 

465 

526 

630 

758 

923 

1103 

1128 

1500 

1150 


The deductions that may be drawn from this table are that: (1) the surface tension 
of metals increases as the melting point increases; (2) from the figures for the 
two alloys of iron and carbon, steel has a higher surface tension than cast iron; 
and (3) since the surface tension of water at 20°C. is only 81, the values for metals 
are relatively high. 

It has also been determined that, in general, surface tension diminishes, as a 
rule, with increasing temperature. 

A high value of surface tension has the effect of increasing the pressure required 
to cause the metal to enter and flow along a narrow channel, but the direct effect 
of the true surface tension of many metals is almost overshadowed by the effect 
of surface Aims whose influence is equivalent to that of greatly increased surface 
tension. 

Surface Oxide Films —It has been found that surface films affect the flowing 
power, especially of nonferrous alloys. In a study on brass ingots. Genders and 
Bailey’® showed that the oxidation of a stream of molten brass by contact with air 
gives rise to a surface film of zinc oxide which raises the apparent surface tension 
of the metal, restricts the flow, and is an inevitable cause of ingot defects. 

Determinations of the apparent surface tension of oxidized and clean, molten 
aluminum have been described by Portevin and Bastlen.” They show that the 
effect of the oxide film is to increase the value nearly three times. 

This surface film property of aluminum also affects alloys in which it is 
present. According to Desch’ the difficulty of casting aluminum bronze is caused 
by the formation of such a tough skin that it hinders pouring and, by becoming 
broken into fragments, is entangled in the metal, making a dirty casting. 

When the oxide is soluble in the molten metal, no film is formed, so that 
copper, cast iron, and nickel pour in a clean stream. 

According to Greaves’* there is some evidence which strongly suggests the 
existence of films in .an over oxidized steel killed with aluminum. Such a surface 
film would reduce the fluidity. A chromiiun-rlch oxide skin on steels is thought 
to have a marked effect on their fluidity. 

Oas Confenf—One difficulty in applying data relating to the effect of surface 
tension in the case of a metal flowing in a channel, arises from the fact that the 
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metal is often not in actual contact with the mold, but is separated from it by a 
thin layer of gas, either issuing from the metal or arising from the material of the 
mold. Oases that are given off from metal during its flow through a casting prob¬ 
ably increase the resistance to flow. It is also probable, however, that gas issuing 
from the metal tends to prevent the formation or break up oxide Aims so that the 
fluidity is improved. 

Suspended Inclusions —Solid matter in suspension causes a rapid rise in the 
apparent viscosity of a liquid as suspended particles do hinder flow. A liquid 
in which more than a small portion of particles is suspended will give a higher 
value than the same liquid free from solid particles. 

Fluidity has been attributed by many steel foundrymen to the effect of dissolved 
oxides. There is no evidence to suggest that oxide in solution would in itself 
improve the fluidity of cast steel. It may, however, alter the surface tension or 
produce some effect on smface oxide Aims. 

Solidification and Form of CrysfaZZisafioT^—Test on binary alloys led Portevin 
and Bastien** to formulate two laws: (1) Fluidity varies inversely to the interval of 
solidiflcation. It will be greatest when the melt is homogeneous (as in the case of 
pure metals, or eutectics), and is least for the saturated solid solutions. (2) Fluidity 
depends on the crystal form of solidification and is relatively much greater when 
the liquid forms crystals with convex faces than when it forms dendrites. 

The above principles have been confirmed by other workers. 

Variables of Testing—Form of the Test Piece—Various types of test bars have 
been used to measure fluidity in the past. However, for a given metal at a given 
temperature, spiral test bars will be longer and the test more sensitive, as the 
metal cools more slowly. Therefore, a geometrical form should be adopted of such 
a section that for a given volume of metal, the minimum surface for contact 
between the metal and the mold would be presented. For this reason the more 
recent Investigators have used a spiral mold cross section of which approached 
semicircular shapes. 

There are two designs based on the method 
employed for metal entry; the European design, 

Fig. 1, wherein a straight down gate is used and 
the American design, Fig. 2, that employs a 
horn gate. 

Important data, especially on low melting 
temperature alloys, has been recorded, wherein 
permanent molds have been used. However, in 
the last few years sand molds have been used 
almost entirely since from the point of view 
of sensitivity, a mold should have the least pos¬ 
sible tendency to chill. 

Casting Head—One of the essential parts of 
the mold is the casting head and the metal 
reservoir. The height of these above the spiral 
affects the length of the spirals nm. A reservoir 
must be provided to break the fall of the metal 
from the ladle and to supply an even flow of 
metal to the mold down gate. 

Properties of the MoZd — Variations In the 
temperature of the mold and the state of dryness of the mold affect the length 
of the spiral obtained. The permeability of the sand should be sufficient to assure an 
easy escape for the gas produced by the contact pf the liquid metal with the mold. 
In order that an easy escape of gas or air from the mold be assured the end of 
the spiral should be well vented. The bond strength of the sand should be sufficient 
to avoid erosion of the sand by the liquid metal. Mold surfaces may cause variations 
in the length of spiral obtained. Factors that influence the character of the results 
have been noted to be: (1) grain size of the sand, (2) degree of moisture, (3) mold 
washes, and (4) surface coatings. 

Rate of Pourinp—The length of the test bar depends also on the speed of run¬ 
ning the metal In the spiral. This speed of course depends on the rate at which the 
mold Is poured. If the pouring rate varies between one test and another, the length 
will vary in the same way. Exceptional care must therefore be maintained to pour 
all molds at the same rate (preferably a fast rate) and that the pouring height 
above the mold will always be the same. 



Fig. 1—^European type of fluidity mold 
(Cury). 

Fig. 2—^The American, or Bureau of 
Standards type of fluidity mold (Saeger 
and Krsmetsky). 
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Degree of Superheat^As the temperature of the molten metal Is raised the 
length of the resulting cast spiral is Increased. An increased length of spiral with 
increase of casting temperature does not necessarily imply that the metal is more 
fluid at the higher temper¬ 
atures, since the additional 
spiral length may be due 
entirely to the Increased 
ranges of temperature, 
through which the metal 
cools while it is flowing in 
the spiral. It should also 
be emphasized, however, 
that the degree of super¬ 
heat may alter the com¬ 
position of the metal or in¬ 
crease surface oxide Aims 
or gas content to such a 
degree that the spiral 
length is affected. 

Accuracy of Test Meth^ 
ods — Before proceeding to 
the results that have been 
obtained by testing meth¬ 
ods it is necessary to emphasize that it is difficult to establish a correlation between 
these tests and actual foundry experience. In fact, little correlation has been 
established to date. Just why a better correlation has not been established is prob¬ 
ably due to the Inadequacy of the test methods in that so many factors are involved 
that only with extreme care is it possible to avoid erratic and meaningless residts. 

Fluidity of Low Melting Temperature Metals—Most of the experimental work 
on the fluidity of low melting temperature metals has been carried on by Portevin 
and Bastien” in a permanent mold. The data, as set forth in Pig. 3, is very com¬ 
plete and is so plotted that fluidity values can be correctly evaluated. In Fig. 4 
the curves for zinc and aluminum are plotted directly against the temperature and 
offer conditions of comparison with those as set forth in Fig. 3. 

The only valuable 
studies that have been car¬ 
ried on in sand molds, 
using low melting temper¬ 
ature metals, have been 
those on aluminum. The 
results of Saeger and Kry- 
nitsky,’* Fig. 5, are quite 
typical of what may be ex¬ 
pected with commercial 
aluminum. The authors 
studied the effect of various 
maximum heats on the 
fluidity. They explain the 
decrease in fluidity, with 
increase in heating temper¬ 
ature as caused by absorbed 
gas. 

The effect that alloy 
additions have on the fluid¬ 
ity of aluminum is shown 
in Fig. 6. It may be noted 
from this flgure that the 
addition of some metals brings about a drop in the fluidity such as recorded by 
nickel. Others may act like magnesium to increase fluidity, and others such as silicon 
may play a dual role such as to decrease and then increase the fluidity. 

The Fluidity of Brass and Bronze-Using the Bureau of Standards mold that 
they devised, Saeger and Krynitsky” studied the fluidity of brass. Pig. 7. They 
obtained a straight line relation whereas Pilling and Kihlgren,'^ using a modiflca- 
tion of the Bureau of Standards mold with a spiral cross section .of 0.098 sqin. as 
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Pig. 6—The effect of alloying elements on the fluidity of 
aluminum, permanent mold (Portevin). 
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compared to 0.066 sqin. of the former, obtained a slight curve for'^a comparable 
alloy, Pig. 8. 

The Fluidity of Cast Iron—Studies on the fluidity of cast iron have been car¬ 
ried on by various investigators' using the permanent mold and sand molds of the 
European and American type. The most complete set of data, however, have been 
prepared by Perin and BergerIn Pig, 9, the relation between temperature, fluidity, 
and carbon content is por¬ 
trayed. It may be seen 
from this diagram that if 
the casting temperature is 
kept constant, the fluidity 
Increases with the carbon 
content up to the eutectic 
concentration (4.3% car¬ 
bon) , then decreases at 
higher carbon contents. 

Also, in the hypoeutectic 
region, there is a sudden 
Increase in fluidity around 
4.0% carbon. 

Of course there are 
several constituents in cast 
iron other than iron and 
carbon. The influence of 
these elements on the flu¬ 
idity of cast iron has also 
been investigated by Ber¬ 
ger. Due to the fact that 
the additions of phos- 
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1 —^Fluidity of brass—virgin metal, copper 85%, zinc 5%, 
tin 5%, lead 5%—spiral cross section 0 066 sq. in. (Saeger and 
Krynitsky). 

Fig, 8—^Fluidity of bronzes—green sand mold—spiral cross 
section 0.098 sq. in. (Pilling and Klhlgren). 


phorus and silicon influence the temperature of the liquidus, the fluidity comparisons 
are rather complicated, and for exact information the reader should turn to Berger’s 
original work. However, for those interested in the study of irons, a general law may 
be formulated as follows: The eutectic mixtures are those which possess the greatest 



Fig. 9~Dlagram showing the relation between temperature *C, fluidity, and carbon content- 
sand mold—spiral cross section 0.078 sq. in. (R. Berger). 

Fig. 10—Fluidity of cast iron—.sand mold—spiral cross .section 0.066 sq. in. (Saeger and Ash). 
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fluidity and, therefore, are those which are most likely to give perfect castings. 
If the hy^eutectics are considered, the only ones used practically, it is possible to 
element regulating fluidity is carbon, next is phosphorus, and in a 
certain measure (under 1.00%) silicon. As to manganese, its influence on fluidity 
is of little importance. The amount and direction of its influence are essentially 
a xunction of the composition of the metal considered. Since, however, the modem 
commercial trend is toward the low carbon metals the fluidity of cast iron would 
depend more upon the increment in temperature above the liquidus than on the 
other recognized controllable factors. 
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Three commercial cast irons have been investigated by Seager and Ash” and 
these are shown in Pig. 10. These authors state that the running quaUties of these 
irons were dependent upon the liquidus temperature and apparently were not influ¬ 
enced by any previous max¬ 
imum heating temperature 
prior to pouring of the 
fluidity test at a lower tem¬ 
perature. For a chosen 
pouring temperature, the 
heats of iron having the 
lower liquidus temperature 
have superior running 
qualities. 

It has been previously 
pointed out that the sur¬ 
face characteristics influ¬ 
ence the fluidity. This has 
been demonstrated in a 
practical way by Courty.* 
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Fig. 11—^Fluidity of 9 ,n iron-carbon alloy—0.71% carbon tak¬ 
ing the solidus as zero fluidity—sand mold—spiral cross section 
0.091 sq.in. (Andrew, Percival, and Bottomley). 

Fig. 12—Fluidity of iron-carbon alloys at 1600*0. (2912“F.) 

—sand mold—spiral cross section 0.091 sq.in. Andrew. Percival, 
and Bottomley). 

He found that in the case of cast iron poured into a steel spiral mold that he could 
increase the length of the spiral from 51 centimeters to 81 centimeters by varying the 
mold coatings. The order of progressive increase was (a) linseed oil, (b) iron oxide, 
(c) graphite, (d) black lead, and (e) a thin layer of soot from an acetylene flame. 


The Fluidity of Steel—There is little valuable information on the fluidity of 
steel, and that which is available is based on so few points that the curves so 
constructed may not be justifled. In a study of iron carbon alloys, Andrew, Percival, 
and Bottomley" predict the fluidity of several carbon steels. In Pig. 11 is presented 
a fluidity temperature curve of 0.71% carbon alloy, wherein the liquidus is taken 
as zero fluidity. Also, Pig. 12 shows the fluidity curve of iron carbon alloys at 1600®0. 
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Powder Metallurgy 

By Charles Hardy* and Cla^nce W. Balke** 

Definition—Powder metallurgy is the art of making objects by the heat treatment 
of compressed metallic powders ^th or without the addition of a nonmetallic sub¬ 
stance. It may be applied to a single metal powder or to complex mixtures and the 
pressing operation may be carried out at ordinary or elevated temperatures. In 
^many cases the results obtained by the use of this method are identical with those 
fobtained by the orthodox methods of melting and casting. In many other instances, 
however, properties are developed which heretofore were unattainable. 

Advantages of Powder Metallurgy—1. This method alone has made possible 
the production of refractory metals in useful forms. The extremely high melting 
points of such metals as timgsten, molybdenum, and tantalum forced the develop¬ 
ment of this process for their preparation in the form of workable ingots. Even if 
it could be produced commercially, the brittle, coarse grained tungsten made by 
fusion would be of little value. The nature of the method makes it possible to 
produce special forms of these metals, such as the nonsag variety of tungsten used 
in lamp filaments. This is accomplished by the use of certain materials added prior 
to the sintering operation. In short, the entire development in the field of refrac¬ 
tory metals and their carbides in the form of cemented material has made the 
practice of this art a necessity. 

2. The finished product contains the metals in the exact proportions desired. 
For this reason the composition of alloys can be consistently reproduced. For exam¬ 
ple 90-10 bronze, and 80-10-10 bronze, can be made of metal powders having a uni¬ 
formity of composition unapproachable by foundry methods. 

3. This process reduces or eliminates impurities introduced by conventional 
methods. The high purity obtainable in metal powders is retained. Iron may be 
produced from powder having a great purity and contaminated with manganese, 
phosphorus, silica or sulphur very slightly, if at all. 

4. Aggregates or mixtures can be made of metals which are immiscible in the 
liquid state or which have widely divergent melting points. Important examples are 
lead and copper, copper and chromium, copper and tungsten, or copper and mo¬ 
lybdenum. The last two compositions are used in the form of welding electrodes or 
switch contacts handling heavy currents. Good thermal and electrical conductivity 
is supplied by the copper constituent, and resistance to wear and high temperatme 
is furnished by the tungsten. 

In many examples of this type at least one of the constituents of the mixture 
may be fused during the heat treating operation. Localized alloying on the surface 
of the unfused grains may take place. Examples of this type are the hard cemented 
carbides and alloy magnet materials. 

5. The method makes it possible to produce metals in which a nonmetal is uni¬ 
formly disseminated. Current collecting bnishes for dynamos and motors are made 
in this way from mixtures of copper and graphite. Under this heading bearings and 
bushings must be mentioned specifically since their production accounts for the 
consumption of large quantities of metal powders. The bearings which are used on 
a large scale are mixtures of copper, tin and graphite. 

6 . The dimensions of finished articles may be held within close limits. The 
pressing dies may be made with a high degree of accuracy, and after heat treatment 
the precision of the pieces may be increased by striking or coining. Articles so made 
compete with die castings. It has been found that the precision of the dimensions 
desired can be controlled to narrow limits, and with the use of coining presses, an 
accuracy of .001 in. is readily obtained for quite a number of metals or alloys. Even 
narrower limits have been secured by repressing and coining. Those practiced in 
the art have found that the type of die, type of powder, length of time of heat 
treatment and temperature of sintering can be so controlled that contraction or dis¬ 
tortion can be held within narrow limits. 

7. Economies in production can be effected in many cases. Materials are not 
lost during the manufacturing operations. When the conventional methods of melt¬ 
ing, casting and forging are employed, losses occur due to slag and oxide formation 
and material may be removed by cropping, removal of flash, or by trimming. These 
losijes may frequently reduce the weight of the finished product to % that of the 

*Pre8ldent, Hardy Metallurgical Co., New York City. ••Research Director, Fanst^el Metal¬ 
lurgical Corp., North Chicago, Ill. 
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material used. With such losses eliminated the more expensive metal powders may 
be employed to produce finished products on a competitive basis. 

8 . Special structural effects can be obtained which are not possible In the melt¬ 
ing and casting process. Useful bimetals can be made. A layer of Iron powder and 
one of nickel may be converted into a composite Ingot by pressure. This can be 
heated and rolled to produce thin plate or sheet In which the two layers are per¬ 
fectly welded together. The composite electrode of tungsten and copper may be con¬ 
sidered an example under this heading. However, the most notable example of this 
type of work Is the porous bearing. The method makes it possible to produce these 
bearings having a high degree of porosity of an interlocking character^ permitting 
them to retain appreciable amounts of oil. 

9. Lower temperatures than those previously required are often sufficient for 
the fabrication of certain materials; for example, platinum, iron-nickel-cobalt alloys 
and the refractory metals. 

10. The method makes it possible to work with accurately controlled atmospheres. 
A neutral, inert or reducing atmosphere may be employed, or heat treatment may 
be carried out in a vacuum. Tantalum and columbium are heat treated in vacuum. 

Limitations and Disadvantages of Powder Metallurgy-—Obviously, powder metal¬ 
lurgy does not furnish the solution to every metallurgical problem. It has certain 
limitations, and even where applicable, difficulties may be encountered. 

1. Except in the few cases where masses of metal powder can be heat treated 
without previous compression, the high pressure required to form the pieces estab¬ 
lishes a definite limitation to the application of the process. This limitation Is 
physical in character and resides in the special molds and heavy presses required 
to compress the powders. As the power of hydraulic presses is increased, larger and 
larger pieces may be handled, but in such cases the cost of the equipment may 
become excessive. 

2. Many powders have a distinct tendency to cling to the walls of the die as 
the pressure Is built up. This results In an uneven pressure throughout the mass 
and tends to limit the depth of the die which may be employed. 

3. In some instances difficulty Is encoimtered controlling the particle size of the 
powder. This should be considered merely a disadvantage and not a fatal limitation 
of the method. 

4. Because of the great surface of metals In a finely divided state, difficulties 
arise due to the action of air and moisture. Occasionally these may be sufficiently 
great to warrant the provision of air conditioned rooms in which to carry out the 
operations. 

5. In producing a new product considerable experimental work is still required, 
due to lack of knowledge concerning the welding and adhesion characteristics of 
the various metals with each other. 

Metals Produced in Powder Form—Many metals are now obtainable in powder 
form but not all of them are of value in the practice of this art. The metals in gen¬ 
eral use are listed below: 


Metal 


Purity Apparent Density 


Aluminum . 

Antimony . 

Bismuth . 

Brass . 

Bronze . 

Cadmium . 

Chromium . 

Chromium . 

Cobalt . 

Columbium. 

Copper . 

Gold . 

Iron . 

Iron (hydrogen reduction) 

Lead . 

Manganese . 

Molybdenum . 

Nickel . 

Palladium . 

Silicon . 

Silver . 

Tantalum . 

Tellurium . 


99% plus 0.76-1 

99% “ 2.-2.50 

99.90% plus 
70% Cu-30% Zn 
65% Cu-35% Zn 
90% Cu-10% Sn 


99.90% a 8-3.5 

99.50% plus 8.5-S.5 

98.00% min. 

98.00% plus 
99.8% " 

99.60% “ 3.-4. 


99.90% *• 

99.90% ** 4.6 

98.007® " 3.-6.5 

99.90% “ 4.-5. 

99.65% " 3.S-3.5 

Pure 

97.007® ** .50-.70 

99.87® *• 5.3-e.O 

99.00% “ 


(Continued) 
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Metal 

Purity 

Apparent Density 


Tin . plus 39.80% 

Titanium . 92.98% “ 

Tungsten (hydrogen reduction). 99.00% " W 

Tungsten (carbonyl reduction). 98.00% “ W 

Vanadium. 88.95% 

Zinc . 99.00% " 


1.5-2.75 


9.-10. 


3.5-2.75 


Practically all metal phosphides can now be made In powder form , 

COATED POWDERS—Silver coated nickel, molybdenum, copper, and copper coated silver 
and lead. 


The above metals are available in various mesh sizes. The user, however, usually 
specifies 100, 200, or 300 mesh. Special requests calling for 25%, 50% or even all 
through 325 mesh can be met. For special purposes material much finer than that 
indicated here can be obtained by air separation, elutrition, or by other methods. 
Powders have been .actually produced showing a maximum grain size less than 
1 mill. 

Production of Powders—Metal powders can be produced by various methods 
such as grinding, stamping, precipitation, atomizing, spraying, electrolysis, conden¬ 
sation, or reduction. The selection of the method to be used for a given metal will 
be determined, among other considerations, by its chemical characteristics and the 
nature of its compounds. Metal oxides can be reduced in hydrogen or with con¬ 
trolled atmospheres. The rate of heating and the rapidity of gas fiow may be regu¬ 
lated to produce powders of varying particle size. Common examples of metals so 
made are copper, nickel, cobalt, molybdenum, and tungsten. On the other hand the 
oxides of tantalum and columbium are not reduced by hydrogen. Powders of these 
metals are made by the electrolysis of fused salts. In other cases, electrolysis of 
aqueous solution may be used. Some metals such as gold, silver and the members 
of the platinum group may be precipitated from the solutions of their salts by the 
addition of suitable reducing agents. Considerable quantities of iron and nickel pow¬ 
ders are made by the decomposition of their carbonyls. In some cases calcium hy¬ 
dride is employed as the source of nascent hydrogen used in the reduction of such 
refractory oxides as, for example, chromium oxide, titanium, and zirconium oxides. 

Characteristics of Metal Powders—The results obtained in the practice of this 
art will depend, among other things, upon the purity and physical characteristics 
of the powders used. In many instances it is necessary to maintain the amount of 
objectionable impurities below definite limits, while in other cases, beneficial impuri¬ 
ties are added to the powder mixtures. Metals, in a finely divided condition, carry 
appreciable quantities of gas either dissolved or as surface films, and this fact must 
not be overlooked. In some instances the presence or absence of a given impurity of 
the order of a few hundredths of 1% determines whether the powder is usable or not. 

The physical characteristics of the powders are also of great importance. These 
characteristics concern mainly the shape or structure of the particle itself and the 
particle size and the range of particle size. The shape of the particles is determined 
mainly by the method employed in their manufacture. Aluminum powder made by 
granulation is quite different from that made by stamping. Copper powder made by 
reduction is distinctly different from that made by electrolysis. The shape of the 
particles of metal powders produced by condensation, as in the case of zinc, or by 
the decomposition of their carbonyls, as in the case of iron or nickel, is distinctly 
spherical. 

Since the physical characteristics of the powders often determine their fitness 
for use, they are subjected to careful tests and examination. Where the powders 
are sufficiently coarse the particle size and the particle size distribution may be 
determined by the use of metal sieves. However, this method is not applicable for 
panicles finer than 400 mesh. (The diameter of a particle passing a 300 mesh sieve 
is about 53 microns.) In the case of finer powders, microscopic examination may be 
employed, or a measurement of the light blocking action of the powder in suspen¬ 
sion in a liquid may be measured. This is especially true in the case of finished 
powders employed in the hard carbide industry where the particle size may range 
from 1-5 microns, or finer. The following table gives the relation between the 
micron, millimeter, and inch: 


1.0 micron =: .001 mm. 

1.0 inch = 25.4 mm. 

0.1 inch =: 2.54 mm. 

0.01 inch = 0.254 mm. 


0.001 inch == 0.0254 mm. 
0.0001 inch = 0.00254 mm. 
0.00005 inch = 0.00127 mm. 
0.00004 inch = 1. micron 
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It is frequently desirable to determine the apparent density of the powder, 
otherwise known as “loading weight.” A common method used for this purpose is 
to determine the volume of a given weight of powder gently tapped down in a 
graduated cylinder, or it may be determined by a Scott volume meter. If the latter 
method is used the powder is allowed to drop through baffle plates into a cup or box 
of known volume. The powder is carefully scraped off level with the top of the box 
and weighed. A number of factors other than particle size itself may influence the 
value of the results obtained in this case. Variations in this loading weight affect 
the compression ratio when the powder is pressed. The physical characteristics of 
the powders determine the “flow factor” which may be defined as the weight of 
powder which will flow through an orifice of given diameter in one minute. This 
characteristic is of special importance where the pressing operation is carried out 
automatically, and the dies must be filled by the flow of powder from a hopper. 
Plow meters are also employed to determine the speed with which a certain weight 
of powder will travel in specially constructed equipment. Finally, it may be stated 
that in the case of any given application of powder metallurgy, either all or most 
of the following properties must be taken into account and held under control: 
Particle size, particle size range, apparent density, flow factor, shape of particle, 
cohesive ability, chemical purity, and oxide content. 

Mixing of Powder—Where a pure metal is under production this operation* is 
not necessary except in cases where it is desirable to mix together lots of powder 
having different mesh sizes. The powders are usually mixed in tumblers or ball 
mills and in some instances the operation is carried out in the presence of a reduc¬ 
ing gas to prevent oxidation. Where the specific gravity of the various components 
of a mixture are quite different, this operation must be carried out in such a way 
as to produce the greatest possible homogeneity. The time required may vary from 
a few minutes to as much as 24 hr., or in the case of hard carbide compositions 
where a grinding operation is also involved, to a number of days. 

Compression—Tlie powders may be pressed either hot or cold, but in the ma¬ 
jority of cases the operation is carried out at room temperatures. The powder is 
pressed in dies made of hardened steel, selected to have as low a coefficient of fric¬ 
tion as possible. In some cases where small pieces are pressed from highly abrasive 
powders, the dies are made of hard carbide compositions. The depth of the die will 
depend to a certain extent upon the compression ratio of the powder, and this is 
usually in the neighborhood of 3 to 1. In some cases where fine powders are used, 
the compression ratio may be as high as 6 to 1, or even 8 to 1. The presses employed 
may be of the hydraulic, cam, friction or knuckle type, and may be equipped with 
single or multiple dies. As a rule, the pressures employed vary between 5 and 100 
tons per sq.in. 

The pressing operation may appear quite sunple yet it may become trouble¬ 
some in certain cases. Dies should bfe made with a high degree of precision and in 
a great many cases a die with a slight taper will be of great advantage as the 
amount of pressure needed to eject the compressed piece is in this case only a 
small part of the pressure exerted in compression. The presses which are now used 
on mass production are cam presses, friction presses, and hydraulic presses. In the 
case of hydraulic presses it was found that the slow compression and the pumping 
operation added to the difficulties and created slipping and entrapped air. A num¬ 
ber of hydraulic presses are now built which work with a double reservoir or accu¬ 
mulator and give a rapid stroke allowing 20 and 30 cycles per min. The difficulties 
which were formerly experienced due to the differential of density of the compressed 
parts have been largely overcome. Presses and dies are now built in such a way that 
the percentage difference in density is reduced to nonobjectionable values. 

Heat Treatment—Except where this is done simultaneously with the pressing 
operation, the pressed pieces are given an appropriate heat treatment. This may be 
carried out in furnaces having an inert atmosphere or in a neutral or reducing gas, 
or in vacuum. The temperature employed is determined by the metals under treat¬ 
ment and by the characteristics desired in the finished product. In the case of pure 
metals and in many combinations of metals no part of the material is melted dur¬ 
ing this heat treatment. In some cases, however, where a small amount of relatively 
low melting point metal is used in conjunction with a high melting point metal, the 
lower melting point metal may be fused. This occurs during the heat treatment of 
hard carbide compositions. 

No fixed rule can be laid down as to the temperature to be employed in the treat¬ 
ment of alloys. In general, the temperature used in such cases is about two thirds 
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that of the melting point of the alloy. In the case of pure refractory metals which 
are usually heated by the passage of an electric current through the pressed bars, 
the temperature at the core of the bar is brought close to the melting point of the 
metaL 

Many things may take place during this heat treating operation. Gas may be 
absorbed or eliminated. Oxide impurities may be reduced. Diffusion of one metal 
into another may occur and grain growth take place to an extent depending upon 
the nature of the metal and the temperature employed, and the duration of the 
heat treatment. 

The residual porosity in the heat treated specimens depends largely upon the 
nature of the material used and the physical characteristics and the chemical purity 
of the powder. The amount of porosity can be determined approximately by com¬ 
paring the density of the material with that of the same material in the cast or 
highly worked condition. In many cases it is desirable to reduce the porosity as far 
as possible. There are cases, however, where pcjrosity is desirable and is Intentionally 
created within the heat treated specimens. This applies particularly to the so-called 
oil-less bearings which are produced by the methods of powder metallurgy. Porosity 
is insured in this material by mixing with the powder volatile salts or low boiling 
point metals which evaporate on heat treatment, leaving the space they occupy as 
pores, and if properly carried out, the porosity will be interlocking in nature. 

Final Treatment—In some cases the heat treated objects will be the final 
product. In other cases the material is machined to size or may be subjected to a 
compression or coining operation to increase the accuracy of the dimensions and 
improve the sjorface structure of the metal. In other cases the method produces 
heat treated ingots, which are subjected to the same mechanical operations that 
would be used in the case of cast materials. 

References 

>H. W. Rowell. The Technology of Plastics, London, 1936. 

’Z. Jeffries and R. 8. Archer, Science of Metals, McQraw-Hlll, New York, 1924. 

3R. O. Smith, Sintering—Its Nature and Cause; J. Chem. Soc., 1923, v. 23, p. 2088. 

<0. J. Smithells, Grain Growth In Compressed Metal Powder, J. Inst. Metals, 1927, v. 38, p. 85. 

Bp. Sauerwald und St. Kublk, Uber Synthetische Metallkoerper, Z. Elektrochem., 1932, v. 38, 
p. 33. 

Garre, Ueber die Festigkeit von Gepressten Metallpulvern beim Erhltzen, Z. anorg. Chem., 
1927, V. 161, p. 152. 

U. A. Hedvall, Ueber die Physlkallsch-chemlschen Prozesse belm Zusammenbacken von 
Engeschmolzenen Pulvern, Z. Physik. Chem., 1926, v. 123, p. 33. 

*F. Sauerwald, Die ohne Vorhergehende Kaltbearbeltung Elntretende Kornvergrdsserung in 
Metalllschen KOrpern, die aus Pulverfdrmigem Material durch druck Oder Slnterung erhalten 
werden, Z. anorg. allgem. Chem., 1922, v. 122, p. 277. 

*T. von Hagen, Ueber das Zusammenschweissen Fester Pulver Durch Druck, Z. Elektrochem., 
1919, V. 25, p. 375. 

*®J. C. Chaston, The Manufacture and Uses of Metal Powders, Metal Treatment, Spring. 
1935, p. 3. 

>>J. Rossman, Powdered Metals by Electrol 3 rtlc Methods, Metal Ind., 1932, v. 30, p. 321, 396, 
436, 468. 

**W. D. Jones, Principles of Powder Metallurgy, Longmans, Green, New York, 1937. 

**0. Hardy, Manufacture and Use of Powdered Metals, Metal Progress, July 1932, v. 22, p. 32. 

”C. Hardy, Powder Metallurgy; Not^ on the New Art, Metal Progress, April 1936, v. 29, p. 63. 

^■Symposium on Powder Metallurgy, Trans., A.I.M.E., Inst. Metals Dlv., 1938, v. 128, p. 37. 



T eating—General 


Page 

Hydrometers . 110 

Brinell Hardness Test. 112 

Rockwell Hardness Test. 114 

Scleroscope Hardness Test. 117 

Monotron Hardness Test. 119 

Vickers Hardness Test. 121 

Microcharacter . 123 

Pile Hardness Test. 125 

Hardness Conversion Table. 127 

Moh*s Scale of Hardness. 128 

Hardness Testing at Elevated Temperatures. 129 

Test Specimens. 132 

Load Conversion Table for Testing. 137 

Percentage Reduction of Area for Tensile Test Specimens. 138 

Fatigue Testing. 143 

Corrosion Fatigue of Metals. 147 

Statistical Methods for Control. 154 

Spectrographic Analysis. 158 

Metallographic Polishing. 170 

Photomicrography . 176 

Radiography of Metals. 180 

X-Ray Diffraction. 188 





























110 


HYDROMETERS 


Gen. 4001 


Hydrometers * 

Bauiii4 Hydrometers—For liquids heavier than water—This hydrometer was 
originally based on the density of a 10% sodium chloride solution which was given 
the value of 10® and the density of pure water which was given the value of 0®; 
the interval between these two values was divided into 10 equal parts. Other 
reference points have been taken with the result that so much confusion exists 
that there are about 36 different scales in use, many of which are incorrect. ' In 
general a Baumd hydrometer should have inscribed on it the temperature at which 
it was calibrated and also the temperature of the water used in relating the density 
to a specific gravity. The following expression gives the relation between the 
specific gravity and several of the Baum6 scales: 

Specific gravity =- 

ta — Baum6 

m = 145 at 60V60^F. (15.56**C.) for the American Scale 
m = 144 for the old scale used in Holland 
m = 146.3 at 15°C. for the Oerlach Scale 

m = 144.3 at 15°C. for the Rational Scale generally used in Germany 

Also see the table for conversion to density and Twaddell Scale. 

For Liquids Lighter Than Wafer—Originally the density of a solution of 1 gram 
of sodium chloride in 9 grams of water at 12.5®C. was given a value of 0® Baum^ 
and pure water a value of 10® Baum4. The scale between these points was divided 
into ten equal parts and these divisions were repeated throughout the scale giving 
a relation which could be expressed by the formula: Specific gravity = 145.88 ~ 
(135.88 + B4.), which is approximately equal to 146 (136 + B6.) Other scales have 

since come into more general use, such as that of the Bu. of Standards, in which 
the specific gravity at 60®/60®P. = 140 ~ (130 + B6.) and that of the American 
Petroleum Institute (AP.I. Scale) in which the specific gravity at 60°/60®P. = 141.5 

(131.5 +BA). 

Twaddell Hydrometer-This hydrometer, which is used only for liquids heavier 
than water, has a scale such that when the reading is multiplied by 5 and added 
to 1000 the resulting number is the specific gravity with reference to water as 1000 
To convert specific gravity at 60®/60®P. to Twaddell degrees, take the decimal 
portion of the specific gravity value and multiply it by 200; thus a specific gravity 
of 1.032 = 0.032 X 200 = 6.4® Twaddell. Also see the table for conversion to density 
and Baum4 scale. 


Hydrometer Conversion Tables 

This table gives the relation between density (cgs.) and degrees on the Baume 
and Twaddell scales. The Twaddell scale is never used for densities less than unity. 


Density 

Degrees Baum6 
Bu. Stand. Scale 

Degrees 

Baum^ 

A.P I. Scale 

Den.slty 

Degrees Baum6 
Bu. Stand Scale 

Degrees 
Baum^ 
A.P.I. Scale 

0.600 

103.33 

104.33 

0 700 

70 00 

70.64 

0.605 

101.40 

102.38 

0.705 

68.57 

69 21 

0 610 

99.51 

100.47 

0.710 

67.18 

67.80 

0 615 

97.64 

98.58 

0.715 

65 80 

66.40 

0.620 

95.81 

96.73 

0 720 

64 44 

65.03 

0.625 

94.00 

94.90 

0.725 

63.10 

63.67 

0 630 

92.22 

93.10 

0 730 

61.78 

62.34 

0.635 

90.47 

91.33 

0.735 

60.48 

61.02 

0.640 

88.75 

89.59 

0.740 

59.19 

59.72 

0.645 

87.05 

87.88 

0.745 

57.92 

58.43 

0 650 

85 38 

86.19 

0 750 

56.67 

57.17 

0.655 

83.74 

84.53 

0.755 

55.43 

55.92 

0 660 

82.12 

82.89 

0.760 

54.21 

54.68 

0.665 

80.52 

81.28 

0.765 

53.01 

53.47 

0.670 

78.95 

79.69 

0.770 

61.82 

52.27 

0.675 

77.41 

78.13 

0.775 

50.65 

51.08 

0 680 

75.88 

76.59 

0.780 

49.49 

49.91 

0 685 

74.38 

75.07 

0.785 

48.34 

48.75 

0.690 

72.90 

73.57 

0.790 

47 22 

47.61 

0.695 

71.43 

72.10 

0.795 

46.10 

46.49 


*From Lange’s Handbook of Chemistry. Handbook Publishers. Inc.. Sandusky, Ohio 
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Density 

Degrees Baum8 

Bu. Stand. Scale 

Degrees 
Baum^ 
A.P.I. Scale 

0.800 

45.00 

45.38 

0.805 

43.91 

44.28 

0.810 

42.84^ 

43.19 

0.815 

41.78 

42.12 

0 820 

40.73 

41.06 

0 825 

39 70 

40.02 

0.830 

38.68 

38.98 

0.835 

37 66 

37.96 


36.67 

36.95 

0.845 

35 68 

35.96 

0.850 

34.71 

34.97 

8.855 

33.74 

34.00 

0.860 

32.79 

33.03 

0 865 

31.85 

32.08 

0 870 

30.92 

31.14 

0 875 

30 00 

30.21 

0.880 

29.09 

29.30 

0 885 

28 19 

28.39 

0 890 

27.30 

27.49 

0.895 

26.42 

26.60 

0.900 

25 56 

25.72 

0.905 

24 70 

24.85 

0.910 

23.85 

23.99 

0.915 

23 01 

23.14 

0.920 

22 17 

22.30 

0.925 

21 35 

21.47 

0 930 

20.54 

20.65 

0 935 

19 73 

19.84 

0.940 

18.94 

19 03 

0 945 

18.15 

18.24 

0.950 

17.37 

17.45 

0 955 

16.60 

16 67 

0.960 

15.83 

15.90 

0.965 

15.08 

15.13 

0.970 

14 33 

14.38 

0 975 

13.59 

13.63 

0 980 

12.86 

12 89 

0.985 

12.13 

12 15 

0 990 

11 41 

11.43 

0 995 

10 70 

10.71 

1.000 

10.00 

10.00 

DENSITIES GREATER THAN UNITY 


Degrees Baume 

Degrees 

Density 

Bu. Stand. Scale 

Twaddell 

1.00 

0.00 

0 

1 01 

1 44 

2 

1.02 

2 84 

4 

1 03 

4.22 

6 

1.04 

5.58 

8 

1 05 

6 91 

10 

1.06 

8.21 

12 

1.07 

9.49 

14 

1 08 

10.78 

16 

1 09 

11 97 

18 

1.10 

13.18 

20 

1.11 

14 37 

22 

1 12 

15 54 

24 

1.13 

16 68 

26 

1 14 

17.81 

28 

1 15 

18.91 

30 

1 16 

20.00 

32 

1.17 

21.07 

34 

1.18 

22.12 

36 

1.19 

23.15 

38 

1.20 

24.17 

40 

1.21 

25.16 

42 

1.22 

26 15 

44 

1.23 

27.11 

46 

1.24 

28.06 

48 

1.25 

29.00 

50 

1.26 

29.92 

52 


Density 

Degrees Baume 

Bu. Stand. Scale 

Degrees 

Twaddell 

1.27 

30 83 

54 

1.28 

31 72 

56 

1.29 

32.60 

58 

1.30 

33.4P 

60 

1 31 

34.31 

62 

1.32, 

35.15 

64 

1.33 

35.98 

66 

1 34 

36.79 

68 

1 35 

37.59 

70 

1.36 

38.38 

72 

1.37 

39.16 

74 

1 38 

39.93 

76 

1.39 

40.68 

78 

1.40 

41.43 

80 

1.41 

42.16 

82 

1.42 

42 89 

84 

1 43 

43.60 

86 

1.44 

44.31 

88 

1.45 

45.00 

90 

1.46 

45.68 

92 

1.47 

46 36 

94 

1.48 

47 03 

96 

1.49 

47.68 

98 

1.50 

48 33 

100 

1 51 

48.97 

102 

1 52 

49.60 

104 

1.53 

50.23 

106 

1 54 

50.84 

108 

1.55 

51.45 

110 

1.56 

52.05 

112 

1 67 

52.64 

114 

1.58 

53.23 

116 

1 59 

53.80 

118 

1.60 

54.38 

120 

1 61 

54.94 

122 

1 62 

55 49 

124 

1.63 

56.04 

126 

1 64 

56.58 

128 

1.65 

57.12 

130 

1.66 

57.65 

132 

1 67 

58 17 

134 

1.68 

58.69 

136 

1 69 

59.20 

138 

1.70 

59.71 

140 

1.71 

60.20 

142 

1 72 

60.70 

144 

1.73 

61.18 

146 

1 74 

61.67 

148 

1 75 

62.14 

150 

1.76 

62.61 

152 

1 77 

63.08 

154 

1 78 

63.54 

156 

1.79 

63.99 

158 

1 80 

64.44 

160 

1 81 

64 89 

162 

1 82 

65 31 

164 

1 83 

65.77 

166 

1.84 

66 20 

168 

1 85 

66 62 

170 

1.86 

67.04 

172 

1 87 

67.46 

174 


67.87 

176 

1.89 

68.28 

178 

1.90 

68.68 

180 

1 91 

69 08 

182 

1 92 

69.48 

184 

1 93 

69.87 

186 

1.94 

70.26 

188 

1 95 

70.64 

190 

1.96 

71.02 

192 

1.97 

71.40 

194 

1 98 

71.77 

196 

1.99 

72.14 

198 

2.00 

72.50 

200 
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Brinell Hardness Test 

Preparation of Samples—^The surface of all Brinell hardness samples should 
he flat and reasonab^ free from scratches. Tests should be taken at a sufficient 
depth to be representative of the material, or, in the case of large heat treated sec¬ 
tions, at such a depth as is representative of a particular zone in the steel. 

Ball Diameters and Loads—The diameter of the ball is 10 mm. ± 0.0025 mm. The 
weight applied to steels is 3000 kg. for 30 sec.; the weight for softer metals (brasses 
and bronzes) is 500 kg. for 60 sec. The sample under test should be firmly supported 
in such a way that the weight acts in a plane normal^to the specimen. 

Measurements—The diameter of impression used is the average of two measure¬ 
ments at right angles to each other, and the reading error of the instrument should 
not be more than 0.02 mm. 

Formula for Brinell Hardness Numbers—^The Brinell hardness niunber is cal¬ 
culated from the formula as follows: 

P 

H =- 

irD 

-(D —VD«=dF) 

2 

H = the Brinell hardness number, P = load applied, D = diameter of ball, d = the 
diameter of the ball impression. 

Special Precautions—The Brinell test should not be used on samples of soft 
steel which are less than about % in. thick or on samples so small as to allow flow 
of metal at the edges as a result of the ball impression. 

As there may be some sticking of the mechanism in the hydraulic, hand oper¬ 
ated machine, the pumping should be done more slowly as the maximum load of 3000 
kg. is approached, otherwise the pressure may go over the load. 

Brinell Hardness Numbers—A table of Brinell hardness numbers is given on the 
next page. 

Comparison of Hardness Values—For a comparison of hardness values see the 
article given at the end of this section entitled “Hardness Conversion Table.” 
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Rockwell Hardness Test 

By A. L. Davis* 

Principle of Test—^Under certain fixed conditions of load the Rockwell tester 
measures the depth of residual penetration by a steel ball or a diamond cone. 
The hardness is expressed as a number which is derived by subtracting the pene¬ 
tration from an.arbitrary constant. A minor load of 10 kg. is first applied, which 
seats the penetrator in the surface of the specimen and holds it in position. The 
dial is then set at the point marked “Set” and the major load applied. After the 
pointer comes to rest the major load is removed, leaving the minor load still on. 

As Rockwell hardness numbers are based on the difference between the depths 
of penetration at major and minor load, It will be evident that the greater this 
difference, the less the hardness number, and the softer the material. This differ¬ 
ence is automatically registered when the major load is released (the minor 
load still being applied), by a reversed scale on the indicator dial, which thus 
reads directly Rockwell hardness numbers. 

Preparation of Surfaces—Surfaces that are ridged perceptibly to the eye by 
rough grinding or coarse machining offer unequal support to the penetrator. The 
degree of surface refinement depends on the accuracy required. When testing 
bar stock or forgings, it is advisable to remove enough of the surface by grinding 
or machining so that the penetrator will test the true metal underneath. A 
fairly smooth surface is necessary for accurate work, so the scale resulting from 
hardening should always be removed before testing. This Is particularly true with 
tool work, as it is often necessary to polish the work with a piece of emery cloth 
before the proper reading can be obtained. 

Thickness of Specimens—For accurate results, the specimen must be of such 
thickness that the undersurface of the specimen, after testing, does not show a 
perceptible impression. This thickness will vary greatly according to the hardness 
of the material tested. The hardest steels give true hardness readings if over 
0.027 in. in thickness. Soft material requires greater thickness of specimen, or 
lighter load, or both. 

Curved Surfaces—Results from tests on a curved surface may be in error and 
should not be reported without stating the radius of curvature. In testing rounds, 


Table I 

Rockwell Scales 


Designation 
of Scale 

Used for 

Major 

Load, 

Kg. 

Type of 
Penetrator 
Used 

Read on Dial 


A 

[Cold Rolled Strip Steel 
•(Case Hardened Steel 
iNltrlded Steel 

60 

Brale 

Black Numbers 
graduation) 

(outside 

the 

B 

Standard 

100 

A- Ball 

Red Numbers 
graduation) 

(inside 

the 

C 

Standard 

150 

Brale 

Black Numbers 
graduation) 

(outside 

the 

D 


100 

Brale 

Black Numbers 
graduation) 

(outside 

the 

B 

(Die Castings and 
(Soft Metals 

100 

Ball 

Red Numbers 
graduation) 

(inside 

the 

P 

Annealed Brass 

60 

A'' Ball 

Red Numbers 
graduation) 

(Inside 

the 

O 

Phosphor Bronze 

150 

. A" Ball 

Red Numbers 
graduation) 

(inside 

the 

H 


60 

W BaU 

Red Numbers 




*Prepared for the Hardness Testing Committee by A. L. Davis, Research Engineer, Scovlll 
Mfg. Co., Waterbury, Conn. 

The membership of the Committee was as follows: R. M. German, Chairman; C. H. Bier- 
baum, O. W. Boston, R. C. Brumfield, I. H. Cowdrey, A. L. Davis, and 8. L. Ooodale. 
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the effect of curvature may be eliminated by filing a small flat spot on the 
specimen. 

Recording Readings and Speed of Machine—^Every report of a test made on 
the Rockwell machine must state what scale is used, or its meaning becomes a 
matter of guesswork. This is done by the us#» of the designating letter, such as 
“B,” “O.” 

Fig. 1 shows the approximate relation between. Rockwell scales. These curves 
are correct only for the kinds of metal indicated in Table I and must not be 
regarded as holding true indiscriminately. 

The machine is provided with means for regulating the rate of application of 
the load, for which the standard speed is 5 sec. when using the 100 kg. load, and 
4 sec. with the 150 kg. load. Metals that flow readily under pressure, such as 

zinc, should be tested under a 
specified period of time of load 
application, which should be 
stated in reporting the results. 

Chucking—^The use of a 
V-notch anvil is advisable 
when testing cylindrical speci¬ 
mens. All specimens should be 
held rigidly and lie flat while 
applying the load. The surface 
being tested should not depart 
from the horizontal by more 
than 7.5°. When testing hollow 
pieces, such as tubing, special 
chucking may be necessary to 
avoid impression on the under¬ 
surface. 

Standardizaticn-<-Standardization of Rockwell machines is secured through the 
use of standard test blocks obtained from the manufacturer. The machine 
should check correctly with the standard blocks before being used to test other 
material. Even when checking satisfactorily with the standard blocks, high 
readings may yet result if the specimen is placed so that the penetrator strikes 
upon a spot previously tested. Low results may be obtained when testing thin 
specimens upon a hollow anvil (that is, an anvil which has been indented while 
testing very thin specimens or through other abuse). Specimens thal are too thin 
may give either high or low results (though more frequently high) and a rough 
or corrugated surface will give inaccurate readings. 

When testing even thick specimens with rough surfaces, low readings may 
result due to surface irregularities of the specimen on the face which rests against 
the anvil. It is almost as important to have this face free from rough grmding" 
marks and their irregularities as it is the face being tested. 

Homogeneity of Specimens—The Rockwell tester measures the hardness of 
the specimen at the point of penetration, but the reading is also influenced by the 
hardness of the material under the impression. For example, in testing the hardness 
of carbon steels (using cone penetrator) the actual depth of penetration is about 
0.0027 in., while the effects of penetration extend about 10 times this depth, or 
0.027 in., so if a softer layer is located within this depth the impression will be 
deeper and the apparent hardness less. Therefore, due regard for this condition 
must be had when testing material with a superflcial hardness, such as case 
hardened work. 

To secure the average hardness of materials such as cast iron with graphite 
particles, or some nonferrous metals whose crystalline aggregates are greater than 
the area of the penetrator, a penetrator of sufficient size may be used to over¬ 
come the local or grain hardness. 

Comparison of Hardness Values—For a comparison of hardness values see 
the article given at the end of this section entitled **Rockwell, Scleroscope, Brinell 
Conversion Table*’ and also the curves given at the end of this section entitled 
“OomprJison of Hardness Values.” 




Fig. 1—Approximate relation between Rockwell scales. 
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Precautions 

1. As vibrations cause fluctuations in the readings, a location should be selected where 
there is freedom from vibration. The heavy Jars from steam hammers are especially to be 
avoided. 

2. Be careful not to damage the penetrator or the anvil by forcing them together when a 
specimen is not in the machine. 

3. If the anvil has been Indented by contact with the penetrator. the readings on thin 
specimens will be inaccurate. 

4. Apply the minor load carefully so as not to overshoot the mark. If the specimen is 
raised so as to start to pick up the major load, the test should be abandoned and a new one made. 

5. The loading lever should be brought back gently, not with a jerk. 

6. If the specimen is so thin that there is a perceptible Imprint on the back after testing, 
the hardness shown is not reliable, although sometimes of use for comparison of metal of same 
thickness. 

7. Check the machine regularly every day by use of standard blocks, and record the results 
for reference. 

8. If the test is used on case hardened steel, the accurate hardness is not shown unless the 
hard layer is at least 0.027 in. thick. 

9. The plunger of the dial gage must move with absolute freedom. Erratic results may be 
due to its binding, either sidewise or back and forth. 

10. If the bearing screw in the top lever becomes indented by the ball which presses against 
it. the results will be erratic. In such a case, the screw should be replaced. The new style 
(floating cap) index screws are constructed upon a new principle. They are supposed never to 
require replacement. 

11. The ball penetrator tends to become flattened by use, especially in testing hardened steels. 
It should therefore be checked occasionally and replaced when necessary. In the same way the 
cone penetrator should be examined carefully if results do not check, and should be replaced if 
found to be blunted or chipped. 

12. The rate of load application is adjustable, and should be so adjusted that when no 
specimen is in the machine, at least 5 sec. are consumed in the travel of the weight from its 
initial to its final position, using the 100 kg. load. If the 150 kg. load is used, the time should 
be 4 sec. as a minimum. The time in actual operation of the machine will be more than 4 sec., 
because of the added resistance of the test piece; and the time required for the pointer to come to 
rest will vary from 3 see. on fully hardened steel to 8 sec. on fully annealed brass. With the softer 
nonferrous metals, normal indentation by the penetrator is followed by flow or “creep." which 
results in low readings. Hence the major load should be removed as soon as the pointer visibly 
comes to rest. 

Superficial Hardness Tester—^The Rockwell Superficial Hardness Tester Is 
intended exclusively for hardness tests where only very shallow penetration is 
possible and to determine the hardness of the specimen close to the surface. It is 
used for testing nitrided steel, safety razor blades, lightly carburized work, brass, 
bronze, and sheet steel. 

Principle of Operation—Instead of the 10 kg. minor load and the 60, 100, and 
150 kg. major loads of the regular Rockwell, the ^^Superficial” applies a minor load 
of 3 kg. and major loads of 15, 30, and 45 kg. 

Penetrators—The regular ^ in. dia. steel ball penetrator is used in the Super¬ 
ficial tester on brass, bronze, and unhardened steel, and it is designated as T. 
On hard steel surfaces (nitrided steels) the sphero-conical diamond Brale is used 
and is designated as N. 

Designation of Readings —^The readings are recorded by giving the major load 
which is followed by the designation for the penetrator used (N for the diamond 
Brale penetrator and T for the in. ball penetrator). This is followed by the 
dial reading. The established prefix symbols are as follows: 


Brale N Ball 


15-N 15-T 

30-N 30-T 

45-N 46-T 


The scale pan applies 15 kg. major load and each of the weights 15 kg., so the 
major load may be 15, 30, or 45 kg. 

Precautions—Although not necessarily polished, the specimens to be tested on 
the Rockwell Superficial must have a smooth finish. There must be no dust, scale 
or any particles on the under surface of the specimen or on the anvil, because any 
sinking of the specimen when under the testing load will add to the actual pene¬ 
tration as measured bv the dial saae. 
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Scleroscope Hardiness Test 

The principle employed In the scleroscope is the drop and rebound of a diamond 
tipped hammer. This hammer drops by the force of its own gravity from a fixed 
height upon the test specimen. The resulting rebound, of the model “C” Instrument, 
is then read against a graduated scale. 

The scale consists of units which are determined by dividing the average re¬ 
bound from quenched high carbon steels into 100 equal parts. 

With the model **D** instrument, the readings are recorded on a dial after the 
strike and rebound of the hammer. The dial hand remains fixed indefinitely or 
until released for another test. 

The scleroscope should always set level when taking a reading, as indicated by 
the bob rod on the side of the tube barrel. When the instrument is on its clamping 
stand it is levelled by the tripod screw. When on the swing arm and while using 
free handed it is levelled by the aid of the plumb bob. 

The instrument in addition to setting level should be held steady or free from 
lateral movement or shocks. When the instrument is moved or shaken roughly 
enough to rattle the plumb bob it has a marked effect upon the accuracy. These 
conditions should be observed when free hand tests are made; otherwise, the read¬ 
ing will be low. 

Surface of the Specimens—The specimen to be tested, especially when the read¬ 
ing is high, should always have a smooth surface. The higher the readings, the 
smoother must be the surface. The principal objection to a rough surface is the 
fluctuation caused in the reading. The reading taken from a rough surface will be 
lower than the true result. 

The surface obtained by using a medium fine emery wheel is usually satisfac¬ 
tory for hard metals, and the surface obtained with a No. 2 or No. 3 file for soft 
metals will be smooth enough. Mill scale, blister, rust, and decarburization should, 
of course, always be removed by grinding. The preparation of hardened specimens 
by grinding, especially with a fine emery wheel, should be done carefully to prevent 
tempering the surface. 

Reading the Scleroscope—The reading is the height of the first rebound noted 
on the scale at the top of the hammer. 

To locate the range, look for the rebotmd when hardened steel is tested between 
90-100; for medium hard aroimd 60, and for soft metals around 10 or 15, and so on. 
When the range Is found, do not look above the range, but rather, a few points 
below, for if the reboiuid is higher it is easily determined, but if it is less it will 
not come within the range of focused vision and will be missed. 

The light should fall downward on the instrument so that the glistening on 
the top of the hammer will act as a guide, and the top of the hammer should be 
kept bright, as this aids materially in the ease of reading the reboimd. A strong 
light is recommended, either artificial or daylight. 

The Hammer Diamond—The hammer diamond of the instrument should be 
tested regularly on standard blocks. It is advisable to check the instrument in the 
range in which it is to be used, because sometimes an instrument may read cor¬ 
rectly at one hardness and incorrectly at another. If it reads low, particularly on 
a hard standard block, it is due either to a roughened or worn point. The diamonds 
are not polished but are reasonably smooth. A magnifying glass will disclose whether 
the failure to check is due to the condition of the diamond or to some other cause. 

The Magnifier Hammer—The regular hammer when used on very soft metals 
has a comparatively limited rebound. The magnifier hammer is made with a larger 
point area, which enables it to rebound higher, thus magnifying small but signifi¬ 
cant variations in readings. This is a special hammer and is more of a laboratory 
convenience. 

The Lens and Pointer Needle—The scleroscope is provided with a lens and a 
pointer needle which together may be adjusted to any part of the scale. By setting 
the lens and the needle at the figure that the first rebound shows, slight variations 
above and below are easily noted. The lens is used principally on soft metals. 

The Sound of the Hammer—A little practice will soon disclose, when light or 
under-weight specimens are tested under the scleroscope, that two different sounds 


This article not revised for this edition. 
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may be produced. A solid dull thud indicates that the specimen has been clamped 
solidly and the test is perfect. A hollow ringing or Jingling sound indicates that the 
specimen is either not properly supported, due to excessive warping or lack of 
parallelness, or, if straight, is not properly qlamped. In these instances, the test 
is useless and should be corrected. 

Small and Thin Specimens-Under-weight samples, such as sheets, thin flats, 
small balls, rods or wire, that can be made to lie flat under the drop hammer, should 
be clamped down to make certain that no air space or intervention of dirt may 
cause a variation in the accuracy. 

Large or Over-Weight Masses-Large masses to be tested are easier to moimt 
and depend less on the scleroscope anvil for their under support. Accurate results 
are obtained without clamping large specimens but by placing them on an iron 
bench plate when testing. 

Testing Near the Edge—On small specimens little or no difference is noted by 
testing near the edge, if the specimens are flat and clamped rigidly. On other 
shapes, such as cylindrical specimens, particularly when hollow, a certain amount of 
drop in the reading is noted, due to the lack of mass and Improper under support. 
These errors can be corrected by the use of suitable clamping devices. 

Precautions 

1. Do not allow the hammer to strike more than once on the same spot or too 
near it, because the readings will be of no value. 

2. Mount specimens as solidly as possible. 

3. Testings of small pieces are best conducted in a bench vise by using the swing 
arm. Use soft steel copper or lead jaws whenever possible. 

4. Average readings should be taken in all cases where local characteristics are 
not being studied. 

5. The operating mechanism should be properly lubricated with a light, high 
grade oil. On the bulb machine no oil should be permitted to enter the glass tube. 
With the dial machine oil must be kept away from the clutch mechanism. 

6. The hammer should fit in the tube properly. 

7. Keep the instrument clean at all times. 

Low Readings May Be^Due: 

1. To friction from dirt in the glass or on the hammer. 

2. To clogging the vent holes in the bottom cap of the barrel which causes inter¬ 
ference with escape of air under the falling hammer. 

3. To a loose diamond. (This may be determined under a magnifying glass by 
tapping the stone lightly.) 

4. To being out of plumb. 

5. To striking a glancing blow when impacted surface is not level. 

High Readings May Be Caused: 

1. Under exceptional conditions by wear on the diamond point. Hammers that 
read too high should be redressed and restandardized. This can be determined by 
use of standard blocks. 

2. When the valve ball becomes clogged with dust so that it cannot set properly 
some air will enter the glass tube chamber, which causes the hammer to drop with 
a greater velocity, with the result that abnormally high readings will be obtained. 

Comparison of Hardness Values—^For a comparison of hardness values see the 
article on Hardness Conversion. 
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The Monotron Hardness Test 

By O. W. Boston* 

Description—The monotron is a hardness testing machine which registers 
on a dial the load required to produce a definite penetration of a body. 

Two indicating dial gages are used, one for measuring the pressure and the 
other for measuring the depth of penetration in both soft and hard materials. 

Principle of Test—Penetration is first made to a predetermined standard depth 
by aid of a compensated depth micrometer indicator. The hardness number is then 
read from the pressure scale in terms of kg. per unit area while the load is still 
on. This feature serves to eliminate errors caused by confusion with elastic recovery 
and provides for testing other materials in addition to metals. 

Upon releasing the load, the depth Indicator returns toward zero to the extent 
of the elastic recovery of the test specimen. The remaining divisions above zero 
indicate the degree of permanent deformation. By exceeding the recommended 
standard depth of penetration, ductility and point of plastic flow of metals and 
compositions are determined.' The effect of time is of importance here and is also 
readily observed. 

Preparation of Surfaces—In the use of the standard spherical impresser points, 
the surface may be either prepared or unprepared. 

On prepared surfaces (not polished) the hardness test is made without the use 
of prepressure, so the pressure indicator hand normally rests at zero. The zero 
for the pressure scale is really % kg. above to offset the weight of the pressure bar. 
Impressions thus made to the adopted standard depth of penetration. 9/5,000 in. 
may be checked up when desired for diameter with a measuring microscope to test 
the accuracy or adjustment of the machine. 

Testing on unprepared surfaces, such as when scaly, rough, or decarburized, 
may be done with accuracy by the use of prepressure, such as setting the starting 
point of the pressure hand from 10-20 kg. or more below zero, thus cutting through 
the irregular surface. When the pressure hand has been brought to zero, the depth 
indicator hand is then required to penetrate further to the standard testing depth 
of 9/5,000 in. and the unit pressure above zero on the pressure scale is taken as 
the quantitative hardness of the specimen. 

Tests on Thin Specimens or Finished Surfaces—^When testing sheet a minimum 
thickness of 0.020 in. is required to give hardness values without anvil effect. Sheets 
down to 0.010 in. in thickness may be tested although an allowance has to be made 
for anvil effect. On thinner specimens it is necessary to pile up sheets to make up 
the required thickness of 0,020 in. 

When the test must be substantially nondestructive, only part of the standard 
penetration is taken, such as %, in which case the pressure readings are multiplied 
by three to obtain the full depth values and standard hardness numbers. 

Tests on Nitrided Steels—When the 6ase of nitrided steels is of insufficient 
thickness to permit the application of the fixed load the hardness measurement 
may be accomplished by taking the sum of three readings of three divisions each, 
rather than a single reading of 9/5,000 in. 

Monotron Scales—^The standard test is made with the diamond ball impresser 
which is % mm. in dia. and penetrates to a depth of 9/5,000 in.; with this is used 
scale M-1, which reads directly in Brinell numbers. This test measures the hard¬ 
ness of all metals from the softest to the hardest, Including nitrided surfaces and 


•Prepared for the Hardness Testing Committee by Prof. O. W. Boston. University of Michigan, 
Ann Arbor. Mich. 

The personnel of the Hardness Testing Committee Is as follows: H. M. German, Chairman; 
C. H. Bierbaum, O. W. Boston, R. C. Brumfield. I. H. Cowdrey, A. L. Davis, and S. L. Goodale. 

my point of plastic flow is meant the degree of overload under a hardness test penetrator 
which would cause additional penetration without additional load if extra time Is allowed. 

By compositions is meant some nonmetallio materials which, when submitted to penetrational 
strains, will flow when stressed beyond the elastic limit in proportion to the time allowed, some¬ 
thing like, but more exaggerated than in metals. 

This article not revised for this edition. 
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cemented tungsten carbide, without any special compensative adjustment of the 
machine or changing of points. 

The term *'Monotron Hardness*' indicates that the % mm. dia. diamond point 
was used. It is designated as 100 kg. Monotron, or Monotron Diamond Brinell. 
Larger spherical penetrators are used in dead soft metals because the % mm. dia. 
diamond necessarily gives small values. Hence in. and 2^ mm. dia. cemented 
tungsten carbide points are used for these metals. Results from these tests are 
referred to as scales M-3 and M-4 respectively. Scale M-2, using a 1 mm. diamond 
ball, is not in common use. To penetrate hard metals, a point of this size is too 
large. 

Comparison of Hardness Values—^For a comparison of hardness values see 
the article given on this subject at the end of this section. 
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Vickers Diamond Pyramid Hardness Test 

By S. L. Goodale,* B. B. Rosenbaum^* and Howard Scottf 

Principle—The principles involved in testing hardness by the Vickers diamond 
pyramid and the Brinell methods are practically identical. A predetermined load Is 
Impressed at a point upon the specimen. The ratio of the impressed load to the 
area of the resulting indentation gives the hardness number. The loaded indenter 
P 9 int is lowered upon the specimen gradually, and at a diminishmg rate. This 
application and the removal of the load, after a predetermined interval, are con¬ 
trolled automatically. 

Vickers Indenter—As the Vickers indenter is a diamond, it can be used in test¬ 
ing the hardest steels and remains practically undeformed. 

The diamond indenter is accurately cut and polished to the shape of a square- 
based pyramid. Therefore, the impressions are extremely well defined and geometri¬ 
cally similar, irrespective of depth. Although a similar effect can be obtained by 
use of a conical indenter, the square impression of the pyramid is much more easily 
measured (across the diagonals) than the diameter of a circular impression. 

The surface for testing must be flat and well polished, as scratches or grooves 
may cause difficulty in reading due to defective corners in the impression. 

Measurements—^The measurements are taken by means of a specially con¬ 
structed ocular micrometer which is fitted with knife edges rather than the usual 
hair lines. The readings are taken from actual figures at the side of the ocular, 
thus eliminating the possible error of miscounting the divisions on a small scale. 

Application of Load—The internal mechanism of the Vickers instrument con¬ 
sists mainly of a weight operated cam. The speed of rotation of this cam is con¬ 
trolled by an oil dashpot, and the movement applies the load to the diamond in¬ 
denter. The same cam applies, removes, and controls the duration of the load. The 
load is light, varying from 1-120 kg. according to requirements. It is applied and 
removed automatically. One movement of a starting handle releases the mechanism, 
and the depression of a foot pedal restores it to its original position. An audible 
click informs the operator of the duration of the test. It is recommended that the 
time of load application be standardized at 10 sec. 

Upon lowering the stage, the microscope may be swung into a position over the 
impression. The measuring microscope is of the angular type, centers automatically, 
and is capable of measuring to 0.00005 in. 

The Impression—^The impression appears as a dark square on a light ground. 
The measurements are taken across the diagonals of the square between the knife 
edges in the ocular. There are three knife edges: One is fixed, another movable by 
means of a micrometer screw connected to the counting mechanism, and the third 
provided for rapid readings to specified limits. The left hand corner of the impres¬ 
sion is set to correspond to the fixed knife edge, the movable knife edge adjusted 
to coincide with the right hand corner of the impression, and the reading taken 
by reference to the Indicator at the side of the ocular. The actual hardness figure 
is then found from a chart or calculated by a simple formula. 

Hardness Numbers—Hardness numbers obtained with a pyramid indenter are 
practically constant,' irrespective of the load applied. The Vickers and Brinell 
hardness values on steel are practically identical up to a hardness of about 300. 
At higher hardness values the Brinell falls progressively lower than the Vickers 
number, and is not reliable above about 600 Brinell hardness, even with specially 
hardened balls. This irregularity is caused by flattening of the steel ball under 
the heavy local loads required for testing hard materials, whereas the diamond 
shows no distortion. 


*Prepared for the Hardness Testing Subcommittee by Prof. S. L. Ooodale and B. B. Rosenbaum. 
University of Pittsburgh, Pittsburgh, and tHoward Scott, Engineer In Charge of Metallurgical Sec¬ 
tion, Westlnghouse Electric ft Mfg. Co., Pittsburgh. 

The membership of the subcommittee was as follows: H. M. German, Chairman: C. R. Bier- 
baum, O. W. Boston, R. C. Brumfield. I. R. Cowdrey, A. L. Davis, and 8. L, Ooodale. 
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The relations for slide rule calculation of Vickers hardness are: 

L 

H = 1.8544 — where H is the Vickers pyramid numeral; L is the load in kg., 
d* 

and d is the diagonal of the indentation in mm. d is obtained from the ocular read¬ 
ing, r, from the relation: 

d = 0.002 r or 0.001 r (for % in. objective), and 

d = 0.005 r or 0.0025 r (for 1% in. objective), depending on the constants 

of the micrometer ocular. 

The hardness numeral is calculated from the ocular reading by the following 
relation: 

L 

H = 0.4636 — X 10« (for % in. objective, where d = 0.002 r); 
r* 

L 

H = 1.8544 — X 10* (% in. objective, where d = 0.001 r); 
r» 

L 

H = 0.07418 — X 10« (for IV^ in. objective, where d = 0.005 r); 
r* 

L 

H = 0.2967 — X 10* (1% in. objective, where d = 0.0025 r). 

r* 

Comparison of Hardness Values—^For a comparison of hardness values see the 
hardness conversion table on page 127. 

Testing Thin Sheet—This tester can be used on thin sheet because of the accu¬ 
racy with which the small impressions may be read. Lighter loads are used when 
testing sheet thinner than about 25 gage. 

Advantages—Some of the advantages claimed for the Vickers machine are: 

1. The load is uniform, and automatically applied, so that there is no inertia. 

2 . The duration of the load is uniform, the load being automatically removed at the end 
of a predetermined Interval. 

3. The hardest material can be tested accurately because of the diamond Indenter. 

4. There is very little damage done to the specimen because the impression is very small. 

5. Both the ‘‘case” and **core** of case hardened steels may be tested, since the impression 
is only about 0.002 in. deep on hard steels. 

6. Only slight resetting is necessary under the microscope. 

7. Errors in reading are greatly eliminated, since readings are taken from actual figures 
rather than from a scale. 

8. Specimens with a wide range of sizes can be tested. Specimens up to 13 in. deep, in 
some cases 17 in., can be accommodated under the indenter. 

Disadvantages—A disadvantage attributed to the Vickers machine is that it 
is more of a laboratory instrument than a shop machine. Strictly speaking, this 
is not true, for the construction is sturdy, and the operation simple. As the impres¬ 
sions are much smaller than for the Brinell or Rockwell machines, the surfaces for 
testing must be prepared much more carefully. Although the Vickers Instrument 
is definitely a machine of precision, it requires care in operation rather than any 
particular skill. 

Checking—It is advisable to check the machine occasionally against standard 
test blocks. In case of failure to check satisfactorily, the trouble may be due to the 
plunger sticking in the sleeve. Polish the tube or plunger carrying the diamond 
indenter in a longitudinal direction with dry emery jiaper (400 O). 

Precautions— 

1. Apply test only to smooth level surfaces representative of the material. 

2. Select the load with regard to hardness and-thickness of the piece to be tested. 

3. Replace the diamond when it becomes chipped as shown by irregularity of the impression 
made. 

4. Check the zero position of the micrometer occasionally. 

5. Adjust the knife edges of micrometer accurately perpendicular to the impression diagonals. 

6. Keep the dashpot full of suitable oil to prevent impact loading. 

7. Discard readings made on a tilted surface which are indicated by a large difference between 
the two diagonal readings 
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The Microcharacter 

By C. H. Bierbaum* 

Introduction—^The Microcharacter offers a method for testing the hardness of 
microscopic areas or constituents of alloys, exceedingly thin layers of metal, and 
gradients of hardness.^ The degree of refinement of this method has been made 
possible only by the skill of a lapidary, P. P. Gilmore of Boston, who now grinds 
the diamond to a degree of refinement never heretofore attained. The sapphire was 
first used, but was found unsatisfactory. The instrument was originally designed 
for studying bearing alloys;* but now finds general application. 

Description—The test specimen must be small (not in excess 1 sq. in. of area). 
It should have a ground and polished metallographic surface. The specimen should 
be mounted on an ordinary microscope slide with plastic material in the usual 
manner. The microscope equipment should be rigid and of the highest order, a 
1.5 or 2 mm. oil immersion and a 3 or 4 mm. dry objectives should be provided, also 
a filar screw micrometer ocular of 15 or 25 X. A vertical illuminator giving ample 
illumination must be provided. The combination should be such that a single micron 
(1/1000 mm.) can be measured with a reasonable degree of accuracy. The standard 
load on the diamond is 3 g. The diamond is ground with three facets making right 
angles with each other, a solid right angle, the corner of a cube. It is mounted 
so that the diagonal of the cube is normal to the test surface, with one edge accu¬ 
rately in line of cut. The point of the diamond is sharp and perfect under a mag¬ 
nification of 2000 X. 

Operation—The ocular should first be calibrated with a stage micrometer, so 
that the value of the subdivisions of this ocular scale are known in terms of microns. 

Microhardness Numbers 

Standard 3-g. Weight 

K = X-*10* =: Microhardness 
X = Width of Microcut in Terms of fi 


/I 

K 


K 


K 

ft 

K 

100.0 

1.0 

14.5 

47.6 

9.0 

123 

3.7 

730 

76.0 

1.7 

14.0 

51.0 

8.8 

129 

3 6 

772 

64 0 

2.4 

13 5 

54 8 

8.6 

135 

3 5 

816 

56.0 

3.2 

13.0 

59.2 

8.4 

142 

3.4 

865 

50.0 

4.0 

12.8 

61.0 

8.2 

149 

33 

918 

47.5 

4.4 

12.6 

63.0 

8.0 

156 

3.2 

977 

45.0 

4 9 

12.4 

65.0 

7.8 

164 

3.1 

1041 

42 5 

5.5 

12.2 

67.2 

7.6 

173 

30 

1111 

40.0 

6.3 

12.0 

69.5 

7.4 

183 

2 9 

1189 

37.5 

7.1 

11.8 

71.8 

7.2 

193 

28 

1276 

35.0 

8 2 

11.6 

74.3 

7.0 

204 

27 

1372 

32.5 

9.5 

11.4 

76 9 

6.8 

216 

2 6 

1479 

30.0 

11.1 

11.2 

79.7 

6.6 

230 

2 5 

1600 

28.0 

12.8 

11.0 

82.6 

6.4 

244 

2.4 

1736 

26.0 

14.8 

10 8 

85 8 

6.2 

260 

23 

1891 

24 0 

17.4 

10 6 

89 0 

6.0 

278 

22 

2066 

22 0 

20.7 

10.4 

92.5 

5.8 

297 

2 1 

2268 

20.0 

25.0 

10 2 

96.2 

5.6 

319 

2.0 

2500 

19.5 

26 3 

10.0 

100 

5.4 

343 

1.9 

2770 

19.0 

27.7 

9.9 

102 

5.2 

370 

18 

3087 

18.5 

29 2 

9.8 

104 

5 e 

400 

1.7 

3460 

18.0 

30.9 

9.7 

106 

48 

434 

1.6 

3906 

17.5 

32.7 

9.6 

109 

4.6 

473 

1.5 

4444 

17 0 

34.6 

9.5 

111 

4.4 

517 

1.4 

5102 

16 5 

36.7 

9.4 

113 

4.2 

567 

1 3 

5917 

16.0 

39 1 

9.3 

116 

4.0 

625 

1.2 

6944 

15.5 

41.6 

9.2 

118 

3.9 

657 

l.l 

8264 

15.0 

44.4 

9.1 

121 

3.8 

692 

1.0 

10000 


(For a 9-g. weight use X) 


•Vice-President, Lumen Bearing Co., Buffalo 
iTrans. A.S.S.T., Jan., 1931. 

•Trans.* A.S.M.E., 1920, p. 1099. 

This article not revised lor this edition. 
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The mounted test specimen is then placed on the instrument. A drop of **super- 
fine** watch oil (can be obtained in the jewelry trade) is placed upon the test sur¬ 
face at the point where the microcut is to begin. The diamond is then lowered 
upon the test piece into the drop of oil until the suspension arm is horizontal as 
indicated by its spirit level. The worm gear is then engaged and the test surface 
slowly moved under the diamond point, making the microcut. After the lubricating 
oil has been removed and immersion oil applied to the test surface, the width of 
cut is then examined and measured at points of interest and translated into micro¬ 
hardness according to the accompanying formula and table. 

Caution—The diamond, the hardest of all known substances, is brittle. Under 
no conditions should the point of this diamond be brought in contact with another 
diamond, since an almost insensible pressure upon this exceedingly sharp point 
produces a load per unit area that is far in excess of the crushing strength of the 
diamond. It should not be subject to blows of any kind during manipulations. 
The instrument is not intended for commercial testing; it is for research only, in 
the hands of a skilled metallurgist or microscopist. 
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File Hardness Test 

By H. T. Morton* 

The File Test—^To determine whether or not a steel article is “file hard/' the 
handle of the file is grasped in the right hand with index finger extended along 
the file, and- the surface to be tested rubbed slowly but firmly with the sharp 
teeth. Just as soon as it is apparent whether or not the file will bite, it is removed. 
The object to be tested may be held in the left hand and rested on a bench or 
against a stop, or it may be clamped in a vise. 

The simplicity and rapidity of this method of hardness testing are strongly 
in its favor for the control of hard surfaces in production. In the period of a few 
seconds the tester can determine the hardness of each tooth of a gear, various sur¬ 
faces of a ball or bearing, or other hardened parts without injury to the surface. 

File Hardness or **Scratchhardness”—It has been suggested that the ability to 
resist a file be called the “fllehardness" of a surface. There are grounds for 
the belief that the degree of filehardness is related to the ability to resist wear and 
abrasion, for when the file tooth takes hold of the metal it penetrates to a small 
degree, as well as scrapes and wears away a small portion of the metal—that 
is, it “abrades” it. This is probably a better approximation for gears and other 
articles which get a sliding or rubbing action than for cutting tools. Some cutting 
tools give excellent service, even though less than “file hard.” 

Factors Influencing Test^Comparisons of filehardness are dependent upon 
three factors: (1) The size, shape, and hardness of the files; (2) the speed of mov¬ 
ing the file across the hardened part and the pressure and angle of the file while 
moving; (3) composition and heat treatment of the steel being tested. 

1. Size, Shape, and Hardness of Files—The first item can be standardized by 
using files made especially for testing, and by making sure that the files are not 
used after they have become dull. Pieces of steel or samples of the product with 
the proper hardness and temper so they can just be touched with a new file can 
be used as gages or master test pieces for the beginner, and later for comparison 
tests when any doubt exists as to the hardness of the article or the cutting ability 
of the file. As long as the file will cut the master test piece, it is good to use for 
testing purposes. The number of times a “single spot” on the file can be used 
will depend upon the hardness of the articles being tested and the degree of 
skill acquired by the workmen, but there is always the master test piece to prove 
the accuracy and cutting ability of the “single soot.” 

New files to be used for testing should be standard (that is, able to cut a 
standard hardness block) and uniform (that is, every spot on every file able to 
cut the block). Such files are procurable from reputable manufacturers. 

One manufacturer recommends 10-in. mill bastard files for testing. Another 
makes the following grades of testing files and describes their uses as follows: 

6-In. Pillar Testing File No. 0 

6-In. Pillar Testing Pile No. 1 

8-In. Pillar Narrow Testing File 

6-In. Three-Square Testing Pile No. 1, ^ 

“The pillar type of file is used for testing hardened or tempered steel articles 
of flat, oblong or square shape, and also the outside surface of round or curve¬ 
shaped articles. The 3-square type is used for testing articles which are irregular 
in shape, and in which there are crevices or grooves. The 8-in. pillar narrow test¬ 
ing file and the 6-in. No. 0 file are better used when testing for absolute hardness, 
while the finer No. 1 cut is better for use when testing tempered articles.” 

2, Speed, Pressure, and Angle of File While Making Test —^The second item 
influencing the file test is controlled by the skill of the workman. The slower the 
speed the more accurate is the test, because high speeds will wear off the surface 
of both the part and the file, thereby giving a false Indication of softness. A girl 
in inspection was able to wear away hardened balls (Rockwell C-64) by moving 
the file fast enough, while a man applying a heavy pressure at slow speed produced 
a negligible effect on the same material. 

*Metallurglst, Hoover Ball and Bearing Co., Ann Arbor, Mich. 
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Shape of the article and angle of contact with the file teeth also infiuence 
fllehardness. It is easier to “touch” a narrow edge than a wide surface. There 
is also a noticeable difference in resistance given by a polished piece as compared to 
a rough surface, and by a dry surface as compared to one wet with oil. Even so, there 
Is seldom any necessity to prepare the surface to be tested, such as by removing all 
scale: generally the file will remove enough scale to give an accurate test of hard¬ 
ness, provided the part is held rigidly. 

3. Influence of Composition and Heat Treatment—The third item, namely the 
composition of steel and its heat treatment, is such that the file is limited to certain 
very high hardness values, with a minimum of approximately Rockwell C-58-C-60. 
Its utility on tempered parts might be limited to a still higher range. The writer’s 
experience with standard 10 in. mill bastard files indicates that quenched carbon 
steel parts of Rockwell C-60 hard will not be cut, while C-58 cuts slowly, and 
chromium steel parts tempered at 350®P. with a Rockwell of C-62-64 will often cut 
easily. 

A leading American manufacturer states that his files made especially for 
testing will not cut straight carbon tool steel (Rockwell C-64-C-68) immediately 
after drastic quenching, but will cut it after tempering to 375®P., even though the 
Rockwell hardness still measures C-64-C-66. 

Soft Spots and Decarburization—For determination of soft areas or depth of 
decarburization the hardened parts should be clamped in a vise, rather than held 
in the hand. This insures rigidity and allows the tester to use both hands, and 
thereby control his applied pressure and speed of stroke in filing away the soft 
surface metal. Under these conditions the file test is much quicker than micro¬ 
scopic examination or other methods of measuring depth. 

Advantage of Test in Hands of Skilled Inspectors—File testing is an art acquired 
by experience rather than a scientific method. It must be fitted to the needs of 
the particular product being manufactured and in only a few Instances is used 
as a standard for specifications. The terms of defining it are so flexible, and ordi¬ 
nary files vary so much, that the results are not reproducible enough to be passed 
between manufacturing plants as a standard. But it can be and is developed in 
Individual factories into an excellent method of determining the hardness of hard- 
^ed metal products. 

The skilled workman who uses a file for testing soon learns to allow for all 
the factors that might infiuence the accuracy of the test, and when using standard 
testing files the file test becomes an extremely useful measure of hardness. The 
required skill is not difficult to acquire. 

Cost of the test is dependent less upon labor costs than upon the life of the 
files used. When testing parts having narrow contacts with the files, the teeth 
are worn and broken quickly, thereby allowing only a few strokes to each area 
on the file, but skilled workmen will be able to use the full width of the file in 
this manner. For wide specimens the teeth wear more slowly but uniformly, neces¬ 
sitating care in discarding the file when it is too dull for good use. 

The rapidity of the file test keeps it as a regular means of testing hardness 
and decarburization, but it is limited to a small range of usefulness—^mostly on 
hardened parts, not tempered. Whenever it is desired to define the term “file 
hard,” one should specify the hardening procedure on the test block which the 
file cannot touch. 

Reference 

W C. Hamilton, Notes on Pile Scratch Test, Metal Progress, Sept., 1937, p 265. 
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Hardness Conversion Table 

Introductory Remarks—This table only applies to steel of uniform chemical 
composition and uniform heat treatment, and is not recommended for nonferrous 
metals or for case hardened steels. 

The descriptive articles in the Handbook on the Brinell, Rockwell, scleroscope, 
and Vickers hardness testing methods should be referred to, and especially the 
sections in these articles dealing with the applications and precautions to be taken 
with these instruments. 

Approximate Relations Between Brinell, Rockwell, Shore, Vickers and Firth Hard¬ 
nesses and the Tensile Strengths of S.A.E. Carbon and 
Alloy Constructional Steels. 


-Rockwell- 


- -^Brl 

Ola. in mm., 
3000 kg. load 

10 mm. ball 

nell- 

Hardness 

No. 

Vickers or 
Firth Dla. 
Hardness 
No. 

0 

150 kg. load 
120** Diamond 
Cone 

B 

100 kg. load 

A in. dia. 
ball 

Shore 

Scleroscope 

No. 

Tensile 

Strength 

1000 

psl. 

2.05 

898 





440 

2.10 

857 

♦ • • • 



• •. 

420 

2.15 

817 

• • • • 



.. • 

401 

2.20 

780 

1150 

70 


106 

384 

2.25 

745 

1050 

68 


100 

368 

2.30 

712 

960 

66 


95 

352 

2.35 

€82 

885 

64 


91 

337 

2.40 

653 

820 

62 


87 

324 

2.45 

627 

765 

60 


84 

311 

2.50 

601 

717 

58 


81 

298 

2.55 

578 

675 

57 


78 

287 

2.60 

555 

633 

55 

120 

75 

276 

2.65 

534 

598 

53 

119 

72 

266 

2.70 

514 

567 

52 

119 

70 

256 

2.75 

495 

540 

50 

117 

67 

247 

2.80 

477 

515 

49 

117 

65 

238 

2.85 

461 

494 

47 

no 

63 

229 

2.90 

444 

472 

46 

115 

61 

220 

2.95 

429 

454 

45 

115 

59 

212 

3.00 

415 

437 

44 

114 

57 

204 

3.05 

401 

420 

42 

113 

55 

196 

3.10 

388 

404 

41 

112 

54 

189 

3.15 

375 

389 

40 

112 

52 

182 

3.20 

363 

375 

38 

no 

51 

176 

3.25 

352 

363 

37 

no 

49 

170 

3.30 

341 

350 

36 

109 

48 

165 

3 35 

331 

339 

35 

109 

46 

160 

3.40 

321 

327 

34 

108 

45 

155 

3.45 

311 

316 

33 

108 

44 

150 

3.60 

302 

305 

32 

107 

43 

146 

3.55 

293 

296 

31 

106 

42 

142 

3.60 

285 

287 

30 

105 

40 

138 

3.65 

277 

279 

29 

104 

39 

134 

3.70 

269 

270 

28 

104 

38 

131 

3.75 

262 

263 

26 

103 

37 

128 

3.80 

255 

256 

25 

102 

37 

125 

3.85 

248 

248 

24 

102 

36 

122 

3.90 

241 

241 

23 

100 

35 

119 

3.95 

235 

235 

22 

99 

34 

116 

4 00 

229 

229 

21 

98 

33 

113 

4.05 

223 

223 

20 

97 

32 

no 

4.10 

217 

217 

18 

96 

31 

107 

4.15 

212 

212 

17 

96 

31 

104 

4.20 

207 

207 

16 

95 

30 

101 

4.25 

202 

202 

15 

94 

30 

99 

4.30 

197 

197 

13 

93 

29 

97 

4.35 

192 

192 

12 

92 

28 

95 

4.40 

187 

187 

10 

91 

28 

93 

4.45 

183 

183 

9 

90 ' 

27 

91 

4.50 

179 

179 

8 

89 

27 

89 

4.55 

174 

174 

7 

88 

26 

87 

4.60 

170 

170 

6 

87 

26 

85 

4.65 

166 

166 

4 

86 

25 

83 

4.70 

163 

163 

3 

85 

25 

82 

4.75 

159 

159 

2 

84 

24 

80 


Figures in italics are an approximation and are to be used only a& a guide. 

(Continued) 
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-Rockwell-- 

-Brlnell———. Vickers or C B Tensile 


Dia. In mm., 
3000 kg. load 

10 mm. ball 

Hardness 

No. 

Firth Dia 
Hardness 
No. 

150 kg. load 
120* Diamond 
Cone 

100 kg. load 
in. dia. 
ball 

Shore 

Scleroscope 

No. 

Strength 
. 1000 
psl. 

4.80 

166 

156 

1 

83 

24 

78 

4.85 

153 

153 


82 

23 

76 

4.90 

149 

149 


81 

23 

75 

4.95 

146 

146 


80 

22 

74 

5.00 

143 

143 


79 

22 

72 

5.05 

140 

140 


78 

21 

71 

5.10 

137 

137 


77 

21 

70 

6.15 

134 

134 


76 

21 

68 

5.20 

131 

131 


74 

20 

66 

5.25 

128 

128 


73 

20 

65 

5.30 

126 

126 


72 


64 

5.35 

124 

124 


71 


63 

5.40 

121 

121 


70 


62 

5.45 

118 

118 


69 


61 

5.50 

116 

116 


68 


60 

5.55 

114 

114 


67 


59 

5.60 

112 

112 


66 


58 

5.65 

109 

109 


65 


56 

5.70 

107 

107 


64 


55 

5.75 

105 

105 


62 


54 

5.80 

103 

103 


61 


S3 

5 85 

101 

101 


60 


52 

5.90 

99 

99 


59 


51 

5 95 

97 

97 


57 


SO 

6.00 

95 

95 


56 


49 


Figures In italics are an approximation and are to be used only as a guide. 


Moh’s Scale of Hardness 

1 Tale. 3. Gypsum. 3 Calc spar. 4. Fluor spar. 5. Apatite 6 Feldspar. 7. Quartz 8. Topaz. 
8 Sapphire 10. Diamond. 
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Hardness Testing at Elevated Temperatures 

By Dr. Oscar E. Harder* 

Introduction—^Methods have been devised and used to determine the hardness 
of metals and alloys at elevated temperature, but as yet no standard procedure seems 
to have been adopted. As a result, many of the data reported in the literatui'e arc 
doubtful, and even the best figures available by different investigators are gen¬ 
erally not comparable because of the different procedures used in making the tests. 
This article briefly reviews the methods that have been used in hardness testing at 
elevated temperatures and discusses the important factors involved and the pre¬ 
cautions to be taken in making such tests. 

Testing Methods—For convenience, the procedures that have been used In 
hardness testing at elevated temperatures may be grouped under 4 methods, as 
indicated below; they are given in about the chronological order in which they 
were first used: 

A. Ordinary Hardness Test—The sample to be tested is heated to the desired 
temperature, removed from the furnace, and then tested in the usual way. Gen¬ 
erally, the Brinell test has been applied. Obviously, the method is open to the 
criticism that the indenting ball is cold and, therefore, cools the metal at the 
contact. The specimen cools during testing and at higher temperatures, if a steel 
ball IS used, it may be softened and deformed. 

B. Drop or Impact Hardness Test—This method determines the Impact hardness 
(drop hardness) and then either expresses the results as the work divided by the 
volume of the indentation (mm. kg. cu.mm.) or by reference to a curve, converts 
these values into equivalent static hardnesses. This method has been rather exten¬ 
sively used, because the time during which the indenter is exposed to the high 
temperature is reduced to a minimum. Usually, a ball of 5 or 10 mm. dia. has 
been used as the indenter and the diameter of the impression measured. In some 
cases a material of known hardness has been placed back ot the ball, so that it also 
showed an impression as a result of the impact, from which the relative hardness 
could be calculated. This method is open to the objections that the indenter is 
cold and that impact hardness values may not be directly comparable to static 
hardness values. 

C. Indenter and Specimen Heated —In this method the indenter and the speci¬ 
men are both heated to the desired temperature and the test made either by the 
static or impact method. The cemented carbide ball has made it possible to make 
the ordinary Brinell test at temperatures extending well into the red heat range. 

D. Mutual Indentation —^This method is the one most recently reported and em¬ 
ploys the mutual indentation produced ©n 2 cylindrical specimens of the material 
being tested under selected loads. Its advantages in the procedure described are 
that indentation is made on 2 specimens of the same material held at any desired 
temperature. Its disadvantages are that special specimens are required, and a 
factor must be used to convert the hardness values obtained into standard Brinell 
values. For extremely hard materials, this method has the further disadvantage 
that the flattered surface is narrow, even when a load of 3,000 kg. is applied, and 
for that reason sufficiently accurate readings are difficult to make. 

The application of the mutual indentation method of hardness testing at ordi¬ 
nary temperatures has been described by Cowdrey,* and its application to determin¬ 
ing the hardness of high speed steels and related alloys at elevated temperatures 
by Harder and Grove.® 

Results of Tests—For complete information on the methods of hardness testing 
at elevated temperatures and a discussion of the results obtained, a selected list of 
references is given at the end of this article. See especially references 2 and 5. 

Critical Discussion of Methods-* Tt seems obvious that method A cannot be 
depended upon to give an accurate measure of the hardness of materials at elevated 
temperatures, and it should not be considered as satisfactory. 

Method B may give relative values, but the data available indicate that higher 
hardness values are obtained by this method of testing at elevated temperatures 
than by either methods C or D. For that reason it seems that a preference must 

*As8t. Director, Battelle Memorial Institute. Columbus, O. 

This article was not revised for this edition. 
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be given to methods C and D to obtain reliable hardness values bX elevated temper¬ 
atures. Method C seems preferable in most respects, because the values obtained 
are expressed in terms that are widely employed without using a conversion factor, 
as Is reauired in method D. Method C also makes it possible to use a more conven¬ 
tional test specimen. 

^ Indenters—^Because the usual steel balls will be softened at the higher testing 
temperatures and are therefore, likely to be deformed in testing, even when a new 
ball is used for each test, as was done by d’Arcambal,* it seems advisable to limit 
their use to temperatures below which the indenters will be appreciably tempered. 
This will limit the use of steel indenters to temperatures of about 400-900*P., 
depending upon the composition and its resistance to tempering on heating. Perhaps 
steel Indenters should be limited to temperatures up to 400°P. 

The sintered carbide ball appears to be usable to a much higher temperature, 
probably up to at least 1475®P. Likewise, the diamond Indenter retains its hardness 
at elevated temperatures and should be usable up to 1500-1800®P. 

In method D, the material being tested is used as the indenter. and there 
seems to be no difficulty about using the elevated temperatures except that the 
load applied must be decreased as the temperature increases or as the hardness 
of the materia] decreases. Apparently, satisfactory results have been obtained up 
to 1475''F. with the high speed steels. 

Method of Heating Specimens—Obviously, it is necessary to heat the specimens 
under test throughout to the testing temperature and to hold them at this temper¬ 
ature during the test. For the lower temperatures, water, glycerin, cylinder oil, and 
possibly a fused salt bath may be used. For the higher temperatures, it is more 
convenient to use some t 3 rpe of furnace, preferably electrically heated, which can be 
used to maintain accurately the desired temperature. 

Effect of Time at Temperature—For temperatures below the annealing or soften¬ 
ing temperatures of the material under test, the time that the specimens are 
held at temperature is of minor importance. As soon as the testing temperature 
is above the annealing or softening temperature of a material being tested, the 
holding time becomes important. For example. Wissler and Day'^ made tests on a 
high speed steel of the 18-4-1 type at 1300®P., in which the specimens were held 
20 min., 1 hr., and 1% hr. and obtained the Brlnell hardness of 275, 193, and 175, 
respectively. At 1100®F., in which the holding times were 20 min. and 1% hr., 
hai^ness values of 495 and 415, respectively, were obtained. The effect of holding 
time at temperature, which has varied considerably with different investigators, is 
one of the factors that has contributed to the lack of consistent results at the 
higher testing temperatures. 

Two methods of procedure might be considered; first, the material being tested 
might be thoroughly annealed or tempered at a temperature at least as high as 
the testing temperature before it is subjected to the hardness test at elevated tem¬ 
peratures. Under this procedure, the holding time would be of minor importance 
provided the specimen was heated uniformly throughout. 

The second procedure would involve heating the specimen only long enough 
to bring it to the testing temperature and making the test without establishing 
equilibrium as to tempering or annealing at the testing temperature. 

A combination of these two methods might involve holding for relatively long 
periods of time at the testing temperature in order to approach an equilibrium 
condition with reference to tempering and annealing, but since these reactions 
proceed slowly, it would seem that the testing period would be unduly prolonged in 
this process. 

Time of Application of Load—The behavior of the metals in deforming under 
load at elevated temperature depends upon the individual metals, that is, as to 
whether or not they work harden to some extent or whether they are automatically 
annealed as they are deformed. There seems to be no good reason for making 
the time of application of the load greater than that at ordinary temperatures, 
and it would seem that satisfactory results should be obtained with the loads applied 
for an interval of 30-60 sec. as in ordinary testing. 
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Test Specimens 

By R. L. Templin* 

fntroduction—In the determination ot the mechanical properties of metals 
variations in the testing methods used, may and often do, cause variations in 
the values obtained. Unfortunately the effects of such variations are quantitatively 

different for many of the present day commercial 
metals and alloys. Because of these facts, it has 
long been recognized, though perhaps not fully ap¬ 
preciated, that quite definite methods of testing 
^ must be followed if acceptable results are antici- 

r ^ - pated. Satisfactory methods of testing for metals 

Fig. i—Tension test specimen for must give proper consideration to such factors as 

general use In testing metals. selection of test coupons, size and preparation of 

test specimens, axial and uniform loading of test 
specimens, speed of testing, sensitivity and accuracy of all testing apparatus used, 
and calculations, plotting or other interpretations based on observed values. 
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Fig. a—^Various sizes of threaded end, round tension test specimens for metals. 


Mechanical property test values for metals obtained in accordance with the 
best testing methods now in use are, of necessity, empirical in character but have 
many useful purposes. Some of the more important fields wherein the «mechanical 
property test data for metals are of importance Include: Specifications, manufac- 

*Chief Engineer of Tests, Aluminum Co. of America, New Kensington, Pa. 
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turing process control, basis of engineering design values, development of new 
alloys or fabrication processes, and as a basis for comparison with other metals. 

Tensile Tests—The generally accepted standard specimens for making tensile 
tests of metals are shown in Fig. 1-8. The round specimen shown in Fig. 1 is 
the most satisfactory for ordinary testing purposes where the size and shape of 
the product will permit of its use. When the product to be tested requires the 
use of a smaller specimen, and comparable data are desired, a geometrically similar 
specimen should be used. Various sizes of such smaller specimens, with readily 
usable gage lengths, are shown in Fig. 2. While these specimens are shown with 
threaded ends, they may be prepared with plain or shouldered ends to suit the 
testing apparatus available. In all of the roimd specimens shown in Fig. 1 and 2, 
the gage length is equal to 4 times the diameter or 4% times the square root of 
the cross sectional area of the reduced portion of the specimen. 

The rectangular or flat tensile specimens now in general use for metals are 
shown in Fig. 3 and 4. The length and width of these specimens are maintained 
constant within the limits shown, irrespective of the thickness of the specimens. 
This procedure is followed for practical reasons but makes a satisfactory comparison 
of elongation values quite difficult, when appreciable differences in thickness are 
involved, or results from the use of both types of specimens. Other factors remain¬ 
ing constant, the elongation of a ductile metal will vary as some function of the 
cross sectional area of the test specimen used. Consequently the smaller of the two 
specimens shown will give lower elongation values for any given thickness of 
metal. Reduction in area values from thin rectangular specimens are usually not 
reliable or obtainable because of the difficulties contingent upon their measurement. 

Despite the difficulties encountered in making elongation or reduction in area 
comparisons of metals when using the rectangular or flat specimens, the results 
obtained with these specimens, especially tensile strength, yield strength (or yield 
point) and elongation, serve a useful purpose in the manufacture, sale, and use of 
many metal products. 

Other standard types of tensile specimens together with their specific fields 
of use are shown in Fig. 5-8. 

Compression Tests—Compression test specimens for metals are not at the present 
time as standardized, for example, as the tensile specimens. Tentatively, however, 
three types are recognized as being suitable for metals. These are shown in Fig. 9. 
The short specimen is used for compression tests of bearing metals, the medium 
length specimen for determining the general compressive strength properties and 
the long specimen for determining the modulus of elasticity of metals. The 
dimensions suggested for general use are as follows: 


specimen 

Short . 

Medium length 
Long . 


Dia., In. 

Length, 

IH ± 0.01 

1 

f 0.798 ± 0.01 

2% 

] 1 ± 0.01 

3 

1 1% ± 0.01 

3% 

iy4 ± 0.01 

12^1 


Compression tests are appreciably more difficult to make, with satisfactory results, 
using the ordinary type of, universal testing machine, than are the tension tests. 

This is so because in the compression tests eccentricities in loading tend to 
increase as the load on the specimen is increased, whereas in the tensile tests 
the eccentricities tend to decrease under increasing load. This is especially so for 
loads in the plastic range. In spite of these difficulties, compression tests can be 
carried out successfully if proper attention is given to details of apparatus and 
procedure. 

Shear Tests—^Although a variety of shear tests are made on metal products no 
generally recognized standard methods or specimens have been adopted. One type 
of shear test is the torsional in which either a solid or tubular specimen is used. 
Solid specimens are often tested full size, but for more accurate results they 
may be reduced in lateral dimensions as in the case of the tensile specimens. The 
tubular or thin wall, hollow specimens are the more suitable for obtaining 
shearing strength values for metals, largely because the cross section of the specimen 
has more nearly uniform stress than in the case of the solid specimen. For ultimate 
shear strength determinations, the hollow specimens should have short reduced 
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sections of about ^ diameter, and a diameter to thickness ratio of from 10-12. 
For determination of shear modulus and yield strength values, a hollow specimen 
having a length of at least 10 diameters and a ratio of diameter to wall thickness 
of not over 10, for Its reduced section, is to be preferred. The actual dimensions 
of the specimen used may well be chosen to suit both the size and type of testing 
machine available, as well as the product to be tested. 
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Fig. 3—Tension test specimen for plate 
material ranging In thickness from about 
V4-1V4 In. For plate over IVt In. thick the 
specimen may be machined to not less 
than % in. thickness or a standard round 
specimen used. 

Fig. 4—Tension test specimen for sheet 
metals ranging In thlckne.ss from about 
0.01 to, but not Including 4 in. 

Fig. 6—^Type of tension test specimen 
particularly adapted to hard steels and 
brittle materials. 




Fig. 7~Ten8lon test specimen for mal¬ 
leable iron (not machined). 

Fig. g—Tension test specimens for cast 
iron, (a) Machined all over from A.8.T.M. 
arbitration test bar. (b) Cast to size 
and only the threads machined on the 
ends. 



Fig. 6—Tension specimen for metal tubing 
ranging in size up to about 2 In. outside 
diameter but particularly for sizes 1 in. out¬ 
side diameter and less. For larger sizes cut¬ 
out specimens as shown In Fig. 4, for thin 
wall tubes and as shown In Fig. 1 or 2 for 
thick wall tubes may be used. 



Fig. 9—Compression test speci¬ 
mens for metals. 
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Other shear tests, in the case of sheet or plate, are made by suitable punches 
and dies either fitted directly into a testing machine or in a subpress which can 
be used in a testing machine, so that the load required to shear a specimen of a 
given size can be measured. The punches and dies are usually circular and the 
specimen may be any convenient size and shape so as to permit of a complete disk 
being punched from it. .Yet another form of shear test is made by using 3 ring¬ 
like dies with either roimd or square holes through their axes, so that a specimen 
of the same shape can be inserted, the outer dies supported and the middle die 
caused to shear a short section from the specimen by suitable fixture in a testing 
machine. Prom such a double shear test the shearing strength is readily obtained. 

Impact Tests—Tentative standard methods (A.S.T.M.) are now in use for making 
single blow impact tests of metals. The types and sizes of specimens recommended 
by the A.S.T.M. are shown in Pig. 10 and 11. A specimen with a “keyhole” notch, as 
described in the article on “Notched Bar Testing,” page 671, is also used. Unnotched 
in. sq. specimens have been extensively used for checking nonferrous die cast 
metals. 

Many types of impact tests have been experimented with, and numerous sizes 
and shapes of speqimens have been studied in attempting to develop a satisfactory, 
so-called “shock resistance” test. This investigational work is still in progress, 
but so far no one type of test or specimen appears to suit all metals, with the 

result that many differences obtain in 
commercial testing practice. In some 
applications the impact test has shown 
considerable merit, while in others the 
results obtained have been of dubious 
value at best. 

Other forms of the impact test in¬ 
clude repeated impact and torsion im¬ 
pact tests, each requiring different sizes 
of specimens, depending on the testing 
machine used. 

Hardness Tests—The hardness tests 
require no special size or shape of speci¬ 
mens but there are limitations obtain¬ 
ing which are covered in the sections 
of this book on the various kinds of 
hardness tests. 

Bend Tests—Tentative standard 
methods are now in use for determin¬ 
ing the cold bend properties of metals. 
The recommended types of specimen for 
such tests include both a rectangular 
and a round specimen. The rectangular type is the preferred form, with a width at 
least three times the thickness. The edges of the specimen are required to be smooth, 
so that the fracture will not take place at the edges. A radius not greater than H 
the thickness of the specimen is permissible on the edges of the specimen. The 
length of the specimen is permitted to vary with the thickness, but is considered 
unimportant provided it is sufficient to permit of performing the bending operation. 
When round bars or specimens are tested by the recommended method, the results 
obtained should be considered as comparative only; as for any given material the 
fiber elongation has been found to vary slightly with the diameter of the test piece. 

The gage length over which the elongation is to be measured is specified as 
0.3 in. in the case of plate from in. in thickness and 1 in. for all plates over 
% in. in thickness. The gage length should be located at the section of maximum 
bending, and in the center third of the width of the specimen. A detailed procedure 
is outlined in the tentative standard methods of the A.S.T.M. for carrying out 
bend tests using these types of specimens. 

Various other types of cold bend tests are used for different types of metal 
products. In general such tests are made by bending a strip or piece of the 
metal around a mandrel or die of specified dimensions, by steady application of 
load or by hammering until rupture occurs or until an angle of either 90® or 180* 
is attained. Many forms of cold bend attachments are available for commercial 
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Pig. 10—Simple beam (Charpy type) 
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testing machines as well as machines intended solely for the purpose of making 
bend tests. Although one of the oldest tests and apparently one of the simplest, 
yet the results obtained are frequently appreciably affected by the procedure and 
apparatus used in making the tests. 

Fatigue Tests—>No standard or tentative standard methods including specimen 
size and shape, have been generally accepted for making fatigue tests of metals. 
The rotating-beam type of fatigue test is perhaps the one most generally used. 
In this test the stress in the outermost fibers of the specimen undergoes a cycle 
of complete reversal from tension to compression, during each revolution of the 
specimen. Three types and sizes of specimens in current use are given in the 
Report of the Research Committee on Fatigue of Metals.* There are many other 
types of fatigue or repeated stress tests used experimentally and in most instances 
a different size and type of specimen is used. These tests include those in which 
the stresses are not completely reversed but vary throughout a given range and 
those involving combinations of tensile, compressive, or torsional stresses. 

Cupping Tests—Cupping tests of sheet metals are used as an index of the 
ductility and in some instances of the drawability of the material. While they 
have been used for many years, yet at the present time no generally accepted stand¬ 
ard conditions of test have been agreed upon, with the result that the values from 
different types of machines are not concordant. The specimens used in these 
tests are usually in the form of disks, squares, or strips of suitable dimensions 
(about 3 in. dia. or width) to fit into the testing machine, and of the same thickness 
as the sheet metal they represent. 
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Load Conversion Table for Testing* 


Tons per Sq. In. to Psi. Kg. Per Sq. Mm. to Pel. 

Tons Per Tons Per Tons Per Kg. Per Kg. Per Kg. Per 


Sq. In. 

Psi. 

Sq. In Psi. 

Sq. In. 

Psi. 

Sq. Mm. Psi. 

Sq. Mm. Psi. 

Sq. Mm. 

Psl. 

10.0 

22,400 

35.0 

78,400 

70 

156,800 

10 

14,223 

60 

85,340 

no 

156,457 

10.5 

23,520 

35.5 

79,520 

71 

159,040 

11 

15,646 

61 

86,763 

111 

157,880 

11.0 

24,640 

36.0 

80,640 

72 

161,280 

12 

17,068 

62 

88,185 

112 

159,302 

11.5 

25,760 

36.5 

81,760 

73 

163,520 

13 

18,490 

63 

89,607 

113 

160,724 

12.0 

26,880 

37.0 

82,880 

74 

165.760 

14 

19,913 

64 

91,030 

114 

162,147 

12.5 

28,000 

37.5 

84,000 

75 

168,000 

15 

21,335 

65 

92,452 

115 

163,569 

13.0 

29,120 

38.0 

85,120 

76 

170,240 

16 

22,757 

66 

93,874 

116 

164,991 

13.5 

30,240 

38.5 

86,240 

77 

172,480 

17 

24,180 

67 

95.297 

117 

166,414 

14.0 

31,360 

39.0 

87,360 

78 

174,720 

18 

25,602 

68 

96,719 

118 

167,836 

14.5 

32,480 

39.5 

88,480 

79 

176,960 

19 

27,024 

69 

98,141 

119 

169,258 

15.0 

33,600 

40.0 

89,600 

80 

179,200 

20 

28,447 

70 

99,564 

120 

170,681 

15.5 

34,720 

40.5 

90,720 

81 

181,440 

21 

29.869 

71 

100,986 

121 

172,103 

16.0 

35,840 

41.0 

91,840 

82 

183,680 

22 

31,291 

72 

102,408 

122 

173,525 

16.6 

36,960 

41.5 

92,960 

83 

185,920 

23 

32,714 

73 

103,831 

123 

174,948 

17.0 

38.080 

42.0 

94,080 

84 

188,160 

24 

34,136 

74 

105.253 

124 

176,870 

17.5 

39,200 

42.5 

95,200 

85 

190,400 

25 

35,558 

75 

106,675 

125 

177,792 

18.0 

40,320 

43.0 

96,320 

86 

192,640 

26 

36,981 

76 

108,098 

126 

179,215 

18.5 

41,440 

43.5 

97,440 

87 

194,880 

27 

38,403 

77 

109,520 

127 

180,637 

19.0 

42,560 

44.0 

98,560 

88 

197,120 

28 

39,826 

78 

110,943 

128 

182,059 

19.5 

43,680 

44.5 

99,680 

89 

199,360 

29 

41,248 

79 

112,365 

129 

183,482 

20.0 

44.800 

45.0 

100,800 

90 

201,600 

30 

42,670 

80 

113,787 

130 

184,904 

20.5 

45,920 

45.5 

101,920 

91 

203,840 

31 

44,093 

81 

115,210 

131 

186,327 

21.0 

47,040 

46.0 

103,040 

92 

206.080 

32 

45,515 

82 

116,632 

132 

187,749 

21.5 

48,160 

46.5 

104,160 

93 

208,320 

33 

46,937 

83 

118,054 

133 

189,171 

22.0 

49,280 

47.0 

105,280 

94 

210,560 

34 

48,360 

84 

119,477 

134 

190,594 

22.5 

50,400 

47.5 

106,400 

95 

212.800 

35 

49,782 

85 

120,899 

135 

192,016 

23.0 

51,520 

48.0 

107,520 

96 

215,040 

36 

51,204 

86 

122,321 

136 

193,438 

23.5 

52,640 

48.5 

108,640 

97 

217,280 

37 

52,627 

87 

123,744 

137 

194,861 

24.0 

53,760 

49.0 

109,760 

98 

219,520 

38 

54,049 

88 

125,166 

138 

196,283 

24.5 

54.880 

49.5 

110,880 

99 

221,760 

39 

55,471 

89 

126,588 

139 

197,705 

25.0 

56,000 

50 

112,000 

100 

224,000 

40 

56,894 

90 

128,011 

140 

199,128 

25.5 

57,120 

51 

114,240 

101 

226,240 

41 

58,316 

91 

129,433 

141 

200,550 

26.0 

58,240 

52 

116,480 

102 

228,480 

42 

59,738 

92 

130,855 

142 

201,972 

26.5 

59,360 

53 

118,720 

103 

230,720 

43 

61,161 

93 

132,278 

143 

203,395 

27.0 

60,480 

54 

120,960 

104 

232,960 

44 

62,583 

94 

133,700 

144 

204,817 

27.5 

61,600 

55 

123,200 

105 

235,200 

45 

64,005 

95 

135,122 

145 

206,239 

28.0 

62,720 

56 

125,440 

106 

237,440 

46 

65,428 

96 

136,545 

146 

207,662 

28.5 

63.840 

57 

127,680 

107 

239,680 

47 

66,850 

97 

137,967 

147 

209,084 

29.0 

64,960 

58 

129,920 

108 

241,920 

48 

68,272 

98 

139,389 

148 

210.506 

29.5 

66.080 

59 

132,160 

109 

244,160 

49 

69,695 

99 

140,812 

149 

211,929 

30.0 

67,200 

60 

134,400 

no 

246,400 

50 

71,117 

100 

142,234 

150 

213,351 

30.5 

68,320 

61 

136,640 

111 

248,640 

51 

72,539 

101 

143,656 

151 

214,773 

31.0 

69,440 

62 

138,880 

112 

250,880 

52 

73,962 

102 

145,079 

152 

216,196 

31.5 

70,56b 

63 

141,120 

113 

253,120 

53 

75,384 

103 

146,501 

153 

217,618 

32.0 

71,680 

64 

143,360 

114 

255,360 

54 

76,806 

104 

147,923 

154 

219,040 

32.5 

72.800 

65 

145,600 

115 

257,600 

55 

78,229 

105 

149,346 

155 

220,463 

33.0 

73,920 

66 

147,840 

116 

259,840 

56 

79,651 

106 

150,768 

156 

221,885 

33.5 

75,040 

67 

150,080 

117 

262,080 

57 

81,073 

107 

152,190 

157 

223,307 

34.0 

76,160 

68 

152,320 

118 

264,320 

58 

82,496 

108 

153,613 

158 

224,730 

34.5 

77,280 

69 

154,560 

119 

266,560 

59 

83,918 

109 

155,035 

159 

226,152 


*Reprlnted from Alloy Steels, published by the Bethlehem Steel Co., Bethlehem, Pa. 
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REDUCTION OP AREA 


Oen. 4312 


Percentage Reduction of Area for Tensile Test Specimens 

By Arthur W. F. Green* 


Dia. 

Area 

% R.A.t 
0.505 In. Dia. 

% R.A. 
0.506 In. Dia. 

% R.A. 
0.504 In. Dia. 

0.251 

0.0494 

75.3 

75.4 

75.2 

0.252 

0.0498 

75.1 

75.2 

75.0 

0.253 

0.0502 

74.9 

75.0 

74.8 

0.254 

0.0506 

74.7 

74.8 

74.6 

0.255 

0.0510 

74.5 

74.6 

74.4 

0.256 

0.0514 

74.3 

74.4 

74.2 

0.257 

0.0518 

74.1 

74.2 

74.0 

0.258 

0.0522 

73.9 

74.0 

73.8 

0.259 

0.0526 

73.7 

73.8 

73.6 

0.260 

0.0530 

73.5 

73.6 

73.4 

0.261 

0.0535 

73.3 

73.4 

73.2 

0.262 

0.0539 

73.0 

73.2 

73.0 

0.263 

0.0543 

72.9 

73.0 

72.8 

0.264 

0.0547 

72.7 

72.8 

72.6 

0.265 

0.0551 

72.5 

72.6 

72.4 

0.266 

0.0555 

72.3 

72.4 

72.2 

0.267 

0.0559 

71.9 

72.2 

72.0 

0.268 

0.0564 

71.8 

71.9 

71.7 

0.269 

0.0568 

71.6 

71.7 

71.5 

0.270 

0.0572 

71.4 

71.5 

71.3 

0.271 

0.0576 

71.2 

71.3 

71.1 

0.272 

0.0581 

71.0 

71.1 

70.9 

0.273 

0.0585 

70.8 

70.9 

70.7 

0.274 

0.0589 

70.6 

70.7 

70.5 

0.275 

0.0593 

70.4 

70.5 

70.3 

0.276 

0.0598 

70.1 

70.2 

70.0 

0.277 

0.0602 

69.9 

70.0 

69.8 

0.278 

0.0606 

69.7 

69.9 

69.6 

0.279 

0.0611 

69.5 

69.6 

69.4 

0.280 

0.0615 ’ 

69.3 

69.4 

69.2 

0.281 

0.0620 

69.0 

69.2 

69.0 

0.282 

0.0624 

68.8 

69.0 

68.7 

0.283 

0.0629 

68.6 

68.7 

68.5 

0.284 

0.0633 

68.4 

68.5 

68.3 

0.285 

0.0637 

68.2 

68.3 

68.1 

0.286 

0.0642 

67.9 

68.1 

67.8 

0.287 

0.0646 

67.7 

67.9 

67.6 

0.288 

0.0651 

67.5 

67.6 

67.4 

0.289 

0.0655 

67.3 

67.4 

67.2 

0.290 

0.0660 

67.0 

67.2 

66.9 

0.291 

0.0665 

66.8 

66.9 

66.7 

0.292 

0.0670 

66.5 

66.7 

66.4 

0.293 

0.0674 

66.3 

66.5 

66.2 

0.294 

0.0679 

66.1 . 

66.2 

66.0 

0.295 

0.0683 

65.9 

66.0 

65.8 

0.296 

0.0688 

65.6 

65.8 

65.5 


tR. A.=Reduction of Area. Dla.=Diameter. 


(Confintted) 


'Metallurgist, Allegheny>Ludlum Steel Co., Watervllet, N. Y. 
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Dia. 

Area 

% RA.t 
0.605 In. Dia. 

% R.A. 
0^06 In. Dia. 

%'RJi. 

0^ In. Dla. 

0.297 

0.0692 

65.4 

65.6 

65.3 

0.298 

0.0697 

65.2 

65.3 

65.1 

0.299 

0.0702 

64.9 

65.1 

64.8 

0.300 

0.0707 

64.7 

. 64.8 

64.6 

0.301 

0.0712 

64.4 

64.6 

64.3 

0.302 

0.0716 

64.2 

64.4 

64.1 

0.303 

0.0721 

64.0 

64.1 

63.9 

0.304 

0.0725 

63.8 

63.9 

63.7 

0.305 

0.0730 

63.5 

63.7 

63.4 

0.306 

0.0735 

63.3 

63.4 

63.2 

0.307 

0.0740 

63.0 

63.2 

62.9 

0.308 

0.0745 

62.8 

62.9 

62.7 

0.309 

0.0749 

62.6 

62.7 

62.5 

0.310 

0.0754 

62.3 

62.5 

62.2 

0.311 

0.0759 

62.1 

62.2 

62.0 

0.312 

0.0764 

61.8 

62.0 

61.7 

0.313 

0.0769 

61.6 

61.7 

61.5 

0.314 

0.0774 

61.3 

61.5 

61.2 

0.315 

0.0779 

61.1 

61.2 

61.0 

0.316 

0.0784 

60.8 

61.0 

60.7 

0.317 

0.0789 

60.6 

60.7 

60.5 

0.318 

0.0794 

60.3 

60.5 

60.2 

0.319 

0.0799 

60.1 

60.2 

60.0 

0.320 

0.0804 

59.8 

60.0 

59.7 

0.321 

0.0809 

59.6 

59.8 

59.4 

0.322 

0.0814 

59.4 

59.5 

59.2 

0.323 

0.0819 

59.1 

59.3 

58.9 

0.324 

0.0824 

58.8 

59.0 

58.7 

0.325 

0.0829 

58.6 

58.8 

58.4 

0.326 

0.0834 

58.3 

58.5 

58.2 

0.327 

0.0839 

58.1 

58.3 

57.9 

0.328 

0.0844 

57.8 

58.0 

57.7 

0.329 

0.0850 

57.5 

57.7 

57.4 

0.330 

0.0855 

57.3 

57.5 

57.1 

0.331 

0.0860 

57.0 

57.2 

56^ 

0.332 

0.0865 

56.8 

57.0 

56.6 

0.333 

0.0870 

56.5 

56.7 

56.4 

0.334 

0.0876 

56.2 

56.4 

56.1 

0.335 

0.0881 

56.0 

56.2 

55.8 

0.3S' 

0.0886 

55.7 

55.9 

55.6 

p.337 

0.0891 

55.5 

55.7 

55.3 

0.338 

0.0897 

55.2 

55.4 

55.0 

0.339 

0.0902 

54.9 

55.1 

54.8 

0.340 

0.0907 

54.7 

54.9 

54.5 

0.341 

0.0913 

54.4 

54.6 

54.2 

0.342 

0.0918 

54.1 

54.3 

54.0 

0.343 

0.0924 

53,8 

54.0 

53.7 

0.344 

0.0929 

53.6 

53.8 

53.4 

0.345 

0.0934 

53.3 

53.5 

53.2 

0.346 

0.0940 

53.0 

53.2 

52.9 

0.347 

0.0945 

52.8 

53.0 

52.6 

0.348 

0.0951 

. 52.5 

52.7 

52.3 

0.349 

0.0956 

52.2 

52.4 

52.1 

fR. A. = Reduetlon of Area. Dla. 

= Diameter. 




{Continued) 
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REDUCTION OF AREA 


Dia. 

Area 

% R.A.t 
0.505 In. Dia. 

%RA. 
0.506 In. Dla. 

% R.A. 

0.504 In. Dla. 

0.350 

0.0962 

513 

52.1 

51.8 

0.351 

0.0967 

51.7 

513 

51.5 

0.352 

0.0973 

51.4 

51.6 

51.2 

0.353 

0.0978 

51.1 

51.3 

51.0 

0.354 

0.0984 

50.8 

51.0 

50.7 

0.355 

0.0989 

50.6 

50.8 

50.4 

0.356 

0.0995 . 

50.3 

50.5 

50.1 

0.357 

0.1000 

50.0 

50.2 

493 

0.358 

0.1006 

49.8 

50.0 

49.6 

0359 

0.1012 

49.5 

49.7 

493 

0.360 

0.1017 

49.2 

49.4 

49.0 

0.361 

0.1023 

483 

49.1 

48.7 

0.362 

0.1029 

48.6 

48.8 

48.4 

0.363 

0.1034 

48.4 

48.6 

48.2 

0.364 

0.1040 

48.1 

48.3 

473 

0.365 

0.1046 

47.8 

48.0 

47.6 

0.366 

0.1052 

47.5 

47.7 

473 

0.367 

0.1057 

47.2 

47.4 

47.0 

0.368 

0.1063 

46.9 

47.1 

46.7 

0.369 

0.1069 

46.6 

46.8 

46.4 

0.370 

0.1075 

46.3 

46.5 

46.1 

0.371 

0.1081 

46.0 

46.2 

45.8 

0.372 

0.1086 

45.8 

46.2 

45.6 

0.373 

0.1092 

453 

45.7 

45.3 

0.374 

0.1098 

45.2 

45.4 

45.0 

0.375 

0.1104 

44.9 

45.1 

44.5 

0.376 

0.1110 

44.6 

44.8 

44.4 

0.377 

0.1116 

443 

44.5 

44.1 

0.378 

0.1122 

44.0 

44.2 

43.8 

0.379 

0.1128 

43.7 

43.9 

43.5 

0380 

0.1134 

43.4 

43.6 

43.2 

0.381 

0.1140 

43.1 

43.3 

42.9 

0.382 

0.1146 

42.8 

43.0 

42.6 

0383 

0.1152 

42.5 

42.7 

42.3 

0.384 

0.1158 

42.2 

42.4 

42.0 

0385 

0.1164 

413 

42.1 

41.7 

0.386 

0.1170 

41.6 

41.8 

41.4 

0.387 

0.1176 

41.3 

41.5 

41.1 

0.388 

0.1182 

41.0 

41.2 

40.8 

0.389 

0.1188 

40.7 

40.9 

40.5 

0.390 

0.1194 

40.4 

40.6 

40.2 

0.391 

0.1200 

40.1 

403 

393 

0.392 

0.1206 

39.8 

40.0 

39.6 

0393 

0.1213 

39.4 

39.7 

39.2 

0.394 

0.1219 

39.1 

39.4 

38.9 

0.395 

0.1225 

38.8 

39.1 

38.6 

0.396 

0.1231 

38.5 

38.8 

38.3 

0.397 

0.1237 

38.2 

38.5 

38.0 

0.398 

0.1244 

373 

38.1 

37.6 

0399 

0.1250 

37.6 

373 

37.3 

0.400 

0.1256 

373 

37.5 

37.0 

0.401 

0.1262 

37.0 

37.2 

36.7 

0.402 

0.1269 

36.6 

36.9 

36.4 

tR. A. = Reduction of Area. Dla. 

= Diameter. 




(Continued) 
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Dia. 

Area 

%R.A.t 

OAOSlXLDia. 

%RA. 
0.506 In. Dia. 

%RJi. 

0aS04In.Oia. 

0.403 

0.1275 

36.3 

36.6 

36.1 

0.404 

0.1281 

36.0 

36.3 

35A 

0.405 

0.1288 

35.7 

35.9 

35.4 

0.406 

0.1294 

35.4 

35.6 

35.1 

0.407 

0.1301 

35.0 

35.3 

34.8 

0.408 

0.1307 

34.7 

• 35.0 

34.5 

0.409 

0.1313 

34.4 

34.7 

34.2 

0.410 

0.1320 

34.1 

34.3 

33.8 

0.411 

0.1326 

33.8 

34.0 

33A 

0.412 

0.1333 

33.4 

33.7 

33.2 

0.413 

0.1339 

33.1 

33.4 

32.9 

0.414 

0.1346 

32.8 

33.0 

32.5 

0.415 

0.1352 

32.5 

32.8 

32.2 

0.416 

0.1359 

32.1 

32.4 

31.9 

0.417 

0.1365 

31.8 

32.1 

31.6 

0.418 

0.1372 

31.5 

31.7 

31.2 

0.419 

0.1378 

31.2 

31.4 

30.9 

0.420 

0.1385 

30.8 

31.1 

30.6 

0.421 

Q.1392 

30.5 

30.7 

30.2 

0.422 

0.1398 

30.2 

30.4 

29.9 

0.423 

0.1405 

29.8 

30.1 

29.6 

0.424 

0.1411 

29.5 

29.8 

29.3 

0.425 

0.1418 

29.2 

29.5 

28.9 

0.426 

0.1425 

28.8 

29.1 

28.6 

0.427 

0.1432 

28.5 

28.8 

28.2 

0.428 

0.1438 

28.2 

28.5 

27.9 

0.429 

0.1445 

27.8 

28.1 

27.6 

0.430 

0.1452 

27.5 

27.8 

27.4 

0.431 

0.1458 

27.2 

27.5 

26.9 

0.432 

0.1465 

26.8 

27.1 

26.6 

0.433 

0.1472 

26.5 

26.8 

26.2 

0.434 

0.1479 

26.1 

26.4 

25.9 

0.435 

0.1486 

25.8 

26.1 

25.5 

0.436 

0.1493 

25.4 

25.7 

25.2 

0.437 

0.1499 

25.1 

25.4 

24.9 

0.438 

0.1506 

24.8 

25.1 

24.5 

0.439 

0.1513 

24.4 

24.7 

24.2 

0.440 

0.1520 

24.1 

24.4 

23.9 

0.441 

0.1527 

23.7 

24.0 

23.5 

0.442 

0.1534 

23.4 

23.7 

23.2 

0.443 

0.1541 

23.0 

23.3 

22.8 

0.444 

0.1548 

22.7 

23.0 

22.5 

0.445 

0.1555 

22.3 

22.6 

22.1 

0.446 

0.1562 

22.0 

22.3 

21.7 

0.447 

0.1569 

21.6 

21.9 

21.4 

0.448 

0.1576 

21.3 

21.6 

21.0 

0.449 

0.1583 

20.9 

21.2 

20.7 

0.450 

0.1590 

20.6 

20.9 

20.3 

0.451 

0.1597 

20.2 

20.5 

20.0 

0.452 

0.1604 

19.9 

20.2 

19.6 

0.453 

0.1611 

19.5 

19.9 

19.2 

0.454 

0.1618 

19.2 

19.5 

18.9 

0.455 

0.1625 

18A 

19.2 

18A 


tR. A. =r Reduotlon of Areo. DIa. = DlAinetor. 


(Continued'^ 
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REDUCTION OP AREA 


Dia. 

Area 

% R.A.t 
0.505 In. Dia. 

% R.A. 
0.506 In. Dia. 

% R.A. 

0.504 In. Dia. 

0.456 

0.1633 

18.4 

18.8 

18.1 

0.457 

0.1640 

18.1 

18.4 

17.8 

0.458 

0.1647 

17.7 

18.1 

17.4 

0.459 

0.1654 

17.4 

17.7 

17.1 

0.460 

0.1661 

17.0 

17.4 

16.7 

0.461 

0.1669 

16.6 

17.0 

16.3 

0.462 

0.1676 

16.3 

16.6 

16.0 

0.463 

0.1683 

15.9 

16.3 

15.6 

0.464 

0.1690 

15.6 

15.9 

15.3 

0.465 

0.1698 

15.2 

15.5 

14.9 

0.466 

0.1705 

14.8 

15.2 

14.5 

0.467 

0.1712 

14.5 

14.8 

14.2 

0.468 

0.1720 

14.1 

14.4 

13.8 

0.469 

0.1727 

13.7 

14.1 

13.4 

0.470 

0.1734 

13.4 

13.7 

13.1 

0.471 

0.1742 

13.0 

13.3 

12.7 

0.472 

0.1749 

12.6 

13.0 

12.3 

0.473 

0.1757 

12.2 

12.6 

11.9 

0.474 

0.1764 

11.9 

12.2 

11.6 

0.475 

0.1772 

11.5 

11.8 

11.2 

0.476 

0.1779 

11.1 

11.5 

10.8 

0.477 

0.1787 

10.7 

11.1 

10.4 

0.478 

0.1794 

10.4 

10.8 

10.1 

0.479 

0.1802 

10.0 

10.3 

9.7 

0.480 

0.1809 

9.6 

10.0 

9.3 

0.481 

0.1817 

9.2 

9.6 

8.9 

0.482 

0.1824 

8.9 

9.3 

8.6 

0.483 

0.1832 

8.5 

8.9 

8.2 

0.484 

0.1839 

8.1 

8.5 

7.8 

0.485 

0.1847 

7.7 

8.1 

7.4 

0.486 

0.1855 

7.3 

7.7 

7.0 

0.487 

0.1862 

7.0 

7.4 

6.7 . 

0.488 

0.1870 

6.6 

7.0 

6.3 

0.489 

0.1878 

6.2 

6.6 

5.9 

0.490 

0.1885 

5.8 

6.2 

5.5 

0.491 

0.1893 

5.4 

5.8 

5.1 

0.492 

0.1901 

5.0 

5.4 

4.7 

0.493 

0.1908 

4.7 

5.1 

4.4 

0.494 

0.1916 

4.3 

4.7 

4.0 

0.495 

0.1924 

3.9 

4.3 

3.6 

0.496 

0.1932 

3.5 

3.9 

3.2 

0.497 

0.1940 

3.1 

3.5 

2.8 

0.498 

0.1947 

2.7 

3.1 

2.4 

0.499 

0.1955 

2.3 

2.7 

2.0 

0.500 

0.1963 

1.9 

2.3 

1.6 . 

0.501 

0.1971 

1.4 

1.9 

1.2 

0.502 

0.1979 

1.1 

1.5 

0.8 

0.503 

0.1987 

0.8 

1.1 

0.4 

0.504 

0.1995 

0.4 

0.7 

0.0 

0.505 

0.2002 

0.0 

0.4 


0.506 

0.2010 


0.0 


tR. A. = Rodiietlon of Area. Z»a. 

Diameter. 
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Fatigue Testing 

By R. L. Templin* 

For many applications of metallic materials it is necessary to consider not only 
the static properties of the materials but their resistance to many repetitions of 
stress as well. The resistance to large numbers of repetitions of stress, or to fatigue, 
is indicated by means of fatigue tests. Generally, when the fatigue resisting quali¬ 
ties of a material are being considered the property khown as the endurance limit 
is used. Endurance limit is defined as the limiting stress below which the material 
will withstand without fracture, an indefinitely large number of cycles of com¬ 
pletely reversed stress. When cycles of stress other than completely reversed are 
referred to, suitable qualifying adjectives are used to define the conditions. 



Fig. 1—R. R. Moore rotating-beam fatigue machine. 


Values of endurance limit are usually obtained by using a machine of the 
rotating simple beam type, Fig. 1, in which the outermost fibers of a solid 
cylindrical specimen are subjected to cycles of completely reversed stress from 
tension to compression.** • 


3/4” ^ 
3/15” , 


3/W 



f/8'Pod 


Tapen 5/8*pen ft 
included angle 
must fit gage. 


- --i 


0300^- 

±Q005* 


-3/4”- 


-Mao'llT, 

...A 



The specimen used in this 
machine is shown in Fig. 2. 

Another machine’ of this 
general type for testing 
wire and tubing is shown 
in Fig. 3. This machine can 
be used for testing long 
specimens without machin¬ 
ing. Rotating cantilever 
beam machines of the gen¬ 
eral type of that shown in 
Fig. 4 are sometimes used, 
but the type shown in Fig. 

1 is more commonly used 
than either of the others. 

Fatigue specimens usu¬ 
ally are less than ^ in. in 

diameter at the reduced section. Tests of sound uniform ferrous materials, however, 
using 5 different sizes from 0.05-2.00 in. diameters, have indicated that size of 
specimen has no effect upon results of fatigue tests.* Size does have some effect in 
materials which are not soimd and homogeneous, such as cast metals containing 


Q^^Rad 


w 


Drill No OraiQOV;Depth 1/2* 
C'smk 60 degree bv 1/4* 
Tap 1 / 4:20 US.F. ' 

Depth Pri6”; 2 Holes 


Fig. 2—Specimen for R. R. Moore machine. 


blowholes.’ 

Because the presence of scratches or tool marks on specimens produces stress 
concentrations which affect the determination of endurance limit (a rough tool 
finish reducing it as much as 20% below that for suitably polished specimens’), 
fatigue specimens must be carefully machined. The machining should be done 
with sharp tools, using light cuts and slow speeds. Circumferential scratches or tool 
marks are more injurious than are longitudinal ones. The final fihish of the reduced 
diameter part of the specimen should be such that no circumferential scratches can 
be seen by the unaided eye. For producing the final finish an abrasive material at 
least as fine as No. 00 emery cloth is required for steel, and stiU finer for softer 
metals. 


•Chief Bngineer of Teets, Aluminum Oo. of America, New Kensington, Pa. 
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When the test material is of a form which must be used as fabricated (as, for 
example, sheet or wire), the specimens should,be carefully selected and handled to 
avoid stress concentrations. In such tests the design of the specimen may be such 
that part or all of the surface at the critical section is the original surface of the 
material, without any further preparation.** • Obviously, any surface imperfections 
k in the original material should be avoided. The sheet specimens used by some in¬ 
vestigators have a narrow critical section, making it very important to avoid any 
damage whatever in handling.* 

Repeated stress tests require a comparatively long time to determine endurance 
limits. For this reason recent investigators have been employing machines which 
can operate at relatively high speeds. Tests have shown that, in tests of sound 
materials, no appr^iable 
speed effect occurs at speeds 
up to 10,000 cycles per min., 
and at speeds of 30,000 
cycles per min. only a small 
increase in endurance limit 
is obtained.* The design of 
the testing machine must 
be such, however, that un¬ 
desirable effects of second¬ 
ary stresses are avoided. 

The results of fatigue 
tests are plotted using 
semilogarithmic c o o r d i - 
nates, with values of stress, 

S, as ordinates and num¬ 
bers of cycles, N, as ab¬ 
scissas, as shown in Fig. 5. 

The semilogarithmic system is used because it is possible to plot on the same dia¬ 
gram both small and large values of N with the same percentage of accuracy, and 
because there is less danger of an inaccurate selection of the endurance limit than 
if Cartesian coordinates were used. 

For many steels, the S-N diagrams obtained in this way usually consist of two 
straight lines, one sloping line and one horizontal, joined by a slightly curved “knee,” 
the position of the horizontal line indicating the endurance limit. In such diagrams 
the “knee” generally occurs at less than 10,000,000 cycles. For nonferrous metals, 

the diagram usually is a 
curve, with the bottom 
becoming horizontal or 
nearly so at the endur¬ 
ance limit. A much 
larger number of cycles 
is required in order to 
determine the endurance 
limit of such metals, 
some investigators using 
a 500,000,000-cycle basis 
for certain materials. 

When using endur¬ 
ance limit data, the 
number of cycles of 
stress used as a basis 
for determining this 
value should be consid¬ 
ered and stated in re¬ 
porting results.* In 
foreign literature, endur¬ 
ance limits of certain metals sometimes are based on 20-50 million cycles. Such 
values, especially for light alloys, frequently are definitely higher than would be 
obtained on a 500-milllon cycle basis. 

Because of the time and expense involved in making fatigue tests, various 
attempts have been made to devise accelerated fatigue tests. Such tests, however. 



Fig. 4—University of Illinois high speed fatigue machine. 
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frequently give misleading results. For this reason it generally is advisable to make 
the regular long time tests. 

For many applications, where repeated stresses occur, it is not necessary to 
know the endurance limit, which has been defined as the maximum stress to 


^saooor^ 
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*^ 60,000 - 

I tll 
10000 
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Fig. 5—S-N or stress cycle diagram. 


which the material may be 
subjected an indefinitely 
large number of times. In¬ 
stead, it is more Important 
to know the fatigue life at 
various stresses definitely 
above the endurance limit. 
An example of such an ap¬ 
plication is in bridge con¬ 
struction, where maximum 


loads may occur only several times daily, and the estimated number of cycles in the 
life of the bridge may be 25,000. To use an endurance limit based on 500,000,000 
cycles, instead of the fatigue strength for 25,000 cycles, would materially affect 


the design. 

Metals are not perfectly homogeneous, but consist of crystals whose planes of 
cleavage or slip are oriented in many directions. When sufficient stress is applied, 
slipping occurs on these planes within the individual grains, which at first may not 
be sufficient to cause any apparent harm. Under alternating stresses sufficient to 
produce slip, continued repeated slipping, if of sufficient magnitude, causes minute 
cracks to start to form and to spread, gradually reducing the area of sound metal 
remaining in any cross section. One of the unsolved problems in the fatigue of 
metals is the determination of just when and how any harmless slip under repeated 


stress changes into harmful slip, causing the formation of a destructive spreading 
fatigue crack. The end of a crack is a point of highly localized stress, so that 
there is a strong tendency for a crack to grow. The final fracture occurs with 
practically no distortion or reduction of cross sectional area, and exposes the 
natural crystalline structure of the material. This appearance of the fracture 
originally led to the erroneous conclusion that the metal had “crystallized,“ It is 
now known that the fatigue fractures start in the natural cleavage surfaces of the 


crystals or along crystal boundaries which give the fractures a crystalline appear¬ 
ance. The crystalline appearance is the result of the fracture rather than the cause. 

From this explanation of the mechanism of fatigue, it ckn be realized that 
“stress-raisers“ should be avoided, meaning internal flaws, reentrant angles, abrupt 


changes in cross section and other factors which tend to cause local increases in 
stress not considered in ordinary formulas of mechanics. 

No precise correlation exists between the endurance limit and any other 
physical property. Probably yield strength, tensile strength and ductility all have 
an effect upon the fatigue properties. Perhaps the closest relationship, at least 
for some metals, exists between endurance limit and tensile strength. Partly for this 
reason, the endurance ratio, which is the ratio of these two properties, sometimes 


is quoted. 

The structure of a metal appears to have a definite effect upon its endurance 
properties. Although relatively purb metals usually have lower endurance limits 
and lower tensile strengths than alloys, their endurance ratios frequently are higher, 
apparently because of greater uniformity in structure. The endurance ratio is higher 
for annealed metal than for cold worked or for quenched material, the greater 
ductility apparently aiding in relieving any stress concentrations which may be 
present® and possibly because annealed materials contain little if any internal strain. 
Cold working which increases the tensile strength also increases the fatigue strength, 
but to a less extent. Apparently there \s an optimum degree of cold working above 
which the fatigue strength is decreased by fracturing of the internal structure.* 
Heat treatment may have different effects upon the endurance ratio. In some cases 
the retention of alloying elements in solid solution raises the endurance limit and the 
endurance ratio, and in others the formation of intermetallic compounds may pro¬ 
duce serious “stress-raiser” effects, depending upon their form and arrangement. 
Any internal strain produced during heat treatment may seriously harm the fatigue 
strength. Strain relieving heat treatment usually Improves fatigue strength. 

Understressing, which consists of subjecting a material to a safe range of 
alternating stress before subjecting it to a higher range of stress, tends to Increase 
the fatigue strength of the material. In some cases this increase has been found 
to be as much as 25%“*“ 
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Occasional overloading of a machine part may actually harm the metal. Such 
overstressing if repeated enough times will reduce the endurance limit.* The appli¬ 
cation of repeated stresses above the endurance limit does not always lower the 
endurance limit, however, depending upon the number of cycles of this stress. 
Some investigators have shown the existence of a damage line, which can be defined 
as separating, in the S-N diagram, the region containing conditions of stress and 
number of cycles which cause damage from those conditions in which no damage 
is done.**' ** 

Most of this discussion so far has been concerned with completely reversed 
stresses. There are, of course, many applications where the stresses are not com¬ 
pletely reversed but instead vary from one value to another of different magnitude. 
Such variations of stress may vary from tension to comprei^sion, may be all tension 
or may be all compression. Tests under conditions other than those of completely 
reversed stress can hot be made in the rotating simple beam type of machine but 
require machines in which the range of stress can be varied between any limits 
desired. Many machines of this kind have been devised but no one kind has come 
into general use.** 

For methods of plotting such data, reference should be made to the reports of 
the Research Committee on Fatigue of Metals of the A.S.TM. 

The effect of corrosion upon fatigue strength, which usually is very important, 
is discussed in another article in this Handbook. 

Some fatigue tests have been made at low temperatures,*’* *■* *• and probably a* 
considerably larger number at elevated temperatures.*®* *** ** In general, these tests 
indicate that most metals have higher endurance limits at temperatures lower than 
normal room temperature and lower endurance limits at elevated temperatures. 

In general, the tests mentioned in the preceding paragraphs use suitably shaped 
CTnftii specimens, and are intended for the determination of the fatigue properties 
of a material. During recent years, procedures also have been developed for the 
fatigue testing of fabricated parts and structures, such as riveted Joints,** aircraft 
wing beams,** and boiler shells.** 
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Corrosion-Fatigue of Metals 

By H. F. Moore* 

Corrosion Films on Metals—Under the action of many liquids and gases most 
metals are corroded. This corrosion takes the form of a film, often only a few 
molecules thick. This film may give to the metal beneath It a high degree of 
protection against further corrosion. In that case the film on the metal is usually 
invisible and it has the power of seif healing if cracked. Thicker films, which are 
characteristic of some metals under the action of a mild corrosive medium, usually 
do not have this power of self healing, and offer far less protection to the spread 
of corrosion, especially if the metal is being subjected to repeated stress, causing 
repeated strain on the film. Even where films do not stop the progress of corrosion 
they influence the manner in which it proceeds, tending to localize attack at regions 
under cracks formed under the Influence of strain.* This localized attack tends to 
produce pits in the metal, and to render it less able to resist stress on account of the 
intensification of stress which occurs at any notch or small hole in a piece of 
metal. The chemical composition of the film depends on that of the metal and on 
the corroding medium. Oxide films are, perhaps, commonest, but other films, such 
as phosphate or silicate films are sometimes formed. 

Stressless Corrosion and Corrosion Under Steady Stress—If metal is subjected 
to mild corrosive agents while unstressed, the tendency to form cracks in the oxide 
film is slight. There is relatively little tendency to form pits, at least in structural 
steels, and the static strength of the metal is diminished but slightly.** Such corro¬ 
sion is called ‘‘stressless corrosion.** 

If steel with a thin layer of oxide on it is subjected to a steady load, the 
thin film of oxide may be cracked at various points, with resulting increased 
localized corrosion through the cracks. Such intensified corrosion is shown by the 
“Luders lines” often seen on unpainted structural steel which has been bent or 
stretched cold.*’ causing heavy stress and strain at the bend, and a consequent strain 
on the film which caused it to crack. However, if the load remains steady, the 
cracks in the film will tend to heal themselves and the further progress of corro¬ 
sion will be retarded and perhaps almost entirely stopped. 

Damage Under Stressless Corrosion —A metal surface which has been subjected 
to stressless corrosion, or which is subjected to a combination of steady stress and 
corrosion, has its resistance to damage under further steady load reduced somewhat, 
and its resistance to fatigue failure more seriously reduced. However, this damage is 
far less than the reduction in resistance to repeated stress which is caused by 
the simultaneous action of repeated stress and corrosion. In any case the damage 
is due to the “stress raisers*’—the microscopic notches formed in the surface of the 
metal by corrosion. The effect of notches of all kinds in steel has long been recog¬ 
nized as a major factor in causing fatigue fracture of metals, and the magnitude 
of the effect produced depends upon sharpness of notch, depth of notch, slope of 
walls of notch, and whether the notch is produced by cutting, by chemical action 
or by indentation with a blunt tool. Corrosion seems to produce a distinctly 
destructive type of notch, but stressless corrosion at least under mild corrosive agents 
does not often produce deep notches. 

R. R. Moore’s** experiments on S.A.E. 1045 steel corroded without stress by salt 
spray showed a reduction of fatigue strength (measured by the endurance limit) 
due to corrosion of 22%. His experiments on duralumin showed a reduction of 
endurance limit of about 35% after stressless corrosion. 

Simultaneous Corrosion and Repeated Stress; Corrosion-Fatigue—^If a metal is 
subjected to a corrosive medium while also being subjected to cycles of repeated 
stress, the protective film may be repeatedly broken. For steel, corrosion spreads 
through cracks and forms relatively deep pits which act as stress raisers, and greatly 
reduce the fatigue strength of the metal. Practically all the known metals of con¬ 
struction are subject to this action under repeated stress which is known as corro¬ 
sion-fatigue. How rapidly the destructive effect progresses depends upon: (1) the 
rapidity of formation of cracks in the film compared with the rapidity with which 
the protective film can be repaired; (2) the relative porosity of rapidly healed and 
slowly healed films; (3) the influences which tend to produce a wide spread distribu¬ 
tion of electrochemical couples over the surface of metal, and hence relatively uni- 

*Research Professor of Engineering Materials, University of minois, Urbana, ni. 
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form corrosion. The corrosion-inhibiting power of colloidal clay in ‘‘drilling mud” 
in oil wells is an example. 

The above is a statement of what is now regarded as the principal cause of 
corrosion-fatigue. There are many phenomena such as the change of electric 
potentials within the metal due to stress conditions, and the tendency of the 
products of corrosion to clog up the pits and, perhaps, delay the further spread of 
corrosion. Usually the prime cause of the damage is corrosion, but the immediate 
cause of failure is the “stress raiser” effect of the pits.’ 

Fatigue Strength of Metals Under Corrosion-Fatigue—The first published account 
of laboratory experiments on corrosion-fatigue is that of Haigh,“ who made fatigue 
experiments on brasses while subjected to chemical attack and who later took a 
prominent part in the study of the effect of sea water in reducing the life of tow 
ropes for vessels. 

In 1925, D. J. McAdam, Jr. began a very extensive experimental study of 
corrosion-fatigue.'’ His results, and the results of other experimenters have developed 
the fact that under so mild a corrosive agent as relatively pure water the fatigue 
limit may be reduced much below that in air. In fact, no definite value for fatigue 
limit for indefinitely long life under corrosion-fatigue has been found.’* ” In case of 
corrosion-fatigue limits, it is important to state the limiting number of cycles which 
were used in the test, and also the frequency of cycles of stress. In noncorrosive 
fatigue tests the number of cycles of stress is of prime importance, and, within 
wide limits, the frequency of cycles of stress is of minor importance. In corrosion 
fatigue tests the time under corrosive action is also of importance. If the frequency 
of cycles of stress is low, then for a given number of cycles there elapses a relatively 
long time during which corrosion can get in its destructive work. Hence the endur¬ 
ance limit is lowered. The experiments of McAdam and others showed, with the 
exception of the stainless steel group, the corrosion-fatigue limit of heat treated 
alloy steels (based on 10-100 million cycles of stress) is but little if any above the 
corresponding corrosion-fatigue limit of ordinary low and medium carbon steels. 
The stainless steel group resists simultaneous corrosive attack and repeated stress 
distinctly better than do either plain carbon steels or heat treated alloy steels. 
With nonferrous metals, the effect of corrosion-fatigue is so varied that no general 
statement can be made. 

Values for Corrosion-Fatigue Endurance Limits—Table I is a graphical repre¬ 
sentation of average value of fatigue limits in air and fatigue limits under a stream 
of tap water for several groups of metals. Each value is the average of results 
from a number of reported tests. This table would not be of a high degree of 
accuracy for predicting the behavior under corrosion-fatigue of any given metal, but 
does give an idea of the relative effects of corrosion-fatigue for the main classes of 
structural metals in tap water. A different corroding medium (salt water) might 
change materially the relative fatigue strength of the metals listed. 

The corrosion-fatigue limits for the heat treated alloy steels do not seem to be 
any higher than those for the ordinary low and medium carbon steels. This is in 
harmony with the increased sensitivity of high strength steel to notches and other 
localized “stress raisers.” 

For a larger number of cycles of stress as given in Table I or for cycles of stress 
occurring less frequently, the limits would be distinctly less. In his summary Gough’ 
makes use of the terms, suggested by McAdam, “total damage” and “net damage.” 
“Total damage” is the percentage reduction from the fatigue limit determined in air 
to the fatigue limit found when specimens have been subjected to some definite 
routine of corrosion-fatigue. The “net damage” is the percentage reduction from 
the fatigue limit of metal subjected to some definite period of “stressless corrosion” 
to the fatigue limit of specimens which have been subjected to some definite routine 
of corrosion-fatigue. 

From McAdam’s data the following tentative relation between stress range and 
average rate of net damage is given. 

R = CS“ 

In which R = rate of net damage in % per day. 

S = stress range in psi. 

O and n are experimental constants. 

Gough quotes from McAdam’s results values of n varying from 2.6 to 5.7. 

Gough’ notes the report from German investigators that there seems to be 
some degree of correlation between notch-sensitiveness of a metal and its resistance 
to corrosion-fatigue. 
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Table I 

Characteristic Results of Corrosion-Fatigue Tests 

Based largely on the work of D. J. McAdam, Jr. 

Endurance limits reported are for 20,000.000 cycles of stress. Speed of testing, 1450 cycles per 
minute. Tests made in rotating cantilever*beam fatigue machines. 

Metal 

Approximate 
Composition, % 

Tensile 

Strength. 

Psl. 

Endurance 
Limit in 

Air, 

Psl. 

Endurance 
Limit in 
Stream of 
Water.^ 

Psi 

Reduction of 
Endurance 
Limit by 
Corrosion- 
Fatigue, % 

Plain Carbon Steels 

Armco iron, as rolled. 

0.02 0 

44,000 

24,000 

20,000 

16.7 

“ “ annealed. 

0.02 a 

43.000 

22.000 

15,000 

31.8 

Low carbon, as rolled. 

0.14 C -f- 098 Cu 

84.000 

43,000 

16,000 

62.8 

“ “ annealed. 

0.14 C -}- .098 Cu 

61,000 

32,000 

20,000 

37.5 

Low carbon, as rolled. 

0.15 C 

64.000 

34.000 

20,000 

41.2 

“ “ annealed. 

0.15 C 

52.000 

25,000 

16,000 

36.0 

Medium carbon, as rolled. 

0.26 C 

84.000 

36,000 

15.000 

58.3 

“ “ annealed 

0.26 C 

59.000 

24,000 

15,000 

37.8 

Medium carbon. Ht. treated 

0.35 C 

104.000 

52,000 

19,000 

63.5 

“ “ annealed.. 

0.35 C 

79.000 

33,000 

23.000 

30.4 

Medium carbon, Ht. treateo 

0.49 C 

110.000 

53,000 

19,000 

642 

“ “ annealed.. 

0.49 C 

82.000 

33,000 

21,000 

63.6 

Medium carbon, Ht. treated 

0 56 C 

112.000 

54.000 

16,000 

70.4 

** annealed.. 

0.56 C 

90.000 

42,000 

19,000 

54.8 

Alloy Steels—^Heat Treated 

Nickel steel. 

SA.E. 2320 

124.000 

69,000 

24.000 

65.2 

Chromium-nickel steel. 

S.A.E. 3312 

130,000 

61,000 

21,000 

65 6 

Chromium-vanadium steel. 

S.A.E. 6140 

179,000 

78,000 

16.000 

79 5 

Chromium • molybdenum 






steel . 

S.A.B. 4130 

118,000 

57,000 

20,000 

65.0 

Nlckel-slllcon steel. 

3.0 Ni, 1.5 Si 

251,000 

108.000 

13.000 

88.0 

Corrosion Resisting < 

(Stainless) Steels—^Annealed 


“18-8” 

18.0 Cr, 8 Ni 

125,000 

52,000 

49,000 

5.9 

Chromlum-nlekel steel..... 

5.0 Cr. 23.0 Ni 

98,000 

50,000 

31,000 

38.0 

Stainless iron. 

14 0 Cr. 0.08 C 

90.000 

49,000 

31,000 

36.8 

Stainless steel. 

13.0 Cr, 0.33 C 

97,000 

51,000 

35,000 

31.4 

Chromium steel. 

27.0 Cr, 0 20 C 

81,000 

44,000 

40,000 

9.2 

Nonferrous Metals 

Monel metal, as fabricated 

68,0 Ni. 29 0 Cu 

128,000 

51,000 

26,000 

49.1 

“ annealed_ 

68.0 Ni. 29 0 Cu 

81,000 

36,000 

26,000 

27.8 

Copper, cold drawn. 

100.0 Cu 

47,000 

18,000 

18.000 

0 

** annealed. 

100.0 Cu 

31,000 

9,000 

10,000 

-ll.l^* 

Nickel, as fabricated. 

100.0 NI 

132,000 

50,000 

26,000 

48.0 

“ annealed. 

100.0 NI 

78,000 

33,000 

23.000 

30.3 

Brass, as fabricated. 

60 0 Cu. 40 0 Zn 

84.000 

24,000 

18.000 

25.0 

“ annealed. 

60.0 Cu. 40 0 Zn 

53.000 

21,000 

18,000 

14.3 

Aluminum, as fabricated.. 

100.0 A1 

16,000 

7,500 

2 500 

66.7 

Duralumin, as fabricated. 

-95.0 Al. 4 0 Cu 

69.000 

18,000 

8.000 

55.6 

" annealed. 

^95.0 Al. 4 0 Cu 

33,000 

13.000 

7,500 

42.3 

•Tested under a stream of fresh water, i 

\ fairly representative analysis of the water showed 

the following composition, values in parts per million: Silica, 11.7; iron and aluminum oxides, none 

detected; calcium sulphate. 

1.89; calcium carbonate, 200; magnesium chloride, 17.3; sodium chloride. 

140; sodium sulphate, none 

detected. This Is 

a rather hard water. 



••Increase in endurance limit. 






In GoughV paper the effect of time on corrosion-fatigue is summarized by the 
conclusion from test results that at low frequencies of stress-cycles the rate of net 
damage is nearly proportional to the frequency; at high frequencies of stress-cycles 
the rate of net damage is nearly independent of the frequency. 

Few data are available on corrosion-fatigue under cycles of stress other than 
those involving complete reversal. At the University of Illinois a few corrosion- 
fatigue tests of structural steel under cycles of flexural stress varying from zero to 
a maximum gave percentage reductions of the fatigue strength in air of the order 
of magnitude of the percentages found under cycles of reversed stress. 

Gough and Sopwlth* have recently reported extensive tests on the influence 
of range of stress on the resistance of metals to corrosion-fatigue. The corroding 
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medium used in their tests was a 3% salt spray. They report that for most of the 
metals tested the effect of variation of ratio of minimum to maximum stress during 
a cycle (variation from one-direction repeated stress to reversed stress) was about 
the same under salt spray as was the effect on the fatigue strength in air. 

Corrosion-Fatigue in Different Corrosive Media—^A general rule cannot be 
given for the effect of different corrosive media. Perhaps the most nearly general 
statement possible is that any corrosive medium under which the localization of 
corrosive attack is determined largely by stress conditions will, if allowed sufficient 
time, start a spreading fatigue crack. Specimens tested in a free stream of liquid, 
or in a stream of liquid saturated with air. show greater damage by corrosion-fatigue 
than do specimens tested in a quiet bath of liquid, especially in a bath free from 
dissolved air. Distilled water, applied in a stream, causes corrosion-fatigue damage, 
and for some steels seems as detrimental as ordinary tap water. Acids and alkaline 
solutions produce various effects. Thum and Holz” report that strong solutions of 
soda lyes drastically reduced the fatigue strength of boiler steels, while weak solu¬ 
tions slightly increased the fatigue strength. Some metals which show a good 
resistance to stressless corrosion show poor resistance to corrosion-fatigue. Again 
it may be emphasized that the toughness of the protective film on the metal is the 
main factor in determining resistance to corrosion-fatigue. 


Table U 

Results of Fatigue Tests in Air and in a Partial Vacuum 


Endurance Limit 
Reversed Tension- 
Compression 


In 

Vac- 

Tensile In Air uum* 

Approx. Condition when Strength, (A), (B), Ratio 

Metal Composition, % Tested Psl. Psl Psl. (A) (B) 


Armco Iron.0,02 Cu, 0.03 Mn Normalized 49,500 28.900 29.400 0 984 

Annealed . 24.000 24.400 0 984 

Mild steel .0.13 C Hot rolled 62.800 29 100 30.700 0 949 

Medium .steel. 0 50 C Cold rolled 141 500 48 700 50.400 0 96b 


Noncorroding steels.... 15 0 Cr, 0.12 C Hard, and Tempered 97,000 49.300 49 900 0 990 

17 0 Cr, 12 Ni. 0 25 C Hard, and Tempered 122.000 63.300 63.300 1.000 

18.0 Cr, 8 0 Nl. 0.10 C Cold rolled 148 500 55 600 54.400 1.022 

Chromium-nickel steel. 3 4 Nl, 0 6 Cr. 0 36 C Hard, and Tempered 201.500 79 500 81.800 0 973 


Duralumin .4.25 Cu, 0.64Mg, 0 82 Fe Rolled 62.700 17.600 18.500 0 953 

Magnesium alloy. 2 46 A1 Rolled 35.800 12 600 12.600 1 000 

Copper . 99 96 Cu, 0 04 O2 Annealed 32.200 9.650‘‘ 10.950*» 0 881 

99 92 Cu, 0 04 O2 Extruded 31.600 10 100" 10.500" 0 962 

99 96 Cu. “oxygen free” Extruded 32.000 9.650" 10 300" 0 937 

Brass .69.85 Cu. 30.11 Zn Annealed 44.300 16 100 20.400 0 790 

Copper-nickel alloy_ 78 92 Cu. 20 61 Ni ' Annealed 50,400 18,100 18,100 1 000 

Lead . 99 99 Pb. Extruded .« 380" 850" 0.447 


•Pressure in vacuum approximately 0.0008 mm. of mercury. 

"Endurance diagram did not become definitely asymptotic to a stress value. Endurance limit 
determined for 30 million cycles of stress. 

«Tensile strength of lead depends on time under load. 


Corrosion in Air—^Probably air has a slight corrosion-fatigue effect on most 
metals although for the steels this effect seems to be quite small. Table II compiled 
from data by Gough and Sopwith* shows some effects of air corrosion. As compared 
with the fatigue strength in air the fatigue strength of lead tested in a partial 
vacuum shows a marked proportional improvement. The stress-cycle diagrams for 
some aluminum alloys tested in air do not show definite endurance limits even 
after 500,000,000 cycles of stress, but continue to have a downward slope quite like 
the stress-cycle diagram of some metals under corrosion-fatigue. In the cases of 
those metals which do not show a clearly marked endurance limit in air, an investi¬ 
gation of possible corrosion-fatigue in air would be valuable. The tests of Gough 
and Sopwith show that the main corrosive factor in air is a combination of oxygen 
and water vapor. 

Protection Against Corrosion-Fatigue —Protective Coatings —Since corrosion- 
fatigue may reduce greatly the fatigue strength of metals the question of protection 
against this is of major importance. Protection against corrosion-fatigue should be 
a major factor in the design of structural and machine members. Protective coatings 
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may after a greater or less degree of protection against fatigue. A heavy coating 
of grease has been shown by laboratory experiments"® to offer a fair degree of pro¬ 
tection. A coating of rubber cement^ or a tight fitting rubber sheath*^ has been 
found to give considerable protection. Under salt spray, zinc plating on duralumin 
afforded an effective degree of protection,® distinctly better than a coat of pure 
aliuninum sprayed on. With the same metal, coatings of organic resins and enamels 
gave a good degree of protection especially if the material had been anodized. 

Naturally noncorrosive metallic coatings suggest * themselves as protectives of 
corrosion-fatigue. Fuller® found that chromium plating was quite effective on steel 
exposed to steam. Harvey"^ has made a rather extensive study of zinc as a protective 
coating against corrosion of steel. He studied hot galvanizing, sherardizing, and 
electro-plating as means of applying the zinc coating. His results show that for 
uncoated specimens of a steel with about 100,000 psi. tensile strength, the reduction 
of endurance limit (10,000,000 cycles of stress) of a steel with an in-air endurance 
limit of 60,500 psi. was 66% imder a stream of tap water. For galvanized and 
sherardized specimens the reduction was about 33V^%. For electroplated specimens 
there was no reduction. It seems well to note that the electroplated specimens were 
not pickled but were merely degreased by alcohol and ether. Harvey holds that all 
the coatings prevented the contact of water with steel. Microscopic analysis showed 
that for the galvanized and sherardized steel there existed a layer of intermetallic 
compounds of alloys some of which were probably very brittle, and Harvey suggests 
that cracks starting in this brittle region and spreading into the steel were the 
cause of lower fatigue strength. Gerard and Sutton® also found that electroplating 
with zinc was effective in reducing corrosion-fatigue damage to duralumin. Nitriding 
steel has been used to give it a definite resistance to corrosion-fatigue. In some 
specimens of nitrided steel under corrosion,"* fatigue failure started in the core 
of the specimen and afterward the nitrided case peeled off. 

Recent tests have been reported by Sopwith and Gough “ They state that the 
essential requirements for protective coatings against corrosion-fatigue are: (1) The 
coating must adhere firmly to the base metal. (2) Either it must be anodic to the 
steel base or it must be continuous and nonporous. In practice it is difficult to 
secure and maintain continuous, nonporous coatings, hence it is preferable that 
the coating should be anodic to the steel base. Then it will afford some protection 
even when its continuity is broken. (3) Its mechanical properties must not be such 
as to reduce fatigue resistance in air. If it is not sufficiently adherent to be able 
to transmit cracks to the steel, the coating itself must not crack at too low a stress 
and thus render the protection purely anodic at an early stage. 

Sopwith and Gough found that under a 3% salt spray a satisfactory degree of 
protection was afforded by galvanizing, sherardizing, and sprayed aluminum plus 
enamel. A fair degree of protection was afforded by zinc plating, cadmium plating, 
and sprayed aluminum. A phosphate coating plus enamel and an enamel coat alone 
gave some protection but were not nearly so effective as the metallic coatings. 
Enamel was found to improve the protection given by sprayed aluminum, but both 
enamel and oil reduced the protection given by cadmium plating. 

Protection Against Corrosion Fatigue by Rolling the Surface —^Tests in Ger¬ 
many^® showed that resistance of certain steels to corrosion-fatigue was somewhat 
Increased by cold working the surface. The cold working seemed to “smooth out” 
the minute projections and notches in the surface and to offer less area for corro¬ 
sive attack. Matthew"® indicated that simultaneous corrosion and abrasion of steel 
showed a tendency to a mutual inhibition of destructive effects. This was explained 
by the reduction of the grinding action of abrasion which became a polishing action 
under the lubricating effect of the corrosive liquid. 

Chemical Inhibitors of Corrosion-Fatigue—In some cases, for example, oil well 
pipes and sucker rods, it is possible to add chemicals to the corroding medium which 
will partly or wholly inhibit its damaging action. Dilute solutions of trisodium 
phosphate*^' ” and sodium carbonate"® have been found to have some retarding effect 
on corrosion-fatigue damage in steel. Tests showing effective chemical inhibition 
of corrosion-fatigue damage have been made by Speller, McCorkle, and Mumma.*® 
They used sodium dichromate (a strong oxidizing agent) in the water sprayed on 
the specimens, and found that it was an almost perfect “inhibitor” of damage due 
to corrosion-fatigue. This is probably due to the fact that the strong oxidizing 
action of the sodium dichromate built up protective film so rapidly that cracks 
were not formed, or at least never penetrated to the surface of the metal under the 
protective film. This research also emphasized the importance of small local dif- 
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ferences of surface condition, the effect of which may be far more destructive than 
the effect of the general environment. 

Corrosion-Fatigue of Welds—Welds in structural steel do not seem to show any 
great difference in resistance to corrosion from that of the parent metal. Corrosion 
fatigue results*’ have been determined for stainless steel and for resistance and gas 
welds. The gas weld was anodic to the base metal while the resistance weld was 
cathodic. Heat treatment which dissolved carbides increased the resistance to 
corrosion-fatigue. In general, there seems no evidence that welded joints are more 
susceptible to damage by corrosion-fatigue than is the base metal welded. 

Cumulative Effect of "Stress Raiser” and Corrosion-Fatigue—^ZDolan’ has carried 
out tests xmder reversed torsion on standard fatigue specimens, specimens with sharp 
fillets and specimens with holes. Tests were made in air and under a stream of tap 
water. Low carbon steel and heat treated S.A.E. 3140 steel were tested. The dam¬ 
aging effect of combined corrosion-fatigue and a stress raiser were decidedly greater 
than the effect of either alone for the S.A.E. 3140 steel, especially for the specimens 
with holes. Por the low carbon steel the damaging effect of combined corrosion- 
fatigue and a stress raiser was but slightly larger than that for corrosion alone. 
Later tests of heat treated SA.E. 3140 steel and several low alloy steels under 
reversed flexure yielded similar results. 

Corrosion-Fatigue and Caustic Embrittlement—In connection with steel pres¬ 
sure vessels an interesting phenomenon is that known as "caustic embrittlement.” 
Under steady, high stresses and in the presence of a strong alkaline solution 
intercrystalline cracks have developed both in vessels in service and in specimens 
under laboratory tests. It seems probable that the chemical action which starts 
these cracks is due to the presence of small quantities of impurities in the solutions 
used, and silicates seem to be indicated as impurities. The phenomena of corrosion- 
fatigue seem to be distinctly different from those of caustic embrittlement. The 
corrosion-fatigue cracks when started in steels and most of the nonferrous metals 
spread within the crystals just as fatigue cracks spread when tested in air. Un¬ 
published results by Betty at the University of Illinois show that under the corrosive 
influence of water which had been chemically treated so as to prevent caustic 
embrittlement, corrosion-fatigue took place in boiler steel. 

Corrosion-Fatigue Failures in Service—Corrosion-fatigue failures have occurred 
in marine propeller shafts, ship's rudder main piece; steering hubs and stub axles 
of automobiles; boiler and superheater tubes; turbine rotors, discs, and blading; 
street car and locomotive springs; piping conveying corrosive liquids; wire of airplane 
frames; pump shafts; pump rods; pump bodies; watercooled piston rods of Diesel 
engines; and steel railway sleepers. Gough’ feels that the occurrence of corrosion- 
fatigue in marine boiler plates has not yet been definitely proven, differing in this 
opinion from McAdam. In the service failures studied the exposed surfaces have 
in some cases suffered appreciable damage by general corrosion, but the reduction 
of dimensions by corrosion is quite insufficient to explain the great reduction of 
strength. Corrosion-fatigue depends on localized action. 
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Simple Statistical Methods as a Guide in Control of 
Operations and of Quality of Product* 


In any single manufacturing operation whatever there is bound to be some 
lack of complete uniformity which may affect the usefulness of the product. In a 
sequence of operations the likelihood of significant variation of the final product 
is much greater, as the maximum deviation from the mean in the final product 
is usually the sum of the maximum deviations from the mean in each step in the 
sequence of operations. Thus it is inevitable that there will be some variation 
between the units of any metal product no matter how carefully each of the many 
steps in its manufacture has been carried out; and, m general, such difficulties as 
there are arise from those units which differ most widely from the average quality 
as specified. For, to the user, extra good units do not make up for poor units; 
what he wants, especially in these days of automatic operations, is a product no 
unit of which falls outside certain limits, and the limits which he is willing to 
tolerate are becoming always closer. We are therefore forced to consider the extent 
and frequency of departme from the average, or the mode of distribution of the 
several cases about the average; and this implies that if we are to treat these 
matters intelligently we must have recourse to statistical methods. 

Conclusions deduced from statistics have not always commanded universal assent, 
but experience with the application of statistical methods to metallurgical and 
manufacturing operations which are reasonably well controlled, has demonstrated 
their usefulness and reliability, when properly used and interpreted. By their use 
it is possible to differentiate variation which is inherent in a given process from 
variation due to some abnormality in that process. Methods are available which 
enable us to decide, from the variation in test results of selected samples, in how 
far the quality of the individual units is being maintained within the requisite limits, 
or to foretell the probability of performance even where only limited data are 
available. They also serve to bring out relationships between actual variables in a 
process even where there is no functional relationship between these variables. 
They suggest moreover that in some specifications, rigid limits—for instance, of 
composition or of quality—could, with advantage to all concerned, be replaced by 
the requirement that a stated high percentage of the material should be within 
the stated limits. 

The statistical methods most frequently employed involve the use of frequency 
distributions, cumulative distributions, control charts, correlations, and significance 
tests. It is manifestly impossible, in the space available, to discuss all of these 
methods in such a way that a reader, previously unacquainted with them, could 
apply them; and their seeming complexity might indeed discourage him from 
trying them. We are therefore limiting ourselves to an outline of a simple case— 
the construction and use of frequency curves—which involves little mathematics; 
and in the appended references we refer the reader who becomes interested in 
going further, to a number of pamphlets and books which set forth more mathe¬ 
matical methods of statistical analysis and discuss the whole subject broadly. It 
may be added that most of these methods are less difficult than they may seem at 
first sight; when once set up they may be used and applied by a person without 
special aptitude for mathematics, provided always that one uses common sense 
in arranging the observations and in interpreting the results. 

The frequency curve represents the frequency of occurrence of the several values, 
or mode of distribution of the value, of a single variable X for a large group of 
units or batches of the product. Its useful interpretation is based on the presumption 
that the group is large enough to permit us to consider the variation of X as being 
unaffected by the variation of whatever other factors may influence the quality 
or fitness of the product for its intended use. The merit of frequency curves is that 
they enable us to analyze, factor by factor, complex situations in which a large 
number of possible variable factors are concerned, without bringing in any personal 
bias; this enters only when we begin to seek the causes to which the variation in 
product is to be attributed. 


•This was written by John Johnston, with the aid and advice of J. E. Oould, National Tube 
Co., Lorain Works. Anson Hayes, American Rolling Mill Co., and W. A. Shewhart. Bell Telephone 
Laboratories. It is presented as a simple Introduction to the subject, designed to arouse Interest 
on the part of those still unacquainted with this valuable tool. 
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To Illustrate the method of drawing and using a frequency curve, it is best 
to consider a specific example. For this we shall take a large group of heats of steel, 
considering as the variable X the casting temperature, which ranged from about 
2700 to 2950°P. The difference is the total range required on the horizontal axis. 
This range we divide into equal intervals, or unit cells, each representing In this 
case an interval of 20°. This interval was chosen because the accuracy of meas¬ 
urement is of this order, and there is no point in making the interval smaller than 
the probable accuracy of the data under consideration. The choice of size of unit 
cell does not affect the curve materially if the number of cases (heats) is large 
enough and if the number of intervals is not too small; it is a matter of Judgment, 
governed largely by the degree of accuracy of the data and the size of the group 
of cases available. If the interval is too small, there will be, with a limited number 
in the group, too small a number in each and the curve will be irregular and show 
details which may well be without significance; if the interval is too wide, the 
significant details may be masked. In general it is preferable to have a dozen cells 
if the accuracy of the data and the variation of X make this possible. Having 
decided* on the size of the interval, we examine the records for the group, and 
count the number of cases in which X falls within each of the several intervals or 
cells. When the whole group has been counted in this way, the number in each 
group is reduced to a percentage of the whole, and this percentage is plotted as 
ordinate at the center of each cell on the horizontal scale. These points are con¬ 
nected by straight lines as in Pig. 1; or vertical blocks or bars may be used to 
show the relative number within each interval of the variable. The resulting fre¬ 
quency distribution is usually not quite smooth, but is smoother the larger the 
group; consequently little significance is to be attached to smaU irregularities, par¬ 
ticularly when the group is small. 

It is to be noted 
that each frequency 
distribution deals 
with a single vari¬ 
able only, the other 
co-ordinate being 
merely a number. 

Consequently there 
is a separate curve 
for each variable 
considered, without 
reference to the oth¬ 
er possible variable 
factors. We may, 
however, use as the 
variable the sum or 
product or quotient 
of two recorded va¬ 
riables, as derived 
separately for each 
case in the group; 
but a combination 
of variables should 

in general be tried only if there is a specific reason for doing so. A single diagram 
should be concerned with only one variable, but it is highly desirable to draw on 
the same sheet the corresponding diagram for groups to be compared. Such a 
comparison may be made on similar groups of heats made at different periods (for 
Instance, before and after some change in practice) or in different mills, or of “good” 
with “bad” heats as separated by any criterion of quality that may be available (for 
Instance, hardness or ductility). Such a comparison is illustrated in Fig. 1. We 
may also arrange a large group in order of increasing Y, where Y is a second variable 
(that is, manganese or sulphur content), divide into three (or four) equal subgroups, 
and then compare the frequency distribution of the variable X for the highest and 
for the lowest of these subgroups; this shows at once how far the distribution of 
the values of X is affected by the factor Y. 

The frequency curve for the variable X shows at a glance, for the group of 
cases included in the diagram: (1) the total range of X; (2) the total number of 
cases falling within, or without, any specified limits of X; (3) the most frequent 
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Casting Tempenatune, °F. 

Pig. 1—Typical frequency curve; casting temperature of a large group 
of heats before, and after, a change in practice. 
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value of X; (4) the general symmetry of the distribution of the values of X about 
the peak. Obviously a high narrow curve corresponds to a close control of the factor 
X; a low broad curve indicates inadequate control. Yet the average value of X may 
readily be the same for both of the distributions just named, or indeed for any 
number of different modes of distribution; this shows that averages have little sig- 
niffcance unless the shape of the distribution of the values averaged is substantially 
identical in all the groups compared. Thus in comparing similar groups of product 
made at different periods or in different ways or in different places, we may have 
the same average value of X yet with better or worse control of its variation as 
indicated by a narrower or broader loop respectively. 

In general, the outstanding advantage of a frequency curve is that it depicts 
characteristics of the distribution of the values of one variable at a time for a 
group of cases, and that it is based on no assumptions other than that the number 
in the group is large enough to insure that the distribution of all other variable 
factors is accidental and so without specific directive effect upon the single variable 
considered. This implies that the data have been grouped rationally, based upon a 
fundamental knowledge of the process in question; in other words, that the group 
considered does not comprise two (or more) subgroups which are known to differ 
specifically from one another with respect to some factor. The method is applicable 
to any factor which can be obtained repeatedly as a numerical quantity; from 
residual carbon to temperature at any step in the process of manufacture, from 
cost or overall recovery of product to tensile strength of similar samples or diameter 
of similar wires. It furnishes what may be called a statistical aspect of quality 
with respect to any given step of a process or any given property of a product; but 
being by definition statistical does not of itself indicate the why or wherefore of 
any differences it may reveal. Nevertheless, if on comparison of two similar groups, 
one of “good,” the other of “bad” product, we find the two frequency curves for any 
given variable to be substantially identical, we can conclude with some confidence 
that this particular variable is substantially without influence upon the “goodness” 
of the product as indicated by the criterion which was used; moreover if the pairs 
of curves for each of the variables observed are substantially identical, we should 
look for some other factor which might influence the “goodness” or “badness” of 
the product, or inquire into the significance of the criterion used to distinguish 
“good” from “bad.” 

If the variation of X is believed to be random, then the cumulative curve, derived 
from a comparatively large group, may advantageously be used to forecast the 
per cent of occurrences which will fall within any specified limits. The following 
table illustrates how such a curve may be readily prepared: 


Interval % of All Cumulative % 

of “X** Observations of Observations 


52-64 

55-57 

58-60 

61-63 

64-66 

67-69 

70-72 

73-75 

76-78 

79-81 

82-84 


Total 


1.0 

1.0 

2.5 

3.5 

4.0 

7.5 

12 0 

19.5 

16.0 

35.5 

19 5 

55.0 

19 0 

74.0 

15.0 

89.0 

8 0 

97.0 

2.0 

99.0 

1.0 

100.0 

100 0 



Such a cumulative curve may be plotted satisfactorily on arithmetic probability 
graph paper. 

One of the recent developments in statistical technique of particular usefulness 
in detecting assignable or findable causes of variability in the properties of metals 
during production is the statistical quality control chart. A recent paper by Chan¬ 
cellor briefly illustrates some of the uses of this technique in the steel plant. By 
means of an analysis of a series of comparatively small samples taken in the order 
of the production of the material, it is often possible to detect the presence of 
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causes of variability which should, from an economic viewpoint, be removed from 
the process. As an example, Pig. 2 


shows a control chart for chipping 
time taken from this paper, in which 
the average for successive small 
groups of samples is plotted. When 
this average falls outside the ap¬ 
propriate limits, it is usually possible 
to find and remove the cause, thus 
reducing the variability. Two such 
kinds of causes were found in this 
case, as is indicated in the figure. 
The use of such techniques leads to 
many economies, examples of which 
will be found in the literature cited 
below. 

It would lead too far to give a 
complete discussion of the applica¬ 
tion of these methods; for this the 
reader is referred to the books and 
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pamphlets noted below which treat 
and illustrate the several methods 
in the requisite detail. 


Fig. 2—Control chart for chipping time (In man¬ 
hours per unit of surface area) of groups of heats 
m chronological order. 
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Spectrographic Analysis 

By Charles C. Nitchie* 

Introduction—The fundamental basis of spectrographic analysis is the fact that 
every element, when converted by heat or electric discharges into the form of a 
luminous gas or vapor, emits light which is definitely characteristic of that element. 
A simple illustration of this phenomenon is the flame test, frequently used by the 
chexnist for the qualitative indication of the alkali and alkaline earth metals. He 
introduces a fragment of material into the colorless dame of a Bunsen burner. 
If the flame is colored a bright yellow, he concludes that the element sodium is 
present. A violet color indicates potassium; a deep red, lithium; or a yellow-green, 
barium. 

A test of this kind, however, can be used to only a limited extent. Relatively 
few of the elements emit their characteristic radiations at the temperature of the 
Bunsen flame. Few of them yield light so nearly monochromatic that a visual 
observation of the color of the flame can provide a safe basis for identification. 
Moreover the eye sees only an integrated average when more than one color is 
present and cannot separate a complex color into its components. Consequently, 
visual observation would be totally inadequate for the analysis of mixtures of two 
or more elements. For these reasons color is usually disregarded in work of this 
kind, radiations are designated by wave lengths and recourse is had to Instrumental 
methods of observation which permit the clean cut separation and accurate 
measurement of the wave lengths emitted by the elements under consideration. 
The instruments used are the spectroscope and spectrograph, the former for visual 
observation, the latter photographic. 

The Spectroscope—^The spectroscope is of more limited value than the spectro¬ 
graph for metallurgical analysis. Its use is confined to the comparatively narrow 
band of radiations which the eye can see whereas many of the elements emit their 
strongest and most characteristic radiations in the ultra-violet or infra-red which 
are invisible. Furthermore, with the spectroscope, specific search must be made 
for the lines of each individual element, in order that its presence or absence may 
be established. This search must be made while the sample is in the luminous 
vapor condition, with the probability that some will be missed because they have 
been completely expelled from the sample during the time when others were being 
observed. 

The Specirograph—The spectrograph is free from the limitations of the 
spectroscope. The photographic plate records not only the visible but also the 
ultra-violet and when suitably sensitized, a considerable portion of the infra-red. 
It records all radiations simultaneously and provides a permanent record from 
which the essential facts may be read at any time, even though the sample is no 
longer available. Its response to radiation is cumulative so that, with sufficiently 
long exposures, readable impressions can be obtained from radiations too weak to 
be observed visually. For these reasons the spectrograph is much to be preferred 
for analytical work and is the instrument that will be discussed here. 

Spectrographs are of two major types, one using a prism, the other a diffraction 
grating to disperse the spectrum. The diffraction grating has the advantage that 
it produces a spectrum that is nearly "normal,” that is, one with the same disper¬ 
sion at all wave lengths, so that two lines, differing from each other in wave 
length by a given amount, are separated by the same distance on the photographic 
plate, regardless of wave length. With the prism, dispersion is much greater at 
short wave lengths than at long, with the result that the spectrum is more crowded 
in the long wave region and wave lengths cannot be measured as accurately there 
as in the short wave length range. This advantage is largely offset by a number 
of limitations, the most serious one being the fact that good gratings are difficult 
to obtain, their manufacture being attended by so many difficulties and uncer¬ 
tainties that no commercial manufacturer has foxmd it possible to undertake their 
production. Less serious objections are the presence of “ghost lines” in the 
spectrum, due to slight irregularities in the rulings and the overlapping of suc¬ 
cessive orders of spectra, which sometimes Introduce uncertainties in interpreta- 

^Bausch a Lomb Optical Co., Rochester, N. T. 

rhis article not revised for this edition. 
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tlon. For these reasons, grating spectrographs are not extensively used for spectro- 
chemlcal analysis and are not considered in the following discussion. 

In its simplest form (Pig. 1) the prism spectrograph may be thought of as a 
photographic camera, adjusted and focused to take pictures of a narrow slit 
through which comes the light to be examined. Between the lenses which form 
the image of the slit on the photographic plate is placed a prism which by refrac¬ 
tion, bends the light, the amount of bending being determined by the material 


PRISM 



of which the prism is made, the angle between its faces and by the wave length 
of the light. Light of short wave length is bent more than that Of long wave 
length. If. now. the slit is illuminated with red light of a single definite wave 
length, the light will be bent to only a slight degree on passing through the prism, 
and the picture of the slit will be formed by the lenses toward the right-hand 
end of the photographic plate. If the slit is illuminated with light of shorter wave 
length, say violet, the bending will be more and the slit image will be formed 



farther to the left. Ultra-violet radiation is of still shorter wave length and conse¬ 
quently undergoes still more deviation, the slit images of the shortest wave lengths 
being formed at the left end of the plate. 

If the light entering the slit is made up of more than one wave length, each 
will form a separate picture of the slit and these pictures or **spectrum lines’* will 
be distributed along the plate in positions corresponding to the wave lengths of 
the radiations producing them. There will thus be no difficulty in detecting with 
certainty any one wave length in the presence of others, provided the entrance 
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slit is made sufficiently narrow to avoid overlapping of images, when the radiations 
to be distinguished differ but slightly in wave length. The wave length corre¬ 
sponding to any line can be determined by measuring its position in the spectrum 
Mth reference to lines of known wave length. Since the radiation emitted by 
4^each element is made up of certain definite discrete wave lengths which are always 
ithe same regardless of what other elements are present in the substance under 
Jinvestigation, and since these wave lengths are accurately known and are avail- 
|al^ in published tables, it is possible to identify each line in the spectrum from 
^ its wave length and thus to gain a complete knowledge of the composition of the 
substance. 


Some elements like the alkali metals yield spectra that are relatively simple, 
containing but a few lines. Others like iron, nickel, and tungsten yield highly 
complex spectra, with thousands of individual lines. This must be kept in mind 
when selecting a spectrograph, for a particular purpose. 

These instruments are 
made in a number of sizes 
and types, with correspond¬ 
ing differences in dispersion 
and resolving power. 

The dispersion of a prism 
is the separation it will give 
between different wave 
lengths. Strictly it is the 
difference in the angles at 
which two rays, differing in 
wave length by one unit,* 
emerge from the prism. 

It is usually more con¬ 
venient with a spectrograph 
to consider what is termed the linear dispersion, the number of A corresponding to 
a separation of 1 mm. on the photographic plate. This takes into consideration 
not only the angular dispersion, but also the focal length of the lens which focuses 
the lines on the plate, since the greater the distance at which the lines are focused, 
the greater will be the separation of two lines with a given angular separation. 

Resolving power is a measure of the ability of the prism to separate two Imes 
differing but slightly in wave length. It bears the same relation to dispersion in a 
spectrograph as that between resolving power and magnification in a microscope. 
Just as no amount of magnification can reveal details of structure with a micro¬ 
scope, when using an objective of too low resolving power (determined by its 
numerical aperture) so, in a spectrograph, no increase in the linear dispersion will 
serve to separate close pairs of lines unless the prism used has the necessary 
resolving power, which is determined, for prisms of a given refractive index and 
angle, by the size of the prism. All prisms having the same refractive index and 
angle between refracting surfaces have the same dispersion regardless of size, but 
their resolving powers will vary ip direct proportion with their sizes provided the 
beam of light which passes through the prism is broad enough to fill the entire 
length of the refracting surfaces with light. This, of course, means that the 
collimating and camera lenses must also be of proportional sizes. 

It is thus obvious that to obtain satisfactory results in the analysis of materials 
that yield complex spectra, in which the lines are numerous with but small differ¬ 
ences in wave length, it is necessary to use a spectrograph with a large prism and 
lenses to give the required resolving power and with lenses of long focal length 
to make that resolving power effective. 
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Fig. 3—Index for the Identification of aluminum lines. 


*Wave lengths are i;sually expressed In Angstrom units (symbol, A). The symbol I.A. (Inter¬ 
national Angstrom) is sometimes used to Indicate that the unit used is based on the present 
International Standard, which by agreement assigns to the red line of cadmium the wave length 
6438.4696 I.A.. a value determined by means of the interferometer in comparison with the inter¬ 
national standard meter. 


1 A = 0.1 m^ =: 10“’ mm. 

The visual spectrum Includes wave lengths from about 4000-7600 A. Those shorter than 4000 A 
comprise the ultra-violet and those longer than 7500 A the infra-red regions. 
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Size of Spectrograph —^There are, of course, many materials the spectra of 
which do not require the use of large spectrographs. Most of the common nonferrous 
metals have comparatively open spectra with little danger of confusion. For such, 
a spectrograph of moderate dispersion and resolving power will usually be suffi¬ 
cient, although even then difficulties may arise if constituents are present which 
give lines close to those of others. It is a wise precaution, therefore, when investing 
in instruments of this kind, to make sure that the one selected is adequate to 
give unquestionable results on all analytical problems that are likely to arise. 

Spectrographs of szxiall and moderate sizes are usually arranged in the manner 
Indicated in Pig. 1, the light entering the slit at one end and passing through the 
collimating lens, prism, and camera lens to the photographic plate at the other 
end. With large instruments, however, this arrangement is not so convenient as 
that known as the autocollimating, or Littrow type (Pig. 2). 

The slit is placed at the same end as the photographic plate. But one lens is 
necessary and the prism has a metallic reflecting coating applied to its back 
surface. Light entering the slit is directed to the lens which renders the rays 
parallel and passes them on to the prism where they are refracted and strike the 
reflecting surface normally. They are reflected back along their incident path, 
are further refracted on emerging from the prism, and again pass through the 
lens which focuses the spectrum on the photographic plate. Several advantages 
result from this arrangement. The total length of the instrument is but half thaC. 
of one of the conventional type and of the same focal length. The “around-the- 
corner” structure is avoided, permitting a straight line construction which occu¬ 
pies less space in the laboratory, is easier to handle when the instrument has to be 
moved or shipped, and makes possible a more convenient arrangement for opera¬ 
tion. The light source and photographic plate holder can be brought near together, 
so that all manipulation is brought within reach of the operator at one position. 
Furthermore, it requires but a single lens and a prism of but half the thickness of 
that required by the other type, a consideration which is particularly important in 
the case of quartz optical parts because of the scarcity and high cost of quartz of 
large size and good optical quality. 

If the instrument is to be used only for the recording of the longer wave 
lengths of the spectrum, glass optical parts may be used throughout the system. 
If, however, the ultra-violet is also to be observed, glass will not serve as it is opaque 
to wave lengths shorter than about 3600 A. Since most of the metals have their 
strongest lines in the region of shorter wave lengths, a spectrograph to be used for 
general metallurgical analysis must be provided with optical parts that will trans¬ 
mit these wave lengths. Quartz is usually employed, as It has the requisite short 
wave transmission and is found in natural crystals large enough for the manufac¬ 
ture of prisms and lenses of the necessary size. 

The Light Source—^Various devices are used for exciting the radiations. They 
include: (1) The Bunsen burner; (2) the oxy-acetylene flame; (3) the electric 
arc; (4) the high tension spark; (5) the vacuum discharge tube; (6) the electric 
furnace; and (7) the explosion of fine wires by heavy condenser discharges. 

The Bunsen Flame —The Bunsen fiame, with its relatively low temperature, will 
excite the radiations of the alkali and alkaline earth metals and a few others, but 
is not effective with most of the elements that are encountered in metallurgical work. 
Consequently it is rarely used. 

The oxy-acetylene flame is much hotter than the Bunsen flame and will 
excite radiation from many more elements. It has been used by Lundegardh' and 
others with considerable success on a variety of materials. The sample is used in 
the form of a solution which is introduced into the gas stream as a fine spray, 
with the aid of a special form of atomizer. 

The electric arc is the light source most generally used. The sample may 
take any form that may be convenient. Rods or reasonably heavy strips of metallic 
samples may be used as electrodes and the arc struck between them, with sufficient 
resistance in series to give the required current, usually 5-15 amperes. This Is 
the most satisfactory form when the metals are of sufficiently high melting point 
to withstand the high temperature of the arc without melting down. Since the 
metals usually have high heat conductivity it is often possible to use metals of 
relatively low melting point in this way if the electrodes are of large cross section 
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SO that the heat is carried off rapidly from the points where the arc is struck, 
an<^ only the tips reach the fusion temperature. The main advantage of the iise 
^.>4!"self-electrodes” is the fact that the light emitted comes entirely from the 
rsample and there is no chance for confusion with extraneous lines in the spectrum 
which are always present when supporting electrodes of other materials are used. 

Sometimes it is Impossible to obtain the samples in forms that can be used 
directly as electrodes. Small fragments, drill chips, hack saw dust, powders, and 
solutions are usually introduced into a cavity drilled in the tip of a pure carbon 
rod which is mounted as the lower electrode of the arc, a second rod of the same 
pure carbon serving as the upper electrode. Artificial graphite is the form of 
carbon most commonly used. Special grades are available commercially from which 
metallic impurities have been removed either by repeated heating at the tempera¬ 
ture of the graphitizing furnace, or by chemical treatment followed by such heat¬ 
ing. The grade which is most widely used may contain minute amounts of boron, 
calcium, copper, magnesium, silicon, titanium, and vanadium, the lines of which 
will appear in the spectrum. They may be allowed for, to a large extent, by 
photographing the spectrum of the blank electrodes alongside that of the sample 
and ignoring lines common to both, if no stronger in the sample spectrum than 
in the blank. This procedure is subject to some uncertainty as the impurities 
may not be evenly distributed throughout the graphite. Furthermore the inten¬ 
sities of electrode Impurity lines are considerably affected by the other elements 
present in the samples, some elements having the effect of enhancing, others of 
suppressing the lines of other elements. For these reasons it is not possible to 
make exact allowance for electrode impurities from the blank electrode spectrum. 
In critical cases, when the analyst must be certain of the presence or absence of 
minute traces of the elements that do occur as impurities in the ordinary grade 
of spectroscopic graphite, it is necessary to use more highly purified graphite from 
which these impurities have been more completely eliminated. A method for puri¬ 
fying electrodes is oescribed by Standen and Kovach.* 

One source of occasional difficulty with the carbon arc is the presence in its 
spectrum of numerous broad and intense bands due, not only to carbon but also 
to molecules of its oxides and nitrides (cyanogen) formed when the arc burns in 
air. They are often so strong as to hide completely the lines of other elements 
present in the sample and having wave lengths lying within the bands. It is a 
fortunate circumstance that comparatively few of the metals have their most 
important lines in the regions so affected, and most of these also have lines of 
good intensity at wave lengths where they will not be subject to this type of inter¬ 
ference. For the few cases in which it is necessary to observe weak lines in the 
regions covered by the carbon bands it is sometimes necessary to use supporting 
electrodes of other materials than carbon. Copper or silver electrodes are some¬ 
times employed. They are not so effective as carbon in bringing out extremely 
small traces because they do not reach so high a temperature and consequently 
do not vaporize the samples as readily as does the carbon arc. 

Direct current is necessary for the maintenance of an arc between metallic 
electrodes or those of graphite. Alternating current will not serve. The arc can 
be operated from a 110 volt d.c. line with care and close attention, but greater 
steadiness and freedom from interruptions are insured by using a higher line 
voltage, 220-250 volts. A rheostat is connected in series with the arc to regulate 
the current. This will vary with the nature of the samples and the purpose of 
the analysis. No definite rules can be set down as the most favorable conditions 
must be determined by experiment for each problem as it arises. Highly volatile 
samples usually require lower amperage than those of a more refractory nature 
in order to avoid too rapid volatilization. Some materials, such as some of the 
alloy steels, throw off a shower of sparks, consisting of particles of white hot 
metal, which may embed themselves in the surface of the condensing lens if too 
high current is used. On the other hand, too low a current will often fail to 
produce the necessary electrode temperature to volatilize a highly refractory 
sample and will thus imduly prolong the exposure. 

The amount of sample to be used will depend on many conditions, including 
the nature of the material, the form in which it is received, the elements to be 
detected or determined and the concentrations in which they are present. A frac¬ 
tion of a milligram will often suffice for an indication of the major constituents. 
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Fifty milligrams will usually permit a complete analysis for both major constitu¬ 
ents and impurities present in minute traces. 

Arc excitation yields a spectrum which permits the detection of all the metallic 
elements, but only a few of the nonmetals. Hydrogen, oxygen, nitrogen, the halo¬ 
gens, and the rare gases do not emit their spectra in the arc. Phosphorus and 
selenium do so at relatively high concentrations, but are not nearly so sensitive as 
most of the metals in the range of wave lengths readily available with ordinary 
spectrographs and photographic emulsions. Their strongest spectrum lines fall 
so far out in the ultra-violet as to require, for the detection of small amounts, 
the use of a vacuum spectrograph and specially sensitized plates. The same is 
true of sulphur which, however, also yields lines of considerable intensity in the 
near infra-red. With the recent development of infra-red sensitive plates there 
is reason to believe that sulphur can be detected in amounts comparable with 
many of the metals. Carbon yields a few strong lines and, when the arc is burned 
in air, numerous complex bands due to oxide and nitride molecules. Attempts 
have been made to develop methods that would permit the spectrographic detec¬ 
tion and estimation of carbon in iron and steel but without much success, and 
there is at present little prospect that the spectrograph will provide a substitute 
for chemical methods for carbon analysis. 

The high tension spark is extensively used in much the same way as the arc, 
samples and electrodes being of a similar character. The electric discharge, how¬ 
ever, is quite different. In the first place, it is at much higher potential, commonly 
from 5000-20,000 volts. Secondly, it is usually an alternating current discharge 
drawn from an induction coil or, more commonly from a step up transformer 
operated from the ordinary 110 volt, 60 cycle supply. The amperage is much less 
than with the arc and the electrodes do not reach the high temperature of arc 
electrodes. Consequently the amount of vapor raised to incandescence is far less 
than in the arc. The spark is usually less sensitive in the detection of extremely 
small amounts of minor constituents and impurities, and longer exposures are 
required to obtain comparable line densities on the photographic plates. 

The intensity of the spark is greatly enhanced by inserting a condenser in 
the high tension circuit, usually in parallel with the spark. This may be a Leyden 
Jar or a plate condenser with glass, mica, or oil dielectric. 

The spectrum of the spark will Include not only lines of the sample and elec¬ 
trodes but also numerous air lines emitted by the atmospheric gases. The air 
lines can be largely eliminated by inserting a self-induction coil of a few micro¬ 
henries in series with the spark. 

Because of the high potential in the spark, the spectra produced by it often 
differ in important respects from those produced by the arc. Certain lines will 
be brought out strongly in the spark spectrum that are weak in or completely 
absent from the arc spectrum. Some lines that are prominent in the arc spectrum 
will be suppressed in the spark. These differences are due to the fact that most 
of the radiations in the arc arise from neutral atoms, those which still retain 
their full complement of electrons, whereas in the spark many of the atoms have 
lost one or more electrons—in other words are ionized—and consequently behave 
like distinctly different elements. For this reason care must be exercised to avoid 
confusion when comparing arc with spark spectra of any material. Some '*spark 
lines” will usually appear in the spectrum emitted by the arc and some “arc lines” 
in that emitted by the spark, but their relative intensities will differ with the pre¬ 
vailing electrical conditions and also with the particular combination of elements 
in a given sample. 

The spark has some advantages over the arc that recommend it for certain 
purposes. It will usually maintain its position with greater constancy, having less 
tendency to wander from place to place on the electrodes thus requiring less atten¬ 
tion on the part of the analyst to keep it properly lined up with the spectrograph. 
For this reason, too, it can be used more readily for the examination of restricted 
areas in a sample. Small spots, where segregation is suspected can be examined by 
directing a spark to the suspected spot, with less danger of interference from the 
surrounding material than would be experienced with the arc. Because of the 
lower electrode temperature it is possible with the spark to obtain the spectrum 
of a specimen without altering its form or removing any appreciable amount of 
material. This is sometimes desirable in the analysis of rare specimens, items of 
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evidence in criminal cases or other objects, the original form of which must not 
be changed. 

The principal disadvantages of the spark are its lower degree of sensitiveness 
in detecting extremely small traces and the highly objectionable noise produced 
by the condensed spark. 

The vacuum discharge tube is used in obtaining the spectra of gases. The 
familiar neon sign is an example of such a tube in which an electric discharge 
at fairly high potential is passed through the gas at relatively low pressure, the 
light being observed either through the wall of the tube or through a suitable 
window applied over the end. Such devices are of little application in work with 
metals, although there is a possibility that methods could be developed for nitro¬ 
gen in which these tubes could be used. 

The electric furnace, as a means for exciting the spectrum, is used in the 
study of the emission from metallic vapors at different temperatures. It has 
provided important data for those who are concerned with the origin of spectra 
and the energy relations involved in the emission of different spectral lines, but 
has not been used for spectrochemical analysis. 

The wire explosion method involves the explosion of a fine wire of the metal 
to be analyzed by passing through it an instantaneous current of high amperage 
from a condenser of large capacity charged to a high potential. In this way 
enormously high temperatures are obtained and light of great intensity is emitted. 
The method has been successfully applied to the analysis of the fine tungsten 
wires used as filaments in incandescent lamps and vacuum tubes. It has also 
been used for the analysis of other materials by coating the wire before explo¬ 
sion with a film of the sample material. This method has not come into general 
use but appears to have promising possibilities for some types of work. 

Illiimination System—The way in which the light from the source is intro¬ 
duced into the slit of the spectrograph has a great deal to do with the quality 
of the lines as photographed on the plate. A detailed discussion of the many 
factors involved is beyond the scope of the present article. An excellent demon¬ 
stration, with experimental data has been presented by Stockbarger and Burns.* 
No one method will provide the best illumination for all purposes. 

The sharpest lines will be obtained when a small source is placed at a consid¬ 
erable distance from the slit, with no condensing lens between. This, however, 
utilizes but a small part of the emitted light and necessitates undesirably long 
exposures. 

Another method is to place a diffusing screen, such as a ground quartz plate 
between the light source and the slit, illuminating by diffused light. This insures 
more even illumination of the whole length of the slit than the method using a 
condensing lens, but has the disadvantage, when used with the carbon arc, that 
it introduces into the spectrograph not only the light from the arc proper, but 
also a flood of white light from the hot electrode tips, producing a strong back¬ 
ground of continuous spectrum. 

By far the most common method of Illumination is to focus a magnified 
image of the source on the slit by means of a condensing lens. While this does 
not produce so sharp lines as those obtained with the first method, they are suffi¬ 
ciently sharp for most practical purposes and the method has several distinct 
advantages. More light is introduced into the spectrograph, resulting in shorter 
exposures. White light can be excluded by using sufficient magnification to throw 
the images of the electrode tips above and below the open length of the slit, thus 
limiting the light entering the spectrograph to that from the arc or spark. Fur¬ 
thermore, once the condensing lens has been properly located, it provides an accu¬ 
rate indicator for locating the light source in the optical axis of the spectrograph. 
All that is necessary is to bring the source 4nto such a position that its image 
falls on the slit. 

An optical bench, rigidly attached to the spectrograph, with supports for light 
source and condensing lens, is the best means for securing correct alignment and 
maintaining it. 

Sometimes it is desirable to have means for reducing Ught intensity, in order 
to avoid overexposure of the photographic plate, when the exposure time must 
be extended to permit complete volatilization of a refractory sample. Such a 
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means is provided by an adjustable sector disc, rotating in the path of light be¬ 
tween condenser and slit and cutting off any desired fraction of the full illumi¬ 
nation. The speed of rotation is immaterial so long as it is not so high as to 
set up excessive vibration. All that counts is the ratio of open to closed sectors. 

Photography of the Spectrum—The photography of the spectrum differs in no 
essential respect from pictorial or metallographic photography. It is really some¬ 
what simpler than either since the spectrograph is either permanently focused, 
requiring, with small or medium instruments, no adjustments to insure a sharp 
picture or, with the large size instruments but the netting of a couple of scales 
to predetermined figures to bring any desired portion of the spectrum into focus 
on the photographic plate. 

Plates are more generally used than films since they provide a more accurate 
surface on which to focus the spectrum. The slight curvature that is required 
to iirsure sharp focus over the full length of the spectrum can usually be applied 
to a plate without danger of breakage, and without any of the resultant lateral 
curvature that is apt to distort the spectrum when films are used. 

Almost any of the commercial photographic emulsions can be used. Ordinary 
plates are satisfactory for the ultra-violet and the short wave portion of the visual 
range. Panchromatic plates must, of course, be used when it is necessary to record 
longer wave lengths, up to the red end of the visual spectrum. Specially sensitized 
plates are now available which extend the range that may be photographed well 
beyond the visual region into the infra-red. Others make possible the photography 
of the short wave, ultra-violet in the region to which the gelatine of the emulsion 
is not transparent. 

Slow plates are generally more satisfactory than fast ones as they have finer 
grain, and show better contrast and resolving power. Their slowness is not a 
disadvantage as it is usually necessary to give rather long exposures to permit time 
for the complete vaporization of the sample and thus to insure a correct indica¬ 
tion of the proportions of the constituent elements, those that are highly volatile 
and come off rapidly from an arc as well as those that are refractory and evapo¬ 
rate more slowly. Exposures of 2 or 3 min. are usually required with small samples 
of metals in graphite electrodes. Slags and refractories may require 5-10 min. to 
insure complete volatilization. When metallic electrodes made from the sample 
material are used with the arc the case is somewhat different. It is impossible to 
insure the volatilization of a definite amount of material; long exposures may be 
accompanied by a gradual change in the proportions of constituent elements at 
the points where the arc has struck and short exposures will frequently yield more 
consistent results than long ones. 

Qualitative Analysis—If the fully developed spectrum oi a pure element is exam¬ 
ined it will be found to include a number of lines of different wave lengths. 
With some elements the number is small, with others large. Some lines will be 
of high intensity, some weak, some exceedingly faint. If the spectrum is that 
of a material in which the given element forms only a part of the whole, other 
conditions being the same, the lines of that element will, in general, appear with 
decreased intensity. Those that were weakest in the full spectrum will fail to 
appear at all. At still lower concentrations other weak lines disappear until, 
at the lowest concentrations at which the element can be detected at aU, only one 
or two lines remain. These are the so-called rates ultimes, the lines that are the 
last to disappear when the dilution is carried to the limit. De Gramont* has 
made a thorough study of this phenomenon and has published a table giving 
for each of a large number of the elements, the wave lengths of these most per¬ 
sistent lines, together with a few which, while not so persistent as the rates 
ultimes, can still be observed at low concentrations. 

In qualitative analysis, the identification of the elements present in a sample 
requires only a systematic search for these highly persistent lines of each ele¬ 
ment. It is not necessary to go through the tedious process of identifying every 
line in the spectrum. If the rates ultimes of an element are found, they pro¬ 
vide proof of its presence in the sample. If they are absent, it is useless to look 
for other lines of the element in question, as they will certainly be missing. 

The most convenient and at the same time the most certain procedure in 
qualitative work is to locate the lines in question by their positions in the spectrum 
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with reference to neighboring lines of known source and wave length, either in 
the same spectrum or in a standard spectrum photographed on the same plate 
adjacent to the one under examination. The iron arc spectrum is almost uni¬ 
versally used as a standard, except in the case of spectra taken with instruments 
of low resolving power and dispersion. The iron spectrum contains many lines, 
well distributed throughout the range of wave lengths used in analysis. There¬ 
fore, convenient reference lines can be found near to those to be identified wherever 
they may be. Their wave lengths have been accurately determined and are avail¬ 
able in published tables. They occur in groups that can readily be recognized 
after a little practice so that the experienced spectroscopist has little difficulty in 
locating and identifying the lines to be used as bases of reference. 

Wave lengths of sufficient accuracy for most purposes can be determined by 
measuring accurately the distance on the plate between two reference lines, one on 
each side of the line to be identified, and also the distance between the latter and 
one of the reference lines. Knowing the wave lengths of the reference lines, simple 
arithmetical proportion gives that of the unknown. The computation assumes a 
linear relationship between wave length and line position. This of course is not 
strictly true in a spectrum taken with a prism spectrograph, since the dispersion 
increases with decrease of wave length. If the reference lines are not far apart, 
however, the error is small and the calculated wave length is usually close enough 
for correct interpretation. Occasionally it may be necessary to measure with greater 
precision than is attainable by linear interpolation. Such a case would arise when 
two or more elements had spectrum lines of so nearly the same wave length that 
the identification was in doubt and no other lines of these elements were available 
as a check. It would then be necessary to select three or more reference lines in 
the standard spectrum, measure their positions and that of the unknown line with 
the greatest possible precision, using an accurate measuring microscope, and com¬ 
pute the wave length with the aid of the Hartmann interpolation formula. Space 
does not permit a detailed discussion of this formula here, but it may be found 
in the larger treatises on spectroscopy.” It involves rather laborious calculations to 
evaluate the constants in the equation for a given instrument and spectral region, 
but when properly applied gives results of the highest precision. A considerably 
simpler formula, giving very nearly the same results, has been suggested by Russell 
and Shenstone.” A still simpler procedure that is more accurate than linear inter¬ 
polation is the graphical method of plotting line position against wave length on co¬ 
ordinate paper, using a sufficiently large scale to permit readings to the required 
precision and enough known lines to define accurately the form of the curve. 

A great deal of time may be saved by the spectroscopist who is doing much 
qualitative analysis, if he will prepare a diagram, similar to Fig. 3, for each element, 
when first he has occasion to identify it, noting the distances, as measured on his 
plates, between reference lines and those of the element involved. He will thus 
gradually build up an index that will enable him to identify the important lines by 
simple measurement, without having to repeat the calculations. An excellent pre¬ 
caution also is to list beside each diagram the wave lengths of lines of other 
elements that might be confused with the one under consideration with their dis- 
stances from the same reference lines. This will serve as a warning if special 
care in measurement is required to insure correct identification. 

Quantitative Analysis-~As mentioned in the previous section, the intensities 
with which the lines of an element are brought out in the spectrum under constant 
conditions of excitation and photography bear a direct relation to the amount of 
that element present in the sample. When much is present, the most prominent 
lines are strong; when little is present all lines are weak. This provides the basis 
for quantitative analysis. 

The excitation and photography of the spectrum are essentially the same in 
quantitative as in qualitative analysis. More care is required, however, to maintain 
constant conditions at all stages of the procedure, since there are many variables 
that may influence the densities with which lines are brought out on the photo¬ 
graphic plate and these must be kept under control if results of reasonable accuracy 
are to be obtained. 

Comparison of Spectrum Lines —^All quantitative methods depend on the com¬ 
parison of the densities of the spectrum lines of the constituents to be determined, 
with those of the same lines in the spectra of standard samples of similar general 
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composition but with dlflerent known amounts of these constituents. This com* 
parison is sometimes direct, sometimes indirect. 

The simplest, but at the same time, the least accurate way is to compare the 
spectrum of the sample directly with a series of spectra, previously prepared frmn 
the standards, noting among the latter the concentration at which the lines of the 
element in question are equal in density to those in the sample spectrum. The 
concentration in the sample is then assumed to be the same as that of the matching 
standard. If no exact equality is found the concentration is estimated between the 
two standards, one of which shows the lines a little stronger, the other a little 
weaker than those of the sample. With experience such differences can be esti¬ 
mated fairly closely and results accurate to 20 or 25% of the amount involved can 
be obtained. Sometimes this degree of precision is all that is needed as, for instance, 
when classifying mixed stocks of materials, or determining the general type of an 
alloy. Usually, however, a higher degree of precision is desirable. 

Among the factors that are most difficult to keep constant in the procedure 
Just described are those involved in the photography. Plates, even of the same 
brand, vary somewhat in their behavior. Composition and temperature of the devel¬ 
oping solution may change, with the result that spectra on different plates may not 
be strictly comparable. These variations can be eliminated to a large extent by 
photographing standards and samples on the same plate. This, of course, increases 
the time required for making the analysis but materially improves the precision 
of the results, since all spectra will then have had the same treatment. It is the 
procedure specified in the methods adopted as tentative standards for the analysis 
of certain metals by the A.S.TJyI. in 1935. While not so precise as the methods next 
to be described it yields results that may be relied upon to about 10% of the amounts 
involved and has the advantage that no accessory equipment is needed for density 
measurements. 

Internal Standard Method—While the precaution of photographing sample and 
standard spectra on the same plate eliminates errors due to variations in pho¬ 
tography, there still remains the possibility that variations in the light source may 
affect the accuracy with which the spectra can be compared. Line densities may 
be appreciably increased or diminished by changes in electrical conditions in the 
excitation circuit between exposures, or by variation, as in the solution method, in 
absorbing power of the graphite electrodes. Errors due to the former cause are 
largely eliminated by the “Internal Standard Method'* of Gerlach and Schweitzer.* 

This is an indirect method in which the lines of the elements to be determined 
are not compared directly with the same lines in separate spectra of standards, 
but with selected lines of another constituent in the same sample. It is necessary 
that this second constituent be present in constant amount in all samples of a 
given material, or that it vary in amount only as a result of the variation in the 
amount of the constituent to be determined. Evaluation is based not on the actual 
densities of the lines in question but on their ratio, which is correlated with con¬ 
centration by preliminary calibration with standards. For example, given the prob¬ 
lem of determining the manganese in a steel, the iron content will be essentially 
constant in all samples of a given type, and therefore the iron lines in the spectrum 
can be used for comparison with the manganese lines. A preliminary calibration 
is first made by photographing the spectra of three or more samples which have 
been accurately analyzed and are known to contain different amounts of manganese 
from the lowest to the highest that may be expected in that grade of steel. 

One of the manganese lines is selected which shows a suitable intensity vari¬ 
ation over this range of concentration. It must not be a very strong line because 
beyond a certain density there may be too small a change in density with concen¬ 
tration to give good results. Likewise it must not be too weak, for a similar reason. 
The line should be one having a density that falls within the straight line 
portion of the characteristic curve of the photographic plate, the curve connecting 
light intensity and the density of the image produced by it on the plate. A fairly 
close approximation to this requirement is obtained if the line selected Is clearly 
defined throughout the range and is distinctly gray, not black at the highest 
concentration. 

Prom the many iron lines in the neighborhood of this manganese line one is 
selected to serve as the basis of comparison. It should have a density within 
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the range of the series of manganese lines. However, instead of showing variation 
in density throughout the series, this iron line will be of practically the same 
density in all, since the amount of iron is practically the same in all the samples. 
This line should be fairly near the manganese line in the spectrum since the rate 
, of variation of density with light intensity is different at different wave lengths. 
^ ^ jhi a typical series the manganese line in the spectrum of the sample of lowest 
t manganese content will be considerably weaker than the iron line; at some higher 
concentration the two will be of approximately equal density, while at the 
highest concentration the manganese line will be stronger than the iron line. It 
is these ratios that are to be correlated with concentration, not the actual 
densities. In this way compensation is secured for variations in the light source. 
If all conditions could be kept absolutely the same during the series of exposures, 
there would be no need for the reference lines and the densities of the man^ 
ganese lines could be Used as a measure of concentration. Fluctuations are unavoid¬ 
able, however, but since they affect both the manganese and iron lines to the 
same extent the ratio will remain practically constant^ even though the actual 
densities differ. 

The line densities are then measured with some form of density comparator 
or microphotometer. Several forms are used. One typical form uses the spectrum 
plate as a ‘'lantern slide" and projects a magnified image of the portion of the 
spectrum containing the lines to be measured on a screen in the center of which 
is a narrow slit through which light can pass to a photocell. The image of the 
line to be measured is brought into position over this slit, so that the light reaching 
the sensitive surface of the cell is only that which has passed through the line 
on the plate. A galvanometer connected with the cell is deflected by an amount 
proportional to the cell illumination, that is, to the transparency of the line, and 
the deflections are read on a scale conveniently mounted in the front of the instru¬ 
ment. If any appreciable background of continuous spectrum Is present on the plate 
it is necessary to allow for it by taking a reading in this background near to the 
line and expressing the line density as the difference between the two readings. 

In each spectrum the two lines, manganese and iron, are measured and the ratio 
of the corrected readings is plotted against the corresponding concentration on 
coordinate paper. A curve is then drawn connecting the observed points. This 
curve, then, provides the means for determining the manganese content of any 
sample of the same type of steel. 

Logarithmic or Wedge Sector Method—Another method of measuring line in¬ 
tensities is that using the logarithmic wedge sector or logarithmic spiral to vary 
the exposure over the length of the slit. This is an opaque disc, the periphery of 
which is cut in the form of a spiral, the difference between the shortest and long¬ 
est radii being equal to the length of the slit. When this is properly mounted 
in front of the slit and rotated, one end of the slit receives light continuously 
during the entire time of exposure. Successive elements in the length of the slit 
receive shorter and shorter exposures, until at the other end they are but instan¬ 
taneous flashes at each revolution of the disc. The result is that strong radiations 
are recorded on the plate as long wedge shaped lines while weak ones produce 
short lines, the length being determined by the proportion of the total slit length 
that receives sufficient illumination to produce a developable impression on the 
photographic plate. Line intensities are then read by measuring the lengths of 
the lines. This method has come into considerable favor since it requires no spe¬ 
cial instruments to measure intensities, and the readings can be made as soon as 
the plate has been developed without waiting for fixing, washing, or drying, thus 
saving an appreciable amount of time when speed is important. Its principal limi¬ 
tation is the uncertainty in determining the point at which the line ends, where it 
is gradually fading out to zero density. Uncertainties in measurement are some¬ 
times reduced by using, instead of a continuous spiral disc, one cut as a series 
of steps so that the line appears on the plate as a series of clearly defined seg¬ 
ments, the densities of which vary from one end to the other. Another device is 
to cross the slit with a “gridiron" of fine wires or opaque rulings regularly spaced 
on a transparent plate, the result being to break up the line into distinct segments. 
In either case the length of the line is measured by counting the number of seg¬ 
ments or breaks that can be seen. The “internal standard" method of comparison 
is vsed with these devices as well as in the procedures depending on photometric 
measurements. 
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Metallographic Polishing 

By J. R. VUella* 

Sampling-—The metallographic specimen, like any other sample, to be of value 
must be truly representative of the parent metal, both as to chemical composition 
and physical condition. If it is not. the hnest polishing, etching and photomi¬ 
crography are wasted effort. Generally the purpose of the investigation and the 
shape and condition of the material suggest the position from which the specimen 
or specimens should be cut, but there are some general rules which, if observed, 
help to obtain adequate specimens: 

1. If the object of the investigation is to determine the cause of a failure, the 
specimen should be obtained from a position close to where the failure was initiated. 
It is also advisable to obtain one or more specimens from a position some distance 
from the failure in order to compare the structures of sound and failed metals. 
Comparisons of this type usually yield valuable clues. 

2. When working with rolled or forged materials transverse and longitudinal 
sections should be examined. This is equally important whether the purpose of the 
examination is to study the nonmetallic inclusions or the structure. If the material 
has been cold reduced, specimens in the direction of working are indicated. 

3. In wrought or wrought and heat treated materials it is advisable to include 
in the specimen a portion of the outer skin, so that decarburization and other 
surface conditions may be noted. 

4. If the metal is suspected of segregations, several specimens from different 
positions should be examined. 

Cutting the Specimen—When the location of the specimen has been settled, 
the specimen may be cut by means of a hack saw, a band saw, a cutting-off wheel, 
or in the case of hard and brittle materials, it may be notched and fractured. Occa¬ 
sionally it is necessary to resort to flame cutting in order to obtain suitable speci¬ 
mens from large sections. 

Regardless of the means employed it is essential to avoid heating and dragging 
the metal at the cut surface. With hardened steel, heating is particularly undesirable 
because it is likely to temper. To minimize heating during cutting, a hack saw should 
be used, with proper lubrication, for all specimens that can be cut by this means. 
Hard materials should be cut with cutting-off wheels operating under water. Drag¬ 
ging of the surface metal is a common defect encountered in specimens of soft 
materials. It can be minimized by lubrication of the saw blade. The structure of a 
dame cut surface is, obviously, not representative of the metal, and therefore not 
a suitable metallographic specimen. 

Specimen Size—^Whenever possible, for convenience in subsequent handling, the 
size of the specimen should be withifi the limits of % to 1 in. sq. (or dia.) and 
somewhat less in thickness. Smaller specimens are not only difiBcult to handle but 
almost impossible to polish without rounding the edges excessively. Larger speci¬ 
mens are difficult to finish without scratches and without dislodging the nonmetallic 
inclusions. Specimens in which the height exceeds the linear dimensions of the face 
to be polished are difficult to grind with the necessary flatness. It is not always 
possible, however, to get specimens of comfortable size. Sheet metal, wire and a 
multitude of other small articles are deflnitely of too small cross section to handle 
comfortably. These must be mounted either in clamps, molding plastics, or in 
fusible alloys. 

Mounting of Specimens—The method to use depends on the purpose of the 
specimen, its shape, the maximum temperature it can stand without alteration of its 
structure and, of course, on the equipment available at the laboratory. 

Steel clamps of adequate shape and dimensions are best adapted to rectangular 
and square specimens having straight edges. They constitute the most satisfactory 
means of preserving the flatness of the edges; in fact, they are almost indispensable, 
even when working with large specimens, when the edges are to be examined at 
intermediate or high magniflcation. In general, the degree of roundness of the edges 
is proportional to the difference in hardness (or abrasion resistance) between the 
specimen and the mounting material. For this reason, when maximum flatness of 
the ''dges of hard specimens is needed, even clamps, if made of soft metal, are not 
entirely adequate. In such cases the clamp should be made of a material which 
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approximates the hardness of the specimen. However, to obtain consistently si^tis- 
factory results certain other precautions must be observed. In the first place, clainps 
often interfere with the etching of specimens of dissimilar composition, as for 
example, stainless steel mounted in carbon steel clamps; secondly, their rigidity 
makes it difficult to obtain close contact between clamp and si>ecimen, with the 
result that a trace of the etching reagent often creeps up and stains the edge it 
was desired to examine. A satisfactory way of overcoming these difficulties is to 
insert a strip of soft copper between the clamp and specimen. In this manner, a 
tight contact is produced without in any way damaging the edge, and at the same 
time the interference with etching is overcome, for copper is hardly attacked by the 
usual etching solutions for steel. 

The use of fusible alloys as a mounting material, such as Woods metal, has, 
because of its tendency to smear and because of its inability to prevent rounding 
of the edges, been largely superseded by harder plastics such as Bakelite, Lucite 
and Tenite, which have proved invaluable to those handling a large number of 
small specimens.* Their chief merits are: (1) Adaptability to specimens of any 
shape, (2) close contact betwen specimen and mounting material, so that staining 
due to seepage of the etching reagent is prevented, (3) relatively low molding tem¬ 
perature, permitting its use even for specimens subject to tempering, (4) inertness 
to the etching reagent, and (5) good, although not the best possible, preservation 
of the flatness of the edges. 

Another practical and rapid method of mounting specimens in which optimum 
preservation of the flatness of the edges is not necessary is the following: Place a 
brass ring of convenient size, preferably one made oval by compressing its sides, on a 
smooth steel plate and pour inside the ring enough mercury to form a pool % to % 
in. deep. Push the specimen through the mercury, surface to be polished down, 
and hold in contact with the plate. Pour molten sulphur over the mercury and 
specimen, to fill the ring, and allow to solidify. This takes place rapidly. To recover 
the mercury, slide the assembly to *the edge of the plate and collect it in a con¬ 
venient receptacle. In specimens mounted in this manner the surface to be prepared 
is level with the walls of the ring but not in contact with it at any point and also 
at a considerable distance from the level of the sulphur; thus it can be polished 
without dragging the mounting material over the polished surface, and without 
contaminating the wheels with sulphur. The low melting point of the sulphur, its 
rapid cooling, and the fact that it never comes in contact with the immediate 
vicinity of the surface to be polished, minimizes the danger of altering its structure 
as a result of heating. 

Preliminary Facing—This may be accomplished by filing, by grinding on stones 
or prepared papers or by machining. If filing is used, the best way to obtain a flat 
surface is to lay the file on the working bench and push the specimen against the 
cutting edges, preferably in one direction only, for back and forth rubbing tends 
to round the edges of the sample. More rapid and equally satisfactory results can 
be obtained with motor driven belt surfacers. These are not restricted to small 
specimens of soft materials, like files are, and when properly used, yield satisfactory 
flatness. Grinding stones are perhaps the least satisfactory means of obtaining a flat 
surface; they tend to fill up with metal, become dull in a comparatively short 
time, requiring frequent dressings and eventually develop grooves which round the 
specimen. However, with proper care, and in the hands of careful workers, these 
disadvantages can be largely overcome. Regardless of the means employed, care 
should be taken at this stage to maintain the specimen cool and to avoid deep 
scratches, for a deep scratch may completely alter the structure of the underlying 
metal. This condition has often been observed in specimens of 18-8 and other 
alloys susceptible to structural changes by comparatively slight cold working. 

Grinding— Grinding consists of abrading the specimen with a series of grits of 
increasing fineness until a set of scratches is produced which is sufficiently fine to 
be totally eradicated in a reasonably short time with finest polishing material avail¬ 
able. There are several satisfactory ways of carrying out this step. 

1. Grinding on Abrasive Papers —^This method consists of abrading the speci¬ 
men with papers coated with aluminum oxide (emery) or silicon carbide (Car¬ 
borundum) of increasing fineness. The grades most commonly used are 100, 200, 
320 and 400 mesh grit; or No. 2. 1, 0, 00 and 000. This may be done either by hand 
or on power driven wheels. In either case, on passing from a coarser to finer paper 
it is advisable to rotate the specimen OO"" so as to facilitate recognizing when the 
coarser scratches have been entirely replaced by the finer ones. 
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The chief merits of this method are that the nonmetallic inclusions are not dis¬ 
lodged, that it is comparatively easy to master and that the commercial grades of 
papers available are well graded as to grit size and are of uniform high quality. 
Its chief disadvantages are (1) that it distorts the structure of the surface metal, 
particularly when the papers are used after the grit has become dull, (2) that it 
tends to round the comers and edges of the specimens and (3) it tends to heat 
the specimen. However, these disadvantages can be greatly minimized by careful 
working. 

Hand polishing is generally considered a slow and laborious process and for 
that reason is seldom practiced in this coimtry. The technique of those who still 
use it* consists of rubbing the specimen back and forth on abrasive papers stretched 
smoothly over a flat hard wooden block or a metal surface. Its advantages over 
machine grinding are less heating and less distortion of the surface metal. 

In machine grinding, the speed of the wheels is of some importance. However, 
since the rate of cutting or abrasion depends on the linear velocity and not on 
the r.pm., a higher rate of cutting is always obtained at the periphery than at the 
center, and likewise, the larger the disk the faster the rate of cutting at the periph¬ 
ery. For these reasons, recommendations as to the best speed of grinding expressed 
in r.pm. are of little signiflcance. It can be safely said that in practice high speeds 
are not conducive to the best results nor appreciably expedite the process. A speed 
of 600-700 r.pm. for a 9 inch disk is used in the writer’s laboratory. With well 
constructed machines free from vertical vibrations, higher speeds can be used safely. 

2. Grinding on Paraffin WAceZs—Disks similar to those used for grinding with 
papers are covered with a layer of high melting point parafiftn about % in. thick, 
machined flat and a spiral groove or a series of concentric circles ^ in. deep 
inscribed on them by means of a nail or some other pointed article. The function 
of the groove is to hold the water and abrasive on the disk. The abrasives consist 
of a series of emery powders, ranging in fineness from 200 to 600 mesh, which are 
suspended in a soap solution and sprinkled over the revolving disks at frequent 
intervals. Natural emery is preferred. 

An excellent modification of this method is to use Instead of a parafidned disk, 
canvas or billiard cloth previously impregnated with parafidn. The parafdn is 
melted in a suitable container and the cloth immersed in it until it has absorbed 
all the parafidn it can hold. While the impregnated cloth is still warm and pliable 
it is stretched smoothly over the disk and held in place by means of a ring which 
fits around the circumference of the wheel. Billiard cloth is preferable for the finer 
abrasives and 12 ounce canvas for the coarser ones. At first the impregnated 
cloth will feel somewhat rough, but it will become smooth after grinding several 
specimens. 

TTie merits of this method are: (1) Satisfactory preservation of the nonmetallic 
inclusions, (2) good flatness of the edges of the specimens, (3) less distortion of the 
surface metal than is produced by grinding on papers, and (4) the specimen does 
not heat up during grinding. 

3. Grinding on Lead Laps—Two methods*' * involving the use of lead laps 
have been described recently. Both are based on the principle that grit held firmly 
by the carrying medium, that is, not free to roll during grinding, does not excavate 
the nonmetallic inclusions, nor widens any cracks or porosity which may be present 
in the metal. One of these methods, originated in Sweden, is as follows: On each 
of three disks is deposited a layer of lead approximately % in. thick and machined 
flat. The abrasive (emery or tungsten carbide) is applied and “fixed” to the lead 
lap with a fast drying varnish previously thinned with benzene. The grinding pro¬ 
cedure is carried out in three steps after preliminary “coarse” grinding to obtain 
a flat surface, (1) grinding with emery of 100-40 microns in grain size, (2) grinding 
with emery of 50-25 microns size, and (3) grinding with tungsten carbide of grain 
size less than 4 microns. It is important that the surface after the preliminary 
grinding be as fiat as possible, for if roimded the process Is greatly delayed in the 
subsequent step, inasmuch as the lead lap cuts only in one plane. After the grit 
has become dull through grindfiig it can be “resharpened” by simply passing a 
brush dipped in benzene over the disk; this softens the varnish and causes the 
abrasive grains to turn, thus presenting a new sharp face to the specimen. The 
varnish rehardens in about one minute. 

The advantages claimed for this method are: (1) Rapid preparation of the 
specimen, (2) a degree of flatness not obtainable by any of the usual metallographlc 
polishing methods, (3) excellent preservation of the nonmetallic inclusions, (4) the 


METALLOGRAPHIC POLISHING 


173 


possibility of using finer abrasives and hence shortening of the time required for 
the final polish, and (5) lower operating cost than with abrasive papers. 

The other method* utilizing lead laps was originated at the Bureau of Standards. 
It is carried out in two steps, but each step requires two disks, one for the actual 
grinding made of 50% lead and 50% tin alloy; and the other disk is made of high 
strength, fine grain cast iron, used only for charging and maintaining ttie flatness 
of the lead-tin disk. 

The cast iron disk is ground in a precision surface grinder to a maximum 
deviation from a true plane of 0.0001 in. over the entire surface. The disk contains 
grooves % in. apart, milled to a depth of %2 with 60° milling cutter, and it is 
somewhat larger than the lead-tin disk. The lead-tin disk contains similar grooves 
but M in. apart. The surface of this disk should be faced flat in a lathe before 
milling. 

Charging of the lead-tin laps is accomplished by placing the emery of the 
proper grades (American Optical Co. No. 302 and 303^) mixed with water on the 
face of the cast iron disk and rotating the lead-tin disk, face down, upon it for 
about 30 sec. It is then brushed and washed until free of loose grit. 

Grinding is done using water as a lubricant. Only a very gentle pressure is 
needed to obtain good cutting action. The advantages of this method are the same 
as those claimed for the Swedish method. 

An automatic polishing method^ employing cast iron and lead laps was also 
recently described. It is not discussed here in detail because it requires specially 
built equipment. 

Rough Polishing^Rough polishing is merely the last stage of grinding but 
because it is the most important step in the entire process of metallographic polish¬ 
ing, it must be treated separately. On this step depend (1) the length of time 
required to finish the specimen, (2) the preservation or dislodgement of the non- 
metallic inclusions, and (3) the thickness of the layer of distorted metal which 
must be removed before the true structure is revealed. This step can be carried out 
in several ways, of which the most frequently practiced are the following: (1) 
Grinding on billiard cloth or canvas with powders such as 600 alundum, emery or 
tripoli; (2) grinding on fine abrasive papers such as No. 0000 or 600 grit emery or 
Carborundum; (3) grinding with 600 or finer emery on wax disks or billiard cloth 
impregnated with paraffin; (4) grinding with 600 or finer emery or tungsten carbide 
powder on lead laps. 

nj Loose powders on billiard cloth or canvas produce fine even scratches, 
which disappear readily during the final polish and yield a surface with a minimum 
of disturbed metal. Their main disadvantage is that the prepared surface is likely 
to be badly pitted as a result of the dislodgement of the nonmetallic inclusions. 
The method, therefore, is not recommended when the correct preservation of the 
inclusions is essential to the purpose of the examination. 

(2) Grinding papers, such as No. 0000 or 600 emery preserve the nonmetallic 
inclusions intact, but cause a considerable distortion of the surface metal and 
yield scratches of uneven depth, thus frequently retarding the final polish. Finer 
and more even scratches can be obtained by using a No. 000 or 600 paper which 
has been partly worn by use and glazed by polishing on it a piece of graphite. 

(3) Grinding with 600 emery on wax or paraffined cloth disks preserves the 
nonmetallic inclusions quite well, yields fine, even scratches which are removed 
easily during the final polish and do not produce an excessive amount of disturbed 
metal. This method represents an excellent compromise between the two methods 
previously discussed. 

(4) Grinding with 600 or finer powders on lead laps is probably the best method 
of rough finishing so far developed. The inclusions are well preserved, the specimen 
possesses a degree of flatness not attainable by any of the other methods, the 
scratches can be made fine and even by judicious selection of the powder and by 
carefully avoiding contamination with coarser grit, and it does not produce excessive 
distortion of the surface metal. This method, however, is applicable only to speci¬ 
mens which have been ground very flat during the prior stages, for otherwise the 
rounded parts of the specimen will not come in contact with the abrasive and conse¬ 
quently will not be acted upon. 

The Final Polish—This step is generally carried out on a soft cloth with 
either levigated alumina, rouge, magnesia or other equally fine finishing powders. 
The selection of the finishing powder is a matter of individual preference, for equally 
good results can be obtained with any of them, provided they have been properly 
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levigated. The writer prefers alumina because it is the cleanest to handle and 
because an excellent grade can be purchased already levigated. 

The type of cloth to use depends on the purpose for which the specimen is 
being prepared. If it is desired to obtain the best possible preservation of the 
nonmetallic inclusions, or the graphite flakes in cast iron, then it Is advisable to use 
a hard, pileless fabric, such as the dull side of a heavy silk satin, or a good grade 
of heavy cotton or linen cloth, for it has been observed by many experienced metal¬ 
lographers that the softer materials, such as broadcloth or “kittens ear”, exhibit a 
pronounced tendency to dislodge the inclusions. On the other hand, the soft fabrics 
are preferable when the structure of the specimen is to be examined or photographed 
at high magnification, for these fabrics produce fewer and smaller scratches. 

, ‘ It would be of little value to make precise recommendations as to the optimum 
speed to use for the final polish, because experience has shown that satisfactory 
results are possible at a wide range of speeds. However, the consensus of experienced 
metallographers is that best results are obtained at low speeds. At the author's 
laboratory a speed of 280 r.p.m. for a 9 in. disk is used. 

Defects of Polished Surfaces—The defects most frequently found in metallo- 
graphic specimens are: (1) Scratches, (2) rounding of the corners and edges of the 
specimen, (3) pits resulting from dislodgement of the nonmetallic inclusions, and 
(4) distortion of the surface metal. 

(1) The avoidance of scratches is a question of cleanliness, and careful leviga- 
tlon of the finishing powder. Some of the most common causes of scratches are 
dirty hands, grit under the finger nails, abrasive from the previous operations on 
the sides of the specimen and contamination of the finishing fabric with flying 
grit from other wheels. The remedies suggest themselves; proper levigation of the 
finishing powder, careful washing of the specimen and hands, particularly before 
attempting to give it the final polish and keeping the wheels well covered when 
not in use. 

(2) The flatness of a specimen, as was pointed out before, depends on the 
method of polishing and on how it is mounted. 

(2) The prevention of pits resulting from dislodgement of the inclusions has 
already been discussed. It will be well to state here, however, that a pitted surface 
gives an exaggerated impression of the amount of “dirt” in the steel, and that as 
a result of improper polishing many a satisfactory heat of steel has been branded 
“too dirty”. It is treading on dangerous ground to rate a steel as dirty unless one 
is sure that the inclusions are preserved intact. 

(4) Distortion of Surface'll all the defects of a polished surface, the most 
misleading, common and subtle is the inevitable distortion of the surface layer 
brought about when a malleable material is ground with a hard abrasive. It can 
be said without exaggerating that the greatest progress made in metallographic 
polishing during the last ten years, is the recognition of the existence of this dis¬ 
torted layer and its elimination by the method of alternate polishing and etching 
to be described. While some methods of polishing produce less distortion than others, 
the writer Jcnows of none yielding an undistorted surface. It is well to assume, there¬ 
fore, that the structure revealed by etching a highly polished surface is not the true 
or undistorted structure of the metal. The question now is, how can the true struc¬ 
ture be revealed? The writer knows of no more dependable way of accomplishing 
this than the following: The polished surface is given a normal etch and its struc¬ 
ture noted under the microscope using the dry objective of highest resolving power 
available. It is then repolished on the final wheel, reetched and reexamined. The 
process is repeated as long as changes in the appearance of the structure are noticed. 
As a rule two or three repolishes su£Qce, but occasionally, particularly when working 
with soft metals, more may be necessary. In general, the softer the metal the greater 
the distortion, but even hard metals are never polished completely free from distor¬ 
tion. Attempt to short cut the process by deep etching generally results in pitting 
and obliteration of the finest details of the structure. 

Summary—The perfectly or ideally prepared specimen must possess at least 
the following characteristics: (1) It must be truly representative of the metal both 
as to chemical composition and physical condition. (2) It must be sufficiently flat, 
from edge td center, to permit examination at all points at all magnifications. <3) It 
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must be free from scratches, stains, and other imperfections which tend to mar its 
appearance. (4) It must contain intact all nonmetallic inclusions. (5) It must be 
free from all traces of disturbed metal. 
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Photomicrography 

By J. R. Vilella* 

The ptirppse of photomicrography is twofold; to procure permanent and accurate 
records pi stmctures which are finer than the unaided eye can see, and to show 
others wlmt vfe saw with the aid of the microscope. To accomplish this satisfactorily 
a photomicrograph must meet certain minimum requirements: I. It must represent 
the true structure of the metal. II. Its magnification and resolution must be 
sufficient to show clearly all significant detail. III. It must be technically correct 
photographically. 

I. The Itae Structure of a Metal—It is of the utmost importance in the 
preparation of metallographic specimens to bear in mind that the attainment of a 
specular finish free from scratches does not necessarily constitute a satisfactory 
polish for photomicrography. Frequently, the structure revealed by etching a highly 
polished surface is not the true structure of the metal but merely that of a layer 
of metal which has suffered considerable distortion as a result of polishing. The 
true or undistorted structure lies below this layer and will not be seen until all 
traces of distorted metal have been eliminated. As is to be expected, the softer 
the metal the deeper the distortion, but even hard metals are susceptible to this 
effect. It is well, therefore, to expect distortion in all polished surfaces and to make 
certain of its elimination before a photomicrograph is made. For a more detailed 
discussion of this subject see the article on Metallographic Polishing. 

Likewise, a specimen is not ready to be photomicrographed until it has been 
correctly etched. CJorrect etching consists of (1) selecting the reagent best suited to 
the chemical composition and physical condition of the metal, and (2) etching 
to produce the proper degree of contrast, which depends on the element of the 
structure which is to be emphasized and on the magnification at which it is to be 
photographed. Obviously, an etched surface exhibiting stains, etching pits or 
imeven attack is not correctly etched. 

What reagent to use is entirely a matter of experience. If any doubt exists, 
several of the reagents tabulated in the article on Etching Reagents should be tried 
and the photomicrograph made after etching with the reagent which most clearly 
reveals the true structure, for that is the best reagent for the specimen at hand. 

The depth of etching, or degree of contrast produced in the structure is of great 
importance in photomicrography. While it is not possible to give a set of instruc¬ 
tions covering all cases, observance of the following will be found helpful: 

1. Etch no deeper than necessary to bring out the significant detail. 

2. A degree of contrast satisfactory for low power photomicrography is generally 
excessive for the best possible definition of the structure at high magnification. 

3. If high contrast is desired. It is preferable to obtain it by photographic means 
rather than by deep etching, for deep etching obliterates the fine details of the 
structure. 

4. If a 8i>ecimen is insufficiently etched (too low contrast) it is preferable to repol¬ 
ish on the finishing wheel and to re-etch, rather than to superimpose one etch 
on the other. 

5. Do not touch an etched surface with anything, and photograph soon after etching. 

IL Magnification and Resolution—Given a properly polished and etched speci¬ 
men the first question to decide is the magnification and the objective to use in 
making the photomicrograph. There are two rules concerning magnification which 
are sound but not inflexible: 

1. Photograph at the lowest magnification which shows clearly all significant detail. 

2. To obtain from a given objective the maximum amount of detail (resolution) 
and the sharpest image, maintain the magnification between the limits of 
400-l(K)0 times the numerical aperture (N A.) of the objective. 

A magnification of at least 400 N.A. is needed by a person of normal vision 
to distinguish all the detail resolved by the objective. This magnification, how¬ 
ever, barely renders visible the finest detail and consequently is not comfortable 
to look at. At higher magnification the detail becomes easier to see, but at the same 
time the image loses sharpness. It is necessary, therefore, to arrive at a com¬ 
promise. It has been found through experience that 1000 N.A. is as high as it is 
possible to go and still have an image of acceptable sharpness when achromatic 


*Research Laboratory. U. 8. Steel Corp., Kearny. N. J. 


PHOTOMICROGRAPHY 


177 


objectives are used. However, photomicrographs have been made with apochromatic 
objectives of the highest quality at better than 1500 N.A. which appeared acceptably 
sharp when viewed at a distance of 10 inches from the eye. It must be borne 
in mind, however, that to produce a sharp photomicrograph at even 1000 N«A. correct 
polishing and etching are essential, and all other causes of defective images must 
be absent. 

A magnification in excess of 1000 N.A. necessarily involves a considerable degree 
of empty magnification but it is justified when the photomicrograph is to be viewed 
from a distance, as by several observers simultaneouMy. 

Resolving power is the property of a lens which enables it to show distinctly 
separated two elements of the structure which lie close together, as for example, 
the lamellae of pearlite. The degree of fineness of detail which an objective can 
reveal, that is, its resolving power, increases directly with its numerical aperture, 
but the fact that an objective of high N.A. possesses high intrinsic resolving power 
does not necessarily mean that it will resolve a given fineness of detail under all 
conditions. It merely means that it will resolve that detail if properly used. It is im¬ 
portant, therefore, to examine those factors under the control of the metallographer 
which affect the resolving power of an objective. 

In the first place, the specimen must be correctly polished and etched for not 
even the objective of the highest N.A. will show clearly a structure in which the 
detail has been deformed or obliterated by poor polishing and etching. In addition 
the following factors must be considered: 1. Proper adjustment of the illuminating 
system. 2. Optimum opening of the aperture diaphragm. 3. Wave length of the light 
used. 4. Method employed to illuminate the specimen. 

1. Proper adjustment of the illuminating system is essential because otherwise 
the image produced can be misleading. It is not possible, however, to make 
definite recommendations for the correct setting of the illuminating system owing 
to the varied design of the microscopes in use throughout the metal Industry. It 
must suffice to say that failure to maintain the illuminating system adjusted in 
strict accordance with the instructions given by the manufacturer of the instru¬ 
ment invariably leads to some loss of resolving power. 

2. Because the image produced by microscope objectives, particularly those of 
high N.A., is not always as fiat as would be desirable, many resort to expediency of 
“stopping down** the aperture diaphragm of the microscope in an effort to secure 
a larger area in focus, a practice which is equivalent to cutting down the NA. of 
the objective and therefore its resolving power. High power objectives cannot always 
be used at full aperture because of the interference of “fiare,** or internal reflections, 
but there is an optimum opening for every objective at which flare is not objection¬ 
able and which should be determined by the metallographer to enable him to use the 
objective at its highest practical resolving power. Lack of flatness of field can be 
partly remedied by the use of negative oculars designed specially for that purpose, 
but never at the sacrifice of resolution. A small field with maximum resolution is 
preferable to a large flat field lacking resolution. 

3. The resolving power of an objective is higher the shorter the wave length 
of the light illuminating the structure. For maximum resolution, therefore, the 
shortest wave length for which the objective Is adequately corrected should be 
used, that is, yellow-green for achromatic and blue-violet for apochromatic objec¬ 
tives. This is the principal function of light filters in ferrous metallography because 
the structures are seldom highly colored, but in nonferrous metallography, where 
brightly colored structures are not uncommon they are also used to bring about a 
more accurate tone rendition of the colors. Inasmuch as photographic emulsions 
are not equally sensitive to all colors, it is often necessary to filter out or partly 
suppress some of the wave lengths to which the emulsion is most sensitive in 
order to reproduce photographically the correct relative brightness of the colors. 

4. Modern metallurgical microscopes are generally equipped with plane glass 
vertical illuminator, prism iUuminator, dark field llliuninator, polarized light, and 
with adjustments designed to produce the effect known as conical illumination. 
The plane glass vertical Illuminator is the type generally used in photomicrography 
because it permits obtaining from the objective all its resolving power. In most 
microscopes it is placed in a fixed position at the factory and requires no further 
adjustment from the metallographer. 

The prism illuminator is supplied for two purposes: As a means of obtaining 
oblique l^hting and to provide brilliant illumination for dark structures, and for 
projection. Because they utilize only one half of the pencil of light, they cut the 
resolution of the objective in half, this loss of resolution occurring only in the direo- 
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tion at right angle to the edge of rotation of the prism. They are intended only for 
low power work. 

Dark field Illumination is characterized by the fact that a refiecting surface 
lying perpendicular to the axis of the objective and illuminated by converging rays 
reflects no light into the microscope and consequently appears dark. Any part of 
the structure which is not perpendicular to the axis of the objective reflects into the 
microscope some of the light which strikes it and appears brightly illuminated. This 
method of illumination has several distinct advantages over ordinary bright field 
illuminations: (1) Inasmuch as the objective is not used as a condenser, as is the 
case in bright field illumination, there is less “flare’* or internal reflections and 
the objective can be used at full aperture; (2) extreme contrast (black and white) 
can be obtained when desired; (3) it permits the examination of surfaces which are 
not so highly polished as is necessary for bright field; (4) it frequently renders 
visible detail which either through lack of contrast with the surrounding material 
or through insufficient resolution cannot be seen under bright field illumination; 
and (5) colored structures are shown in their natural colors. 

The use of reflected polarized light in metallography is discussed fully in another 
article in this Handbook. 

Conical illumination is a means of illuminating the structure obliquely without 
sacrificing resolution, as happens when the prism illuminator is used for the same 
purpose. The relief it produces imparts to the image a natural appearance, serves 
to differentiate between parts of the structure which under axial illumination appear 
identical and makes fine detail easier to see. Conical illumination, if properly 
used, yields evenly illuminated photomicrographs of high resolution and very pleas¬ 
ing to the eye. 

Most microscopes are provided with a second iris diaphragm known as the 
Illuminated field diaphragm, which is so placed in the microscope that its image 
is focused on the surface of the specimen when the specimen is in focus. Because 
of its position, this iris does not affect the resolving power of the objective, but it 
will be observed that as it is closed down the fully illuminated field becomes smaller 
and the contrast and sharpness of the structure improves perceptibly. For photo¬ 
micrography, whenever the size of the illuminated field is larger than the plate 
or film, the iris should be closed down until the diameter of the fully illuminated 
image is equal, or less, than the diagonal of the photographic plate. This is especially 
important in high power photomicrography. 

III. Photographic Technique—For a photomicrograph to accomplish its purpose 
it must show the structure with sufficient clearness to convince the observer that 
it is a faithful reproduction of the structure. A photomicrograph which because of 
technical imperfections lacks clearness, generally defeats its purpose and serves to 
cast doubts rather than to convince the observer. 

The photographic plates or films best suited for photomicrography are those 
possessing the following characteristics: 

1. High sensitivity to yeUow and green light, that is, they must be orthochromatlc. 

(All emulsions are sensitive to blue light; only panchromatic emulsions are sen< 
sitive to red light.) 

2. 8u£Scient exposure latitude to yield properly exposed negatives without the 
necessity of close estimation of the exposure time. This is necessary because 
the intensity of the arc light generally used in photomicrography fluctuates con¬ 
siderably even while the exposure is being made and because the reflectivity of 
the various parts of the structure vary widely depending on their polish, com¬ 
position and degree of etching. 

3. A fine grain emulsion so that it can record accurately extremely fine details. 
(Photographic emuLsions also possess "resolving power"; in general, the finer the 
grain the smaller the detail which can be recorded in a photograph.) 

4. An effective antihalation backing is also important since the latitude over which 
the emulsion can reproduce accurately the finest details will be considerably 
shortened by the presence of halation. 

The correct exposure Is that which places the brightest and darkest portion of 
the structure within the limits of the latitude of the emulsion; that is, the brightest 
parts are not over exposed nor the darkest under exposed. Considering that the 
emulsions used in photomicrography are of the “short scale” type, it can be readily 
seen that the greater the degree of contrast produced by etching the more accurate 
the exposure needs to be. Indeed, it occasionally happens that the contrast pro¬ 
duced in the structure through over etching is so great that even though it can be 
encompassed within the latitude of the negative, it exceeds that of the printing 
paper which is always less, and therefore a good print cannot be made. After all,. 
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a negative is only a means to an end, that being the achievement of a perfect 
print. It is for these reasons that care should be taken to avoid etching with ex¬ 
cessive contrast. 

Whenever there is doubt as to the correct exposure, an exposure test can be 
made as follows: The entire plate is given an exposure estimated to be somewhat 
on the short side, let us say 2 seconds, and then the dark slide is pushed in ap¬ 
proximately one inch and another exposure made of the same duration. The slide is 
then pushed in another inch and exposed again, but .this time for 4 seconds, and 
the process repeated until a set of exposures, each double the preceding one, Is 
obtained. 

It helps to secure negatives of uniform quality from day to day to standardize 
the developing practice. The time temperature method (tank development) lends 
itself to standardization better than the tray or inspection method, and should be 
preferred. The developer recommended by the manufacturer should always be used. 
The length of time that a plate should be developed depends on the degree of 
contrast desired, for contrast Increases with the developing time, provided that the 
temperature and agitation are constant. 

Proper fixing and washing are also important. An active fixing bath containing 
an effective hardener is sufficient, provided that the temperature of the bath does 
not exceed 75®P. Above this temperature there is danger of the emulsion soften¬ 
ing and reticulating. To prevent this in hot weather, it is advisable to use a “short 
stop** hardening bath consisting of 2% chrome alum and 2% sodium bisulphite. 
The hardener should be freshly prepared and used between development and fixing, 
leaving the plate in it for 3-5 minutes with the light off. The negative should then 
be fixed for at least twice the time required to clear it and washed in running 
water for 30-60 minutes. Insufficiently washed negatives deteriorate in a short time. 

Correct printing in photomicrography consists of reproducing on photographic 
paper all the detail that the negative was able to grasp and in reproducing ttiis 
detail in the proper tone relations. It consists essentially of two operations: (1) 
Choosing the grade of paper to fit the contrast of the negative, and (2) choosing 
the exposure which will print through the densest part of the negative which must 
show detail. To accomplish this, photographic papers are available in several grades 
of contrast. The low contrast or “soft** papers are for use with high contrast nega¬ 
tives and the “hard” or contrasty papers with “flat** or soft negatives. While these 
various grades can be obtained in a variety of surfacq^ the glossy finish is gen¬ 
erally used in photomicrography because the smoother the surface the larger the 
scale of contrast reproduced by a photographic paper. 

Summary—All that can be done in photomicrography is to reproduce the 
significant detail and tones of the structure as faithfully as possible. This can be 
accomplished as follows: (1) By polishing the specimen in such a manner that the 
true structure will appear on etching. (2) By etching to a depth or degree of con¬ 
trast that does not obliterate detail and can be reproduced photographically, (3) 
By adjusting the microscope correctly so that maximum resolution may be obtained. 
(4) By an exposure which produces an image within the latitude of the plate or 
film. (5) By the development of this image to a contrast that fits the scale of the 
printing paper. (6) By the use of a paper that has the longest possible contrast 
range. 

For photomicrographic illustrations and a more detailed discussion of the various 
points emphasized in this article, see the ABM. publication “Metallographic Tech¬ 
nique for Steel*’ by J. R. Vilella. 
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Radiography of Metals 

By Kent R. Van Hornt 

Introduction—X-rays are a form of radiant energy or electromagnetic waves 
which were first detected by Roentgen in 1895, and are frequently called Roentgen 
rays in honor of the discoverer. The latter name is used in Germany, while the 
term X-ray is more prevalent in France, England, and the United States. The 
X-rays are similar in many respects to light and other radiation of the electro¬ 
magnetic spectrum in that they travel in straight lines, traverse through space 
without transference or intervention of matter, affect a photographic film, and are 
not infiuenced by either electrical or magnetic fields. The various electromagnetic 
vibrations differ essentially in wave length, the gamma rays emitted during the 
disintegration of radio-active elements are the shortest/ then the X-rays, followed 
by the ultra-violet, the visible, infra-red or heat rays, television, radio, and finally 
the extremely long waves of electricity. The shorter wave lengths are generally 
less absorbed by matter and are consequently more penetrating. Gamma rays 
emanating from radiiun or its associates having a wave length of from 0.005-1.4 A 
(1 A = 10-* cm.), and X-rays ranging from 0.06-1019 A penetrate material which 
is opaque to visible light having a wave length of from 3800-7700 A. 

Light is transmitted through different types of glass with varying degrees of 
ease. Similarly, X-radiation is absorbed differently by various substances of greater 
or less density, that is, all materials do not possess the same degree of X-ray 
transparency. The absorption coefiftcient of X-rays is rouglily proportional to 
the density of the absorbing mediiun. (More precisely, the absorption co-efficient 
increases with the atomic number of the absorbing atoms, the number of atoms 
per unit volume and the X-ray wave length.) Consequently a sound section of 
steel will absorb more radiation than a similar section of aluminiun or organic 
tissue. It is possible, therefore, to locate inclusions differing appreciably in density 
from the surrounding material. These relations are the basis of the expanding 
science of radiography which may be defined as the nondestructive testing of matter 
with radiant energy (either X or gamma rays). The experimental procedure con¬ 
sists of passing radiation through the specimen and detecting the various inten¬ 
sities of the emergent beam by a photographic film or fluoroscope screen. The film 
is used for metals, while the fluoroscope is frequently employed in the examination 
of nonmetallics. 

Probably the first practical application of X-rays was radiography, and today 
it is an invaluable test for medical and industrial diagnosticians. In 1922, 200 kilo¬ 
volt peak, 8 m.a. X-ray, tubes were available which could penetrate three and one- 
half inches of cast steel. This has been increased to five and one-half inches of 
rolled steel with 400 kilovolt peak, 5 m.a. apparatus in 1938. Reasonable quantities 
of the shorter wave length gamma rays can penetrate ten inches of steel. The 
present article will be confined to X-ray radiography. However, much of the indi¬ 
vidual discussion of general technique and interpretation apply to the gamma ray. 

Generation of X-Rays, and Apparatus—^It is known that X-rays are produced 
when matter is bombarded by a rapidly moving stream of negatively charged 
particles (electrons), that is, when the electrons are suddenly stopped by matter. 
A part of the kinetic energy is converted to energy of radiation (X-rays). In 
addition, the absorption of X-rays by various materials is accompanied by the 
emission of secondary radiation. 

The essential conditions’ for the generation of X-rays are: (1) Source of elec¬ 
trons (cathode rays) proceeding toward the target; (2) a target (anode) located in 
the path of the cathode rays; (3) a means of applying a potential difference be¬ 
tween the cathode and the target which will give the requisite velocity to the 
electrons during the passage of the intervening space so that when they bombard 
the target the necessary X-rays will be propagated. 

The first two requirements are incorporated in the X-ray tube which may 
be of two types. The first is a gas (ion) tube where the source of electrons is a 
mass of rarified gas that is ionized. The second (electron) type is a highly evacu- 
a^d glass bulb or cylinder containing one or, in special tubes, two tungsten wire 

fMetallurgieal Division, Aluminum Research Laboratories, Cleveland. 

*The cosmic rays have a shorter wave length than the gamma rays but their nature is con¬ 
troversial as they may be electro-magnetic waves or electrically charged or neutral particles. 
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^ments which emit the cathode rays and either a button, solid, or hollow target. 
The electron type is universal for industrial radiography and may range in capacity 
from 85-400 kilovolt peak. The lower voltage tubes have a fine focus and are 
generally air cooled while water or oil cooling and larger focal areas are charac- 
teristic of 300-400 kilovolt peak tubes. Radiographic tubes may or may not be 
self rectifying. 

The third condition, a difference in potential, for the original apparatus was 
obtained by a direct current electrostatic generator, while later the ideal but expen¬ 
sive and dangerous source, a storage battery was utilized. However, today the 
high tension a.c. closed core transformer is used for industrial installations. Acces¬ 
sory equipment for the transformer type of power consists of: (1) An auto trans¬ 
former for the control of the high tension transformer input; (2) a means of current 
rectification from a.c. to d.c., either valve tube or mechanical type (the valve tubes 
are replacing the older mechanical type); some of the recent Installations are 
equipped with the newly developed self rectifying tubes and therefore do not require 
d.c. current; (3) a device for regulating tube current; (4) separate transformers for 
supplying the filament current of the X-ray and valve tubes. Additional windings 
on the high tension transformer or insulated storage batteries are also satisfactory 
as a filament supply; (5) instruments for measuring voltage such as a calibrated 
primary transformer voltmeter, electrostatic voltmeter, sphere gap, or spectrometer. 

The radiographic units may be classed according to portability; (A) Perma¬ 
nent type where the location of the apparatus is fixed; <B) portable type of equip¬ 
ment that may be moved throughout the plant with comparative ease. The more 
recent installations are generally portable and are compact. Thus a complete oil 
immersed 300 kilovolt peak, 10 m.a. power plant and X-ray tube can be contained 
in a shock proof case 6 x 4 x 4 ft. suspended on trunnions on a movable truck. 

It is imperative to protect the operators or any persons in the vicinity of all 
types of apparatus from both primary or secondary X-radiation because of the 
injurious effects. This may be accomplished by adequate thicknesses of dense mate¬ 
rials which are impervious to X-rays, such as lead and concrete or fencing off a 
generous area around the temporary location of a portable set. 

Methods of Detecting X-Rays—X-rays are detected by their effects on matter, 
which may be visible and either temporary or permanent. In addition. X-rays 
are revealed by induced physical and chemical changes which may be made perma¬ 
nent. Thus X-rays have been detected by an ionization chamber, fluorescent 
screen, photographic film, plate, or paper. Inasmuch as the film is generally used 
for industrial radiography, the other methods will be only briefly mentioned. 

Vapors and gases such as SO 2 , ethyl bromide, and methyl iodide are readily 
dissociated by X-rays but difficulties are encountered in measuring only the ioniza¬ 
tion and not secondary effects. Tedious manipulation is required, and further, 
the average intensity over an entire region is measured which is not indicative 
of the variations from point to point. An ionizable chamber would be unsuitable 
for revealing small defects in large castings. 

The visible fluorescence excited by X-rays on screens of calcium tungstate, 
or barium platino-cyanide, is utilized for medical examination, but only to a 
limited extent for the inspection of metals. Fluorescent screens vary in the bril¬ 
liancy (glow) corresponding to different degrees of transparency of the exposed 
object, so that the dense structures causing less glow appear darker, which is the 
reverse of the effect on the photographic film. The fluoroscope offers the advan¬ 
tages of speed and economy but unfortunately does not integrate X-ray energy 
as does a film emulsion, and therefore much larger quantities of radiation are required 
to penetrate the same specimen. Furthermore, the record is temporary and the 
sensitivity Is very inferior, ranging from of that of a film. 

An X-ray paper is marketed which costs about one-half that of a film and 
differs in several significant characteristics. The contrast of the paper is 40% * 
less than the film, and the range of useful densities (latitude) is also materially 
less because of the reflection of some light from the surface. However, X-ray 
paper may be satisfactory for special cases, as the examination of a large number 
of similar parts where previous tests with films had indicated that objectionable 
defects would be adequately disclosed. 

X and gamma rays, similar to light, produce a latent image on a photographic 
emulsion which is permanent and reproducible. Films designed especially for 
X-ray service consist of two thick sensitive layers, separated by a cellulose acetate 


182 


RADIOGRAPHY OP METALS 


base that is, dupletlzed, and have more contrast than a single emulsion. (Photographic 
plates are not used because of inconvenience and their inability to be satisfac¬ 
torily dupletized.) The image registered on the negative is dependent on the 
variations in absorption of the X-rays by the object and on the characteristics 
of the silver bromide emulsion. The important qualities of films are contrast, 
latitude, and speed. As the exposures for industrial radiography are relatively 
long, compared to medical work, the speed encountered in the films of today 
does not vary sufficiently to warrant consideration. The radiographic sensitivity 
(the minimum variation in thickness, or density detectable in a specimen) is the 
greatest with high contrast emulsions. However, with maximum differentiation 
of detail (contrast), the range of useful film intensities (latitude) is diminished, 
m other words, a high contrast emulsion will reveal minute defects in a certain 
section but would sacrifice satisfactory exposure of regions of appreciably greater or 
less thickness. SuflOicient latitude will allow for unavoidable variations in exposure 
and development, also reasonable differences in thickness. Generally, emulsions 
that possess a compromise of contrast and latitude are desirable, although for some 
conditions requiring extraordinary sensitivity, high contrast may be selected. 

Films are developed and fixed by the tank method in X-ray solutions designed 
to give extreme contrast and negligible chemical fog. The contrast* is sensibly 
maximum from 5-9 min. development In standard X-ray solutions at 65®P. As 
the density (film blackening increases with developing time, the exposure may 
be reduced by prolonging the latter. Thus with an 8 min. development, the exposure 
time may be decreased by 30% of that required for a 5 min. developing period. 

Accessory Equipment—Negatives should be viewed for interpretation with a 
source of diffuse illumination which will reveal detail in areas of extreme blacken¬ 
ing. The density of the film does not affect the visual sensitivity with a variation 
in illumination ranging from 5-3000 ft. candles. About 1000 ft. candles are recom¬ 
mended; this is obtained with either the 200 or 250 watt blue or argon lamps that 
are supplied in the commercial illuminators. 

Film blackening may be precisely measured by a microphotometer. A density 
difference of 2% is considered the standard minimum value of detection. The usable 
densities range from 0.4-1.5 (standard density scale units), but detail Is perceptible 
as high as 2.0. A film density of 0.7 frequently serves as a relative standard for 
comparing technique. 

Improvement in contrast and a decided reduction of exposure time can be ob¬ 
tained by employing intensifying screens. A screen consists of an intensifying 
compound, usually calcium tungstate and infrequently zinc silicate, or zinc sulphide 
or barium platino-cyanide, coated with a cellulose binder on a cardboard support. 
On exposure of calciiun tungstate or similar material to X or gamma rays, a visible 
and blue-light are emitted to which a film emulsion is highly sensitive, thereby 
accelerating the exposure effect. Two screens, one in front and the other behind 
tihe film, are generally used, although superior definition but less speed is procured 
with only one. Thick calcium tungstate layers are more efficient* than thin, while 
the back screen may be even thicker than the front but not to the extent where 
its own light will be absorbed. The particle size of the calcium tungstate is also 
critical, as coarse grains increase the speed, while fine grains are more conducive 
to sharpness (definition). Intensifying screens maintained at low temperatures 
are extremely fast,* as exposures at 40®F. are 33% less than at 70®F. 

Zinc sulphide has recently been investigated because the speed with exposures 
below 100 kilovolt peak is greater than that of calcium tungstate (about twice as 
fast at 40 kilovolt peak). 

Metal foils, particularly lead, and sometimes copper or aluminum, slightly de¬ 
crease the exposure period and improve the quality of the negative. A lead foil 
filter (about 0.005 in. thick) placed on each side of the film will reduce fogging by 
absorbing some of the secondary radiation. The definition is also enhanced by the 
resulting fine grained image. 

Intensifying screens must be handled •carefully as they are brittle, expensive, 
and scratch easily. Dirt or blemishes on the sensitive surface are readily recorded 
on the negatives and complicate the Interpretation. 

The speed of the various materials may be compared by their intensifying 
factors, that is, ratio of exposure without screens to that with screens for a radio¬ 
graph of standard density developed under normal conditions. The intensifying 
factor* of calcium tungstate is about 100 with 150 kilovolt peak X-rays and 2 for 
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•gamma rays. The ratio for lead foil ranges from 2-6 between 100-200 kilovolt 
peak. 

Sensitivity of Radiography and General Technique—The minimum perceptible 
variation in density (sensitivity) within a specimen is a measure of the over-all 
accuracy of the radiographic method. The sensitivity may be expressed as 
the smallest thickness of discontinuity (defect) in inches that is revealed on the 
radiograph or as the percentage of the total thickness examined which the smallest 
defect detectable represents. Of the factors that,affect sensitivity, some may be 
controlled, while others are permanent limitations imposed by the apparatus. A 
discussion of the variables will indicate a general preferred technique although 
the details such as the specimen arrangement, exposure time,* or film processing 
should be obtained from the literature references. 

The type of target of the X-ray tube, the material supporting the target, the 
size of the focal spot, and the method of rectification infiuence the sensitivity and 
cannot be altered.® The higher the atomic number of the target metal, the more 
penetrating (shorter) ttie wave length of the X-rays although this is accompanied 
by decreased contrast. If the target is not solid metal but a button imbedded in 
a supporting conductive metal, extraneous radiation of different wave lengths may 
also be emanated from the surroimding metal which may approach 10% of the 
total if not removed by filtering. The focus of the X-ray tube is not a point source 
but occupies a fixed area. Consequently, the smaller the focal area the better the 
definition and the less the distortion. Rectification units of the same peak kilo¬ 
volt capacity have dissimilar wave length distributions (mean voltages), thereby 
generating different proportions of long and short wave lengths which affect the 
quality of the beam. 

Among the important factors affecting sensitivity which can be regulated is 
the quality of the radiant energy. The radiation emitted from the tungsten target 
tubes, which are generally used, varies over a considerable range of wave lengths 
(quality) and is related to the voltage applied to the tube. As the potential increases 
from about 89-200 kilovolt peak the wave length of maximum intensity decreases 
from 0.138-0.062A with a corresponding reduction in contrast and sensitivity^ 
The smallest detectable difference in density has been demonstrated* to be a straight 
line function of the voltage when plotted on a semilogarithmic scale. However, 
the shorter wave length X-rays are required for the penetration of 2-5% in, of 
steel. Consequently, it is desirable to employ the lowest potential which will pene¬ 
trate a certain thickness in a reasonable period of exposure. 

The sensitivity is dependent on the wave length of the X-rays and the nature 
of the exposed matter excluding the fogging effect produced by scattered (secondary) 
radiation. Secondary radiation consists of primary X-rays that are scattered 
through wide angles with no change in wave length and X-rays of longer wave 
length characteristic of the absorbing substance generated by ejected electrons. 
The quantity of secondary radiation increases with the applied voltage® and the 
number of atoms encountered (thickness of the material). The secondary energy 
derived from the specimen and surrounding objects fogs the film, thereby dimin¬ 
ishing the sensitivity. Fortunately this may be materially reduced by the use of 
Potter Bucky diaphragms,! lead or copper screens, and an increased exposure time. 

Additional undesirable radiation causing fogging, but primary in nature, is 
that proceeding directly from the X-ray tube to the film without passing through 
the object. This can be eliminated by shielding technique, that is, placing lead 
shot and sheet or heavy (barium) plastic clay around the specimen so that there 
will be no portion of the film exposed directly to radiation. Suitable shielding 
or immersion in dense solutions** may be used to compensate for variations in sec¬ 
tional thickness or surface Inequalities. 

In the preceding section, criteria were described for procuring maximum sensi¬ 
tivity from accessory equipment, namely high contrast films and the proper type 
of intensifying screens. 


^Exposure charts for various thicknesses of metals under different conditions are available.^* 
However, this data will not apply to all apparatus because of the difficulty in reproducing radia¬ 
tion with a pulsating potential and variations In films or screens. 

tAn Industrial movable grid diaphragm has produced remarkable results with a 5 in. thick¬ 
ness of steel but requires a longer exposure time than normal 

**Various aqueous solutions of lead nitrate or acetate and ethylene iodide for steel, carbon 
tetrachloride or barium chloride for aluminum. 
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The geometrical relations of the focus of the X-ray tube to the film, the locar 
tion, the size and orientation of defects also influence the sensitivity of radiography. 
Although the focal area is permanent, definition can be improved by increasing the 
tube-to-film distance. The greater the distance, the smaller the angle of exposure 
and the better the definition or sharpness. This relation is limited because of the 
corresponding increase in exposure time since the intensity of X or gamma rays, 
similar to light, decreases inversely as the square of the distance from the source 
of emission. Also, as the source approaches the film, the exposure angle is enlarged, 
which induces a nonuniformity of film ^ density. It is therefore desirable to use 
the largest tube-to-film distance consistent with a reasonable exposure period. 

Flaws may occur in any part of the specimen and may be oriented at any angle 
to the incident X-rays. As the defect-to-film distance is increased, or the diameter 
of the defect is decreased below 1 in., the actual sensitivity is proportionately 
diminished.^ Consequently, if imperfections are more likely to exist in a certain 
section of a casting, this location should be placed adjacent to the film during 
exammation. The orientation of minute cracks, cavities or dross films is important 
and may necessitate several exposures at different angles so that cracks presenting 
too small a variation in thickness or composition for detection in one direction may 
be revealed in another where the path of the X-rays coincides approximately with 
its longitudinal axis. 

It follows from the discussion of the various factors that the best sensitivity 
will result from employing a small focus tube, as low a voltage as possible, large tube- 
to-film distance, high contrast film exposed with intensifying screens with the scat¬ 
tered radiation and chemical fogging reduced to a minimum. Sensitivity data are 
available and indicate the limits that may be obtained parallel to the path of the 
X-radiation. The smallest detectable difference in thickness in inches for % and 

1 in. of steel was found^* ^ to be 0.0039 and 0.0041 in. at 150 kilovolt peak, while at 
200 kilovolt peak the values were 0.0049, 0.0052, 0.0057, and 0.0063 in. for 1,1V4» and 

2 in. of steel, respectively. The measurements illustrate the advantage of a lower 
voltage and the latter (200 kilovolt peak) when converted to per cent sensitivity 
range from 0.65% for % in. to 0.31% for 2 in. of steel. A sensitivity of 0.41%, with 
150 kilovolt peak is possible for 1 in. of steel, with laboratory precautions, although 
in industrial practice (higher potential) 0.8 to 1% is easily attained. Similarly a 
laboratory value for 2 in, of steel is 0.31%, while routine inspection should not 
exceed 1-1%%, and for 3 to 5 in. of steel at least 2% is expected. The significance 
of these results is that variations of composition or thickness causing less change 
in film density than the per cent sensitivity for a certain thickness will probably 
escape detection. 

Interpretation of Radiographs—A radiograph is a shadow picture of material 
more or less transparent to radiation. The X-rays darken the film so that regions 
of lower density which readily permit penetration appear dark on the negative in 
comparison with areas of higher density which absorb more of the radiation. Thus, 
voids and cavities in metals are recorded as darker areas whereas heavy inclusions, 
such as iron scale or copper segregation in an aluminum alloy, register as a corre¬ 
sponding lighter region on the radiograph. The film therefore discloses conditions 
within the metal of different density or X-ray absorption which may be more or 
less than the surroimding material. The sensitivity values indicate the smallest 
variation in absorption that can be appreciated. 

In the metal industry most of the radiographic installations are located in the 
foundry and the welding shop. Consequently, the general appearance on the radio¬ 
graph of the familiar defects encoimtered in castings or welds will be described. In 
castings, differences in thickness due to the form and intentional cavities, as cored 
holes, are regions of low density and are revealed as darkened areas. Specimens 
containing variations in thickness caused by the unintentional absence of metal are 
also more transparent, resulting in darkening of the film. Excess metal and 
inclusions more dense than the base metal appear as light regions. The common 
casting defects of the latter two types may be recognized on the negative by the 
following characteristics: 

1. Surface roughness appears as white or dark Irregular areas with a smooth contour. The col¬ 
oration depends on whether the surface protrudes or Is depressed. The surface irregularities of a 
rougn casting must be compared carefully with the radiograph and identified before an attempt 
is made to Interpret the Internal discontinuities. 

2. Gas cavities, blow holes, and minute pinhole gas porosity appear as well defined spherical or 
rounded darkened areas. 
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3. Shrinkage, pipe and shrinkage porosity are represented by filamentary or dendritic dark 
regions of irregular dimensions and indistinct outline. 

4. Misruns and cold shuts appear as very prominent darkened areas of variable dimensions with 
definite, smooth outlines where the metal failed to fill or unite completely before solidification. 

5. Cracks are represented by darkened lines of variable width and are filamentary when derived 
from Insufficient feeding or contraction (shrinkage) on cooling from the melt. Cracks originating 
from internal stress in solid metal are either angular or straight and are of more constant width. 

6. Sand inclusions occur as gray to black spots of an uneven or granular texture with indistinct 
extremities. 

7. Inclusions such as foreign material, segregation, oxide, and slag, in steel castings generally 
appear as dark regions of definite and smooth outline. In light alloy castings, copper or iron segre¬ 
gation and foreign matter of greater density than the base metal occur as well defined, white 
(opaque to the X-ray) areas. 

The radiography of steel welds Is confined primarily to boilers, pressure vessels, 
and pipe. The origin and interpretation of flaws have been exhaustively studied 
during the standardization of inspection methods, and a comprehensive survey is 
available.* The defects in order of prevalence of occurrence in steel welds are: 
(1) Slag inclusions; (2) porosity; (3) cracks; (4) incomplete fusion between the weld 
and base metal or between two layers of weld metal. All the imperfections are less 
dense than steel and are recorded as darkened regions on the radiograph. With the 
exception of Incomplete fusion which is represented by a dark line parallel to the 
scarf, of rather constant width and direction, the defects appear similar to their 
description for sand castings. 

Radiographic Applications—In the metal industries, radiography has been 
largely restricted to the inspection of cast or welded products. The examination 
of worked metal such as forged, rolled, or drawn sections is very limited because 
of the uniformly dense structure and unlikely existence of flaws of sufficient size to 
cause a perceptible variation in film density. However, some forgings have revealed 
internal cracks, laminations, and Inclusions, but the occurrence is too infrequent to 
warrant serious consideration of X-ray inspection. Therefore, the commercial value 
of radiography depends on the class of material to be tested. Apparatus has been 
installed in four types of organizations: (1) Manufacturers of boilers or pressure 
vessels and pipe for the testing of welds: (2) foundries for the inspection of castings 
and ingots; (3) army arsenals, navy ship yards, consulting laboratories, and uni¬ 
versities for the examination of castings, welds, and miscellaneous products; (4) 
companies fabricating miscellaneous nonmetallic products. 

The first (see Watertown Arsenal below) exclusively foundry radiographic equip¬ 
ment was installed in this country in 1927^* and each year has added to the list of 
casting companies who have discovered X-ray methods to be indispensable. Appara¬ 
tus now exists in cast or alloy iron, steel, and light alloy foundries, and is primarily 
used (75%) for the development of casting technique and to a smaller extent for 
routine inspection. After a successful procedure has been established only occasional 
X-ray confirmation is necessary. This division of the work is natural because of the 
added cost of radiography. However, complete examination is warranted for highly 
stressed castings such as pipe valves or fittings for high pressure-temperature sys¬ 
tems, heat resisting retorts, airplane crank cases, or shock absorbers. An outstanding 
application was the nondestructive testing of all pipe, fittings, and turbine shells for 
a 1200-lb. steam line of a large electric power plant.” After several years of service, 
no casting has failed although a considerable number were originally rejected because 
of the X-ray specifications. Frequently, when the production of a part is too small 
to Justify the expense of a forging die and operation, castings determined by the 
X-ray inspection to be homogeneous and sound have been acceptable. A manufac¬ 
turer has appreciably increased the service life of heat resisting furnace fittings, 
pots, retorts, and thermal protection tubes by radiographic researches.** Some indi¬ 
cation of the value of radiography to this producer is that 2,000,000 sq. in. of film 
were exposed in the year 1937. 

The ability of the X-ray to disclose the injurious defects in welds such as slag 
inclusions and porosity has been recognized by the Bureau of Engineering of the 
Navy, the A.S.M.E., and the American Petroleum Inst. In 1931, the A.S.MJ:. Class I 
Boiler Code governing boiler drums and unfired pressure vessels permitted 
welded construction but required complete X-ray inspection of the seams. 
Welded construction of pressure equipment has progressed phenomenally since 1931, 
although little utilized previously because an efficient nondestructive test had not 
been available. Also, it is doubtful if the fusion welded structural developments 
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would have attained the popularity enjoyed today without the confidence refiected by 
the acceptance of welded boilers. 

The impetus from the boiler industry, since 1931, has rapidly advanced the 
use of radiography so that there are now probably 5 welding installations for 
every foundry unit. In 1938, there were about 57 equipments distributed among 
34 manufacturers and consumers of boilers and pressure drums. The six major 
companies, engaged in fabrication of pressure apparatus,” have examined over 
7,000 vessels representing approximately 161 linear miles of welded steel Joints 
ranging in thickness from %-5 in. All fusion welding of the penstocks of the 
power plant at Boulder Dam, totaling 21.6 miles of seam, was minutely inspected. 
This project alone required about 77,000 exposures consuming 1,500,000 sq.in. of 
film. Unlike the foundry, the majority of weld radiography is devoted to routine 
testing while a smaller portion is confined to the development of technique. 

U. S. Army ofiScials, visualizing the possibilities, installed the first equipment 
in this country for the radiography of cast and welded products in 1922 at Water- 
town Arsenal, Mass.” This was followed by apparatus at Rock Island Arsenal, Ill., 
and also interested other governmental divisions. The consulting laboratories” and 
some universities have materially aided in the developing of X-ray technique 
and introducing new applications. The experience of these organizations include: 
Castings, welds, and nonmetallics. 

The capacity of the X-ray to reveal variations in density has resulted in a 
number of interesting nonmetallic applications.”* ” Briefiy, oil paintings have been 
radiographed to determine their origin or genuineness by art museums. Bakelite 
molds, candy, coal, carbon contacts, golf balls, rubber tires, tobacco, and tooth paste 
have been examined to detect foreign material or flaws. Many nontransparent 
assemblies such as broadcasting tubes, insulated wires, and closed cores are inspected 
to ascertain correct alignment of the internal components. 

Gamma Ray Radiography—Gamma rays emanating from the disintegration of 
radio-active elements have experienced limited radiographic applications. The 
source may be radium, radon, or mesothorium, which emit considerably shorter and 
more penetrating wave length radiation than that of X-rays. It is estimated that 
the gamma wave length spectrum corresponds to X-rays that would be generated 
by potential of from 400.000 to 1,500,000 volts. 

In addition, the gamma radiation differs from the X-rays in several pertinent 
qualities. As contrast diminishes with decreasing wave length or increasing voltage, 
the gamma rays are unable to reveal the very small defects in % to 2 in. of steel. 
The gamma ray wave lengths are characteristic of the source and cannot be regulated 
for contrast or variable thickness. An advantage of the gamma radiation which 
improves the sensitivity is the small absorption and low scattering power resulting 
in appreciably less fogging than that produced by X-rays. The net effect of the 
two compensating factors, lack of scattering and low contrast, is that the sensitivity 
of the gamma ray is inferior to the X-ray for steel sections V 2 to 3 in. thick. The 
per cent sensitivity of gamma rays under laboratory conditions for %-2 in. of steel 
ranges from 5-1.75% and for 3-6 in. is 1.3%.” 

Other important considerations which limit extensive use of gamma ray 
radiography are the expense and time of testing. The rental or purchase of only a 
small quantity of radium is feasible which would require exposure of the order of 
10-16 hr. to penetrate steel sections 2-5% in. thick. Although gamma rays are not 
directional but are emanated spherically so that many specimens may be simul¬ 
taneously examined by suitable distribution about the source, the number of 
exposures for a specific time is relatively small compared to the large number that 
could be obtained with the X-ray in the same period. 

The gamma radiation is attractive for applications where good definition, 
absence of apparatus and ease of arranging exposures are desired. (The technique 
has been developed and the details are described.”* ”) Excellent definition can be 
procured by decreasing the dimensions of the source, that is, by reducing the 
quantity of radium or absorption of radon by a small piece of carbon. The simplicity 
of gamma ray technique is utilized for the radiography of steel castings and welded 
structures in an assembly or in service, inaccessible to X-ray apparatus. Frequently 
circumferential welds of pipe in a line are more economically examined by gamma 
radiation because of the number of films that may be simultaneously exposed from 
a single radio-active source and the inconvenience of moving or orienting the pipe 
for X-ray inspection. Also, companies not having sufficient nondestructive testing 
to Justify an expenditure for an X-ray installation, rent radium occasionally. It 
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would seem that the gamma rays will not be used as extensively for industrial 
radiography as X-radiation but will be confined primarily to the examination of 
material opaque to the X-ray (5%-10 in. of steel), inaccessible or inconvenient to 
the latter type of radiation. The two methods do not appear to be competitive but 
supplement each other. 


References 

^O. L. Clark, Applied X>Rays, Second Edition. 1932. 

3R. B. Wllsey, Filins and Screens for the Radiography of Materials, Radiography and Clinical 
Photography, 1936, v. 12, p. 10. 

3R. Berthold and H. Riehl, Orundlagen der WerkstolTprtifung Mlt Oammastrahlen, Z. Ver. 
deut. Inge., 1932, y. 86, p. 401. 

*E. W. Page and R. P. Dent, Radiographic Density Affected by Temperature of Screens, Victor 
News, 1934, v. 6, p. 1. 

6L. E. Abott, Sensitivity of X-Ray Examination of Metal Defects, Iron Age, 1934, y. 133, p. 12. 
«R. Berthold, Orundlagen der technlschen Rbntgendurchstrahlung, Verlag von Johann, 1930. 

^L. D. Alpert, The Sensitivity of X-Ray Radiography, Thesis Prepared at Mass. Inst. Tech., 

1933. 

^A. H. Compton. The Degradation of Gamma Ray Energy, Phil. Mag., 1921, v. 41, Ser. 6, 
p. 749. 

«J. C. Hodge, Nondestructive Testing of Welded Joints—^Its Development. Practice, and 
Limitations, Joint Session, A.S.M.E. and A.W.S., New York, Jan. 14, 1935. 

^«W. L. Pink and R. S. Archer, Radiography as a Tool In the Metal Industry, A.SS.T., 1929, 
y. 16. p. 551. 

H. Lester. X-Ray Examination of Steel Castings, Chem. and Met. Eng., 1923, y. 28. p. 
261; also Chem. Age. 1923, y. 17, p. 1410. 

“P. K. Ziegler. Interior Defects Reyealed by the X-Ray, Metal Progress, 1935, y. 27, p. 44. 
^^Symposium on Radiography and X-ray Diffraction Methods, A.S.T.M., 1937. 

^<A. St. John and H. R. Isenburger, Industrial Radiography, 1934. 

T. Norton and A. Ziegler, Sensitivity of the Gamma Ray Method of Radiography, A.S.M., 

1934, y. 22. p. 271. 

>«0. S. Barrett, R. A. Gezelius, and R. P. Mehl, The Technique of Radiography by Gamma Rays, 
Metals and Alloys, 1930, y. 1, p. 872. 




188 


X-RAY DIFFRACTION 


Gen. 4802 


X-Ray Di£Fraction 

By Charles S. Barrett* 

Introduction—A wealth of information on the structure of matter has resulted 
from the discovery of von Laue and his collaborators in 1912 that crystals act as 
suitable gratings for diffracting X-rays. The regular repetition of Identical groups 
of atoms throughout a crystal forms a three dimensional grating which affects a 
beam of X-rays in much the same way that an optical grating affects a light beam. 
The repeating unit in a crystal, the unit cell, is a few Angstrdms in each dimension 
and is thus able to form a diffraction spectrum of X-rays which have a wave 
length of one or two Angstroms. By directing a small beam of X-rays at a small 
sample of a substance and photographing the rays diffracted in different directions 
from it, the substance can be classified as amorphous, crystalline, or intermediate; 
the perfection of the crystal lattice can be determined; single crystals can be dis¬ 
tinguished from polycrystalline substances, and the size of crystallites can be ap¬ 
proximately determined; from the X-ray pictures supplemented by other data the 
crystal can be assigned its proper classification among the 7 crystal systems, the 
14 space lattices (Bravais lattices), and the 32 point groups (symmetry classes), and 
the 230 space groups, and the positions in the unit cell of all atoms can be accurately 
determined, barring experimental difficulties or highly complex crystal structures. 
Additional information that can be read from the photograph includes the orienta¬ 
tion of a single crystal and the preferred orientations in a polycrystalline specimen, 
the dimensions of the unit cell .to a high degree of precision, qualitative and in 
some cases quantitative information on the intensity of internal or applied stresses, 
the effect of plastic deformation, of heat treatments, or of the mechanism of 
deposition, crystallization, transformation and precipitation on the lattice, and the 
constitution of organic and inorganic systems, minerals, and alloy systems. 

The interpretation of the diffraction effects has been greatly simplified by a 
principle discovered in 1912 by W. L. Bragg. He pointed out that each of the 
diffracted rays could be interpreted as a reflection of the incident X-ray beam from 
a plane of atoms within the crystal. Given a parallel set of such planes of atoms 
repeating throughout the crystal and spaced at intervals of d, the condition for 
X-ray reflection from these planes is 

nX = 2d sin ^ 

where X is the wave length of the X-rays, measured in the same units as d, n is 
the order of the reflection (always an integer), and $ is the angle of incidence of 
the beam on the planes, which is equal to the angle of reflection from the planes. 
This relation between the spacing of atomic planes, the wave length, and the 
diffraction angle, known as Bragg’s law, and the optical reflection analogy on 
which it rests is the basis for interpreting almost all practical applications of X-ray 
diffraction. 

Description of Apparatus for Typical Installation—X-ray diffraction installations 
are simpler than radiographic installations: They operate at a lower voltage, gen¬ 
erally 30,000-60,000 volts; rectification of the high voltage is optional, and condensers 
and other filtering equipment to produce constant voltage direct current are un¬ 
necessary. Usually included in the installations are suitable overload relays, safety 
devices, switches, and meters for reading voltage and the current through the 
X-ray tube. 

Both gas tubes and electron tubes are in common use, gas (or “ion”) tubes 
operating at a critical gas pressure of about 0.01 mm. of mercury, with a cold 
cathode, and electron tubes operating at a high vacuum with a hot filament 
(usually a tungsten spiral). Tubes of both types may be made demountable so 
that targets of various elements can be Interchanged at will and cathodes replaced 
when necessary. Electron tubes made of glass, highly evacuated and sealed off from 
the vacuum pumps, are widely sold. The sealed-off molybdenum target tubes are 
the nearest approach to a universal tube for commercial applications, for both 
monochromatic (characteristic) radiation and a considerable quantity of poly¬ 
chromatic (general) radiation is emitted, so that the tube can be used with fair 
success with nearly all methods. Sealed-off tubes require the minimum amount of 
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attention and skill in operating, but demountable tubes have the maximum flexibility 
and are required in many advanced research problems and in work of high pre¬ 
cision. Gas tubes are preferable for work with powder methods because of the 
purity of the radiation. In electron tubes tungsten is slowly deposited on the target, 
and with improper vacuum technique mercury is also deposited, so that the pure 
spectrum of the target material may become contaminated with radiation from 
tungsten and mercury. 

Complete units with tubes, transformers, and controls fully enclosed may be 
purchased from manufacturers. These permit from 2 to 12 cameras to operate 
simultaneously, and usually are supplied with sealed-off tubes having molybdenum 
targets. Demountable tubes of various types and many varieties of cameras may 
also be purchased. Exposures require varying lengths of time depending on condi¬ 
tions, usually between an hour and a day; zinc sulphide intensifying screens placed 
in contact with the film will reduce exposure times materially. 

Laue Method'* *—-The Laue method uses a beam of X-rays containing many 
wave lengths. A system of pinholes confines a beam to a narrow pencil of rays 
which falls upon a small crystal or penetrates a thin crystal. The usual arrange¬ 
ment is for a photographic plate to be placed 4 or 5 cm. beyond the crystal and 
perpendicular to the original X-ray beam, film A in Fig. 1. (The film B is used 
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mission pattern, film B the back reflection pattern, 
usually not simultaneously. 



Fig. 2. Laue patteri) (transmis¬ 
sion type) with X-ray beam approx¬ 
imately parallel to a crystal axis of 
four fold symmetry. Undistorted 
crystal. 


only for the back reflection method referred to below.) On the photographic plate 
the diffracted rays make a pattern of spots, as in Fig. 2, each spot being the re¬ 
flection of a certain wave length from a certain crystal plane in one or more 
orders. The X-ray tube is best equipped with a target of tungsten and operated 
at 50,000-60,000 volts. The radiation emitted under these conditions contains a broad 
band of wave lengths (general or “white” radiation). 

The diffraction spots are arranged on ellipses which have one end of their 
major axes at the central imdiffracted spot. All the spots on any one ellipse are 
due to reflections from planes of a single zone (planes parallel to a common line 
known as the zone axis). As the spots are formed by rays of different wave lengths, 
their blackness depends not only on the arrangement of atoms in the crystal, but 
also on the intensity of the wave lengths in the X-ray beam, and on the sensitivity 
of the photographic emulsion to the different wave lengths. 

The Laue method is useful for the determination of crystal structure. Indices 
may be assigned to the spots by various methods, the most convenient being the 
gnomonic projection. The symmetry properties of a crystal may be determined 
from the symmetry of the Laue patterns; when an X-ray beam passes through 
the crystal parallel to a four fold rotation axis, for example, the pattern will 
coincide with itself if given one quarter turn about the center (Fig. 2). The 
symmetry elements deduced from Laue patterns will always include a center of 
symmetry, whether or not the crystal possesses one. Large quantities of data on the 
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relative intensity of reflection of different planes can be obtained from Laue pat¬ 
terns when proper precautions are taken, and are of value in determining atomic 
^kK)sitions in the unit cell. 

The Laue method reveals imperfections re¬ 
sulting from accidents of ci^stal growth or from 
deformation.*' * The Laue spots from perfect 
crystals are sharp, as in Fig. 2; whereas im¬ 
perfect crystals or plastically deformed crystals 
produce blurred images and spots elongated 
radially as in Fig. 3 giving the appearance 
known as **asterism.’* An analysis of this can 
give the range of orientation of the reflection 
planes,*'* and can indicate the severity of the 
deformation received by the specimen, but does 
not provide a reliable means of quantitatively 
measuring stresses.* The Laue method is also 
useful for determining the orientation of single 
crystals.*' * For this purpose the symmetry of 
the pattern may be noted or it may be plotted 
on a stereographic or gnomonic projection. 

Back Reflection Laue Method—^The most 
convenient arrangement for orientation work is 
the back reflection Laue camera, in which the 
film is moimted over the pinhole system, at B in Fig. 1, the film registering the 
rays that are diffracted back toward the X-ray tube. The analysis of back reflection 
Laue patterns for single crystal orientation is done by stereographic projection,' 
and is too detailed for presentation here. Crystals must be reasonably perfect for 
this method, as the spots overlap and become indistinguishable if imperfections 
amount to more than two or three degrees. 

The ‘Tinhole” Method*' The “pinhole” method is a combined Laue and 
powder method that is so often used in practical work as to deserve separate dis¬ 
cussion. Because most practical applications of the pinhole method are simple and 
easily understood, they are presented before the powder method and will serve 
somewhat as an introduction to the latter. The apparatus is identical with that of 
the Laue method, except that radiation is not purely general (white), but also 
contains strong monochromatic components. Molybdenum target tubes are used, 
operating at a voltage of 30,000-45,000 volts and giving strong monochromatic 
(characteristic) lines at a wave length of 0.71 Angstroms (actually a close doublet 
of this average wave length) and a weaker line at 0.63 Angstrdms, the Ka and Kj8 
lines, respectively. The specimens are polycrystalline materials—in the case of 
steel either wires or thin strips about 0.004-0.010 in. thick. 
Patterns from coarse grained materials contain many spots, 
as in Fig. 4. Throughout a series of exposures in a given 
camera, the size of the spots is proportional to the size of 
the grains and the number of spots is proportional to the 
number of grains per unit of volume of the specimen, pro¬ 
vided the grains are smaller than the effective cross section 
of the X-ray beam. As the number of spots Increases, cir¬ 
cular diffraction rings appear (see following section). At first 
the rings are granular, but as the number of spots increases 
(that is, the grain size decreases) the rings become contin¬ 
uous and smooth. Just as in the Laue method, a lengthening 
of the spots, “asterism,” is caused by crystal imperfection or 
plastic deformation. 

The distribution of Intensity around the diffraction rings reveals the presence 
or absence of a preferred orientation of the grains (fiber textures). Random orienta¬ 
tions produce rings that are uniformly black all around; highly developed orienta¬ 
tions give the appearance of Fig. 5, which is a tracing of a pattern from rolled 
steel. In the cold rolling of steel, preferred orientation begins to be detected at 
reductions of 20-40% in thickness and gradually increases in perfection until the 
pattern resembles Fig. 5 at 90-95% reduction. 

Lpon recrystallization, the rings break up into spots again and may or may 
not show the same intensity maxima. The preferred orientations after recrystalliza¬ 
tion have been analyzed in this way and some are found to be the same as in the 
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Fig. 4. Pinhole pattern 
of undlstorted poly crys¬ 
talline material. Typical 
of recrystallized metal. 
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Fig. 3. Laue pattern of a distorted 
crystal, showing asterism. 
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cold worked material, some new ones are found, and frequently the recrystallization 
produces a random orientation."- • The presence or absence of preferred orientations 
can only be determined if there are many spots in the pattern (more than in Fig. 
4, for example) and in coarse grained material it is often necessary to shift the 
specimen during the exposure to provide a sufficient number of spots. 

A series of pinhole patterns taken with different 
angular settings of the specimen with respect to the 
beam is necessary to study aU orientations of the grains. 
It is customary to plot the data from a series of ex¬ 
posures of this type on a stereographic projection;•* ” 
this plot (which is actually a map of the relative fre¬ 
quency of different orientations of a crystal plane) is 
known as a pole figure. Industrial problems frequently 
do not require such an extended study, and a single pic¬ 
ture with the beam perpendicular to the strip or wire 
specimen often supplies all the required information.*- ’ 
Internal stresses and the recovery from a stressed condi¬ 
tion are not readily shown with pinhole pictures. 

A convenient arrangement for determining the depth 
of cold work produced by machining is to have the beam 
strike the specimen at an oblique incidence and reflect 
from the surface of the specimen, rather than penetrate 
it.*- ’ If the surface is cold worked, the spots will be 
blurred and may overlap into continuous rings, but after 
etching to a depth sufficient to remove the cold worked 
layer the spots become sharp. Back reflection cameras, discussed in the following 
section, are also much used for this pimpose. 



Fig. 5. Pinhole pattern 
(transmission) of sheet steel 
having a preferred orienta¬ 
tion from cold rolling. (Roll¬ 
ing direction vertical, sheet 
surface perpendicular to the 
X-ray beam.) 


Powder Method*- •- **— Radiation —^The powder method employs monochromatic 
radiation falling on a powdered crystal specimen or a fine grained polycrystalline 
specimen. Radiation is obtained from X-ray targets of relatively low atomic num¬ 
ber giving weak general radiation and relatively strong characteristic radiation. 
Molybdenum targets may be used but are not satisfactory unless a zirconium Alter 
Is placed over the photographic film in the camera. Best results are obtained by 
choosing targets of Fe, Co, Ni, Cr, or Cu, or alloys of these. The target is chosen 
so that the characteristic Ka radiation is of longer wave length than the K 
absorption limit of the specimen in order to avoid fogging of the film by fluorescent 
radiation originating in the specimen. 
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Pig 6. Powder camera (Debye-Scherrer- 
Huli) 



Fig. 7. Focusing camera (Seeman- 
Bohlm, Phragmen). 


Cameras—Powder cameras are of various types. The common Debye-Scherrer- 
Hull type (Fig. 6) consists of a cylinder on which is mounted the photographic film, 
a rod shaped specimen on the axis of the cylinder, suitable slits or pinholes to 
direct the primary beam at the specimen, and a device to catch this undiffracted 
beam or conduct it out of the camera after it has penetrated the specimen, thus 
avoiding intense blackening where it strikes the film. Focusing cameras are also 
cylindrical but are designed so that the specimen, the slits, and the photographic 
film all lie on the circumference of the cylinder (Fig. 7). This arrangement causes 
diffracted rays from all parts of the specimen to come to a focus on the film and 
give sharp lines with relatively shorter exposure time.f» “ Back reflection cameras 
employ large angle diffracted rays only. They may be constructed with a cylindrical 
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film, with a flat film, or with a photographic plate (see B, Fig. 1); a hole is pro¬ 
vided in the film or plate for the passage of the primary X-ray beam. Any of these 
types may be modified to operate with the specimen at either high or low tempera¬ 
tures, and for use with large grained samples they may be provided with devices 
to oscillate or shift the specimen in order to give more grains a chance to reflect 
the X-rays. 

For studies of cold work and annealing, simple back reflection cameras serve 
well.’ Co and Fe radiation are used for steel and copper specimens, and Cu radia¬ 
tion for aluminum specimens, to give a strong diffraction line at a large angle. 
The pinholes need not be as small as in cameras used for precision lattice constant 
determinations. Cold work is shown by a blurring of the spots lying on the diffrac¬ 
tion rings and a broadening of the rings, as indicated in Fig 8 and 10. Recovery 



Fig. 8. Pattern from dl8> 
torted polycrystaUine mate¬ 
rial in a back reflection 
camera (Film B, Pig. i). 
Blurred spots' form a ring 
surrounding the central hole 
in the film. 
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Fig. 9. Powder pattern of annealed iron, from cam¬ 
era of Fig. 6, with FeKo and PeK/3 radiation. Increas¬ 
ing e from left to right. 

Fig. 10. Pattern from cold worked iron. Lines wid¬ 
ened and weakened by "microscopic” internal stresses. 

Fig. 11. Pattern from recrystallized iron, the large 
unstrained grains forming spotty lines. 


from the strained condition Is indicated by a sharpening of the lines (compare 
Pig. 9, annealed, with Fig. 10), and may or may not go on simultaneously with re¬ 
crystallization, which is indicated by a return of the spotty type of pattern as In 
Fig. 11, indicative of large strain-free grains. This type of camera is not as useful 
for determining preferred orientations as the “pinhole*' camera that produces its 
pattern in the forward direction. 

The Diffraction Pattern—When a primary beam of X-rays strikes a specimen 
the diffracted beams leave the specimen along the generators of a number of 
cones, each of the cones being concentric with the primary beam. These cones fall 
on a flat film forming concentric circles, or on a cylindrical film forming curved 
lines, as indicated in Fig. 9. These are frequently called “Debye rings.” From the 
diameter of the circles or arcs on the pattern and the known dimensions of the 
camera, the apex angles of the cones are calculated, and from these are obtained 
the angles of reflection, of the Bragg equation. In the camera sketched in Pig. 
1, with the film at A, if x is the radius of a diffraction ring, and X is the per¬ 
pendicular distance from the specimen to film, then tan 2^ = x/X. In the camera 
of Pig. 1, with the film at B, tan (180 — 2$} = x/X. In the camera of Fig. 6, if s is 
the circumferential distance from the central undiffracted spot to an arc of the 
diffracted line, and R is the camera radius, 0 ^ given in radians by the relation 
^ = s/2R (1 radian = 57.30°); in practice, measurement is best made of the dis¬ 
tance 2s, from arc to arc, rather than s, from arc to'central spot. In the camera 
of Pig. 7 (and frequently in the others also) it is convenient to prepare a calibration 
chart for reading ^ or d directly from the positions of diffracted lines. A sample 
whose lines fall at accurately known angles provides the data for such a chart. 

Thus, from the position of the lines on the film the spacing d of the corre¬ 
sponding atomic planes may be obtained. The sequence of lines on the film corre- 
ponds to the sequence of interplanar spacings in the crystal. The pattern in Pig. 
9, for example, shows a sequence characteristic of body-centered cubic crystals. 
Large imit cells have all their interplanar spacings large, and thus their diffracted 
lines will lie at small angles^ from the direct beam, while small unit cells will have 
lines spread out at larger angles. It is the size and shape of the unit cell of a crystal 
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that governs the positions of the diffracted rays, while the atomic arrangement 
within the unit cell controls the intensities of the rays. The determination of crystal 
structure from the powder diffraction patterns is a complex procedure that yields 
a reliable result in only the simplest cases. Numerous summaries are available of 
the principles involved and of the various tables, graphs, and other devices to aid 
the investigator.*’ •• **»« 

Strictly monochromatic radiation is not usually available, for the targets of 
X-ray tubes emit radiation of a series of wave lengths, each of which forms a 
diffraction pattern on the film independently. The Ka lines with closely similar 
wave lengths fall together and make a single line at low values of Q, but form a 
doublet at large values of 6 (provided the specimen is able to yield suflaciently 
sharp lines). The K/3 radiation, if not filtered out, produces another superimposed 
spectrum, which is of single lines instead of doublets and is always weaker than th4 
Ka spectrum. Its lines are recognized by these characteristics and by the fact that 
the ratio of sin $ for Ka and K/3 radiations reflecting from a given atomic plane 
always equals the ratio of the corresponding wave lengths. The Kj3 radiation may 
be removed by filtering, if desired; zirconium filters are used for molybdenum radia¬ 
tion, and nickel filters for copper radiation. The filters are best placed between 
the specimen and the film. 

Amorphous materials, glasses, liquids, and gases give only broad halos instead of 
sharp lines. Analysis of such patterns has nevertheless given a large amount of 
Information of scientific and practical value.”- “ Better patterns are obtained when 
a crystal monochromator is inserted in front of the powder camera to provide 
strictly monochromatic radiation, but exposure times are thereby increased several 
fold. 

Precision Lattice Constants—^The accuracy* of lattice dimension measurement with 
the Debye-Scherrer-Hull cameras and focusing cameras is from 0.1-0.02%, depend¬ 
ing on the care taken and the operator’s skill. Back reflection cameras are more 
precise, for these will give from 0.02-0.003%. Sources of error which enter in de¬ 
termining lattice constants with Debye-Scherrer-Hull cameras include: Incorrect 
centering of the specimen on the axis of the camera, finite size of the specimen and 
absorption of the rays in the specimen, shrinkage or expansion of the film on de¬ 
velopment and afterwards, incorrect determination of the camera radius, lack of 
parallelism in the primary beam, and deviations from Bragg’s law caused by index 
of refraction of X-rays. Corrections for these errors and for the errors in back 
reflection cameras have been carefully studied by numerous investigators.**- *• 

Identification of Phases—A great number of practical problems require no crystal 
structure determination, but merely an identification of phases by their powder 
diffraction patterns, and this may be done without involved calculations by simply 
comparing patterns of the unknown material with patterns of chemically or miner- 
alogically identified material.* The films are laid side by side or superimposed, and 
the similarities are observed directly. For this work large range cameras are re¬ 
quired, so that many lines will be obtained. If a large number of patterns from 
known materials are to be compared with the unknown, the comparison can best be 
made by first noting the position on the film of the strongest lines of each pat¬ 
tern.” For identification to be certain, every line of the pattern must be accounted 
for. Important advantages of this X-ray method of identification are that only 
small quantities of material are required (a few mg.), and that different compounds 
or states of combination of the same elements are distinguishable from each other, 
since they possess different crystal structures. Thus, chemical compounds are dis¬ 
tinguishable from mixtures. The method is widely used for the identification of 
alloy phases; it is more direct and positive than metallographic methods, but 
generally is inapplicable when a phase constitutes less than 1-5% of the weight 
of the alloy. 

If more than one variety of crystal is present in any specimen, each will pro¬ 
duce its spectrum independently, and the pattern will consist of superimposed spectra 
with relative intensities dependent on the relative amounts of the two phases. If 
a series of alloys is prepared of various compositions spaced across a binary consti¬ 
tutional diagram, the powder patterns will follow the alternate single and two phase 
regions of the diagram.** Superimposed spectra from three or more phases may 
occur with alloys of more than two constituents, or in some alloys in which equilib¬ 
rium has not been obtained. 

Solid Solutions—The presence of solute contracts or expands the dimensions of 
the unit cell of the pure solvent material. This is registered on the powder photo- 
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grams by a displacement of the lines to either greater or smaller diffraction angles, 
unless the effect is too small to be recorded. The effect is ordinarily proportional 
to the atomic per cent of the dissolved element (Vegard’s law) or closely approxi¬ 
mates this. The expansion or contraction comes to an abrupt halt at the solid solu¬ 
bility limit, and throughout the two phase region beyond the limit the lattice 
dimensions remain constant in binary alloys. This behavior enables an accurate 
determination of the solubility limit (and its variation with temperature) and is 
preferable to determining the limit from the appearance of the lines of a second 
phase in the patterns.^ The method is applicable to determining the range of 
homogeneity of intermediate phases as well as solid solutions of elements, and is 
applicable (in altered form) to ternary alloys" as well as to binary alloys. 

The following precautions must be taken in determining solid solubility:^* “ A 
thorough homogenization treatment is necessary, for the specimen must be free 
from concentration variations; the surface must be free from sublimation, oxidation, 
or other reactions which would alter the surface concentration; if the specimen is 
to represent the condition of the alloy at the homogenization temperature, the 
quenching from this temperature must be suflaciently rapid to prevent changes, 
and yet quenching stresses must not be introduced into the specimen. These stresses 
can best be avoided by quenching small wires or finely powdered material. The 
precision of this X-ray method of determining solid solubility varies with different 
alloys, In many cases exceeding that of other methods. 

The interstitial or substitutional nature of the solid solution can be determined 
from powder diffraction patterns. The patterns give the dimensions of the unit cell, 
and from these data, together with the number of atoms per unit cell, the atomic 
weight of each atom, and the composition of the alloy, the theoretical or “X-ray'* 
density is computed—^assuming either interstitial or substitutional dispersion of the 
solute; comparison of these calculations with the actual density will establish 
the nature of the solution.®* “ X-ray and measured densities always agree within the 
limit of error of the measurements when the proper crystal structure has been 
assigned. 

Solid solutions are ordinarily random arrangements of the different kind of 
atoms on the lattice points. When one kind of atom migrates to a particular set of 
atomic positions in preference to others, a superlattice is formed.** This is recog¬ 
nized in the diffraction pattern by the additional “superlattice lines” which appear 
after a suitable low temperature annealing treatment in certain alloys. 

Stress Measurement—Internal and applied stresses in metals may be studied 
with powder diffraction cameras. When an interplanar distance d is altered by 
stresses the diffraction angle changes accordingly. If the elastic strain varies from 
grain to grain in a polycrystalline metal the angle of diffraction will also vary, giving 
a widened diffraction line in the powder photograph as in Fig. 10. The amount of 
widening beyond the normal width of an annealed stress free material indicates the 
amount of variation of stress from point to point in the metal, the relative intensity 
of “microscopic” stresses. Other factors than stress, however, may contribute to the 
widening and must be considered in Interpreting the photograph;* namely, inhomo¬ 
geneity in composition of the specimen and small size of the refiecting grains. If 
stresses are of equal Intensity in all the reflecting grains, forming a homogeneous 
stress system, the diffracted rays from all grains will superimpose to produce sharp 
lines displaced from their normal unstressed positions. The diffraction pattern can 
then be used to calculate the homogeneous “macroscopic” stresses.*-’-* Back re¬ 
flection powder cameras, arranged so that the X-ray beam falls perpendicularly upon 
the specimen surface, give data from which the sum of the two principal stresses 
lying parallel to the surface is calculated; cameras providing oblique incidence of 
the rays are used to calculate the principal stresses individually. An accuracy in 
stress measurement by these methods of 1,500-3,000 psi. has lately been attained with 
laboratory conditions and with favorable materials, but depends greatly upon the 
skill with which the operator attends to such matters as constancy of temperature 
of specimen and film, film shrinkage or expansion, provision that in both the 
stressed and unstressed conditions the specimen has the same solid composition, 
and preparation of the specimen so that the surface is free from a cold worked layer 
and is fine grained. The nature of the method is such that only stresses in the 
outer fibers of the specimen are observed, and it is not applicable to cold worked 
metals. 

Rotating Crystal Method: Photogoniometers—Types of cameras seldom used in 
practical work, but indispensable in crystal structure determination, are those in 
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which a single crystal is mounted so as to oscillate or rotate around a definite crys¬ 
tallographic axis.'* *• “ Monochromatic radiation is used, and the simpler cameras 
are similar to Fig. 6. Modifications of this are particularly helpful for solving com¬ 
plex crystals. The most common of these is the Weissenberg photogoniometer, which 
permits a photographic film to be shifted in synchronism with the oscillation* of the 
crystal and is provided with a slit through which only selected rays from the crystal 
will pass. Spacings of the layers of spots in rotating crystal patterns give the dis¬ 
tance between lattice points in the direction of the axis of rotation of the crystal. 
The assignment of indices to each of the spots is easily accomplished by graphical 
means derived from the reciprocal lattice projection.’* “ The orientation of 
single crystals may be determined with these types of cameras and also conveniently 
by the modification devised by Davey and outlined in detail by Wilson.” 

Spectrometers—The most accurate method of measuring the intensity of dif¬ 
fracted rays involves the use of an ionization chamber mounted on a spectrometer 
somewhat similar to an optical spectrometer.’* • The current in the chamber, meas¬ 
ured by an electrical device, is proportional to the intensity of the X-ray beam. The 
method is used in crystal structure determination, particularly with the newer tech¬ 
nique** that involves Fourier analysis of X-ray intensities to yield almost directly 
the distribution of electrons and atoms in the crystal, but is seldom required in prac¬ 
tical applications. 

Chemical analysis is accomplished by X-rays through the use of spectrometers 
that photograph the characteristic X-ray emission lines or absorption edges of the 
sample to be analyzed.®* Favorable combinations of elements permit extreme sen¬ 
sitivity in the detection of small percentages of an element in a compound or mixture 
(Independent of its state of chemical combination), and, with care, fair precision in 
quantitative analysis is possible. 

Summary of Applications and Methods Usually Employed 

Preferred Orientations of Grains, Fiber Textures —^Pinhole method, with beam trans¬ 
mitted through the specimen or reflected from the surface of the specimen, 
noting intensity maxima around Debye rings (Fig. 5). 

Cold Work and Recrystallisation—^Vlnhole method with transmission or back reflec¬ 
tion cameras (Fig. 4, 8). 

Identification of Phases —Powder method with cameras having a wide range of 
reflection angles (Fig. 9). 

Precision Lattice Dimensions: Boundaries of Regions in Phase Diagrams: Studies of 
Solid Solution and Aging —Powder methods with precision back reflection 
cameras. 

Grain Size —^If larger than 10-> cm., pinhole method or powder method, noting size 
of spots (Fig. 4, 11). If smaUer than 10-* cm., powder method, noting widths 
of lines (Fig. 10). 

Perfection of Lattice in Groms—Pinhole, Laue, or back reflection powder methods, 
noting sharpness of spots. 

Homogeneous (macroscopic) Internal Stresses or Applied Stresses —^Precision back 
reflection powder method, with measurement of lattice dimensions. 

Heterogeneous (microscopic) Internal Stresses and Recovery —^Back reflection powder 
method, noting width of lines. 

Orientation of Individual Grains—Laue, back reflection Laue, or rotating crystal 
methods, or photogoniometer. 

Determination of Crystal Structure —Powder method only in very simplest cases; 
rotating crystal or photogoniometer method frequently supplemented by Laue 
patterns. 

Structure of Amorphous Solids, Glasses, Liquids, and Gases —Powder method or 
spectrometer. 

Chemical Analysis —^Photographic spectrometer, registering emission lines or absorp¬ 
tion edges. 
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Heat Treatment of Metals* 

By R. S. Archer* 

Introduction—The purpose of this article is to present certain fundamental 
principles which are applicable to the heat treatment of all metals—ferrous or 
nonferrous. Another article will deal more with the heat ^treatment of iron and 
steel, giving facts and figures relating particularly to the treatment of those mate¬ 
rials. These articles, general in nature, are intended to serve as a foundation for 
specific articles describing the heat treatment of certain parts, such as gears and 
dies, and of certam nonferrous alloys. It is hoped that the need of repeating funda¬ 
mental principles in the subsequent specific data sheets may be avoided by referring 
to these general data sheets. 

Heat treatment is defined as an operation or combination of operations involv¬ 
ing the heating and cooling of a metal or an alloy in a solid state for the purpose 
of obtaining certain desirable conditions or properties.* 

It is usually desired to preserve as nearly as possible the form, dimensions, and 
surface of the article being treated. 

General Principles—The desirable changes in conditions or properties may be 
considered as due to changes in structure. Changes in internal stresses are fre¬ 
quently objects of heat treatment. Usually it is desired to decrease or relieve such 
stresses, although occasionally it is desired to set up stresses of a definite kind. 
Changes in internal stress are associated with changes in interatomic spacing. 
Hence, even stress changes can be considered as due to changes in structure if we 
regard interatomic spacing as one of the elements of structure. 

More frequently, the changes effected by heat treatment involve changes in 
the nature, form, size, or distribution of the structural constituents. Changes in 
the nature of the constituents result from the effect of temperature on phase 
equilibria or from changes in the composition of material, as in the case of carbu¬ 
rizing or nitriding. The form of constituents is affected by the conditions under 
which they separate from solid solutions, and by the tendency to assume equiaxed 
shape at temperatures which permit diffusion and atomic rearrangement (spher- 
oidizing). Changes in the arrangement or distribution of constituents in a solid 
metal can be brought about by solution and reprecipitation, as when the granular 
cementite of an annealed tool steel is converted to the lamellar cementite of pearlite 
by normalizing. 

Factors in Heat Treatment—^Heat treatment consists of subjecting a metal to 
a definite time-temperature cycle. The chemical effect of the medium surrounding 
the metal may be of importance, as in carburizing and in nitriding. The time- 
temperature cycle may conveniently be divided into three parts: (1) Heating, (2) 
holding, (3) cooling. 

Heating—The rate of heating determines the changes within the metal during 
this phase of the heat treatment, and the heating medium is important insofar 
as it affects this rate, and causes or prevents chemical changes, such as oxidation, 
proceeding from the surface of the metal. It is necessary to consider not merely 
the average rate of heating, but the rate of heating desirable or permissible at each 
stage of rise in temperature. In any case, the rate of heating is seldom constant 
and usually decreases as the final or holding temperature is approached, so that 
this temperature can be attained more accurately and uniformly. 

The heat actually consumed in the practical heating of a metal to a given 
temperature is equal to the heat content of the metal at that temperature,* less 
the heat content of the metal at the beginning of the heat treatment operation, 
and plus the heat losses due to radiation during the heating process. These heat 
losses increase, other things being equal, with the duration of the heating operation. 

From the standpoint of its effect on the metal, rate of heating may be important 


♦Chief Metallurgist, Republic Steel Corp., Chicago. 

Prepared for the Subcommittee on 'the Heat Treatment of Metals. The membership of the 
subcommittee was as follows: R. S. Archer, Chairman; J. P. Gill, W. O. Hildorf, G. O. Lilly, W. B 
Price, C. T. Willard, and E. 8. Davenport. 

»Bee definition of “Heat Treatment** In this Handbook. 

^ee **Heat Content of Metals*' In this Handbook. 
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insofar as it affects Internal stresses, distortion, grain growth, or chemical changes 
such as oxidation. 

If a piece of metal Initially free from internal stresses is heated uniformly, no 
internal stresses will be set up. If the heating is not uniform, so that different 
parts of the piece acquire different temperatures at a given time, internal stresses 
will be set up which will cause distortion and in brittle metals may cause rupture. 
Uniform heating is favored by uniform application of heat, slow application of 
heat, and high heat conductivity of the metal itself. Particular care is required 
in the heating of brittle metals having poor heat conductivity, for example, hardened 
high speed steel. 

The extent of normal grain growth is determined chiefly by maximum tempera¬ 
ture and the time at or near the maximum temperature. Abnormal grain growth 
or germination, however, may be affected by rate of heating. A tendency toward 
germination is apt to be present in metals which have been work hardened slightly 
rather than severely, or in metals in which there are marked variations in the 
degrees of work hardening from one point to another. When such conditions exist, 
it is frequently possible to prevent or minimize abnormal grain growth by heating the 
metal very rapidly above the germinative temperature, which usually means heating 
rapidly to well above the temperature of recrystallization.® 

Surface changes resulting from contact with the heating medium are naturally 
less during the heating cycle, other things being equal, the shorter the duration of 
this cycle. Rapid heating obtained by the use of a strongly oxidizing and active 
flame, on the other hand, might result in more oxidation than a slower heating 
with a more neutral flame. 

Holding at Heat—Usually a certain time period, more or less definite, is required 
at the maximum temperature of the heat treatment. First, the time must be suffi¬ 
cient to permit the entire article to come to a uniform temperature, except in the 
comparatively rare cases where a nonuniform distribution of temperature is desired, 
as in the localized hardening of steel. Time to attain uniform temperature increases 
with the thickness of the heaviest section of the piece and is greater the lower 
the thermal conductivity of the material. The rate of heating employed must 
also be considered, since with slow heating a fair degree of uniformity may exist 
shortly after the metal has come to temperature. 

The next requirement is that the time at heat be sufficient to allow the desired 
changes to take place within the metal. Most of these changes involve diffusion, 
and, in the case of wrought metals, grain growth. The solution of constituents 
such as carbides in steel depends upon diffusion away from the particles of such 
constituents. The conversion of combined to graphitic carbon in the annealing 
of malleable’ castings involves the diffusion of carbon from the carbide particles 
to the graphite nuclei. Case carburizing involves the diffusion of carbon from the 
surface toward the center. 

Grain growth does not occur to any appreciable extent on reheating cast metals 
which have not been subjected to pfllastic deformation after casting, except in the 
case of iron and its alloys, which undergo recrystallization on heating through 
Ac-3*. Metals which have been plastically deformed, either hot or cold, exhibit 
grain growth at temperatures above what is known as the temperature of recrystal¬ 
lization. It is this grain growth which is responsible for the softening of work 
hardened metals on annealing. Grain growth is therefore not only desirable but 
necessary in the annealing of cold worked metals for the purpose of softening. 
Occasionally a very large grain size is desired, as in the treatment of certain metals 
for strength at high temperatures. In general, however, it is desired to limit the 
development of large grains since excessive grain size leads to various undesirable 
properties. Since both diffusion and grain growth require atomic mobility, these 
processes usually occur within approximately the same range of temperature. In 
the heat treatment of steel, it is commonly desired to bring about certain struc¬ 
tural changes which depend upon diffusion, and to avoid as far as possible the 
grain growth which is apt to occur in the same range of temperature. 

It is thus evident that the laws of grain growth and diffusion play an important 
part in the determination of temperature and time at heat. 


■Science of Metals. McGraw-Hill Book Co., p. 136. 

♦See the article “Iron-Carbon Diagram'* in this Handbook. 
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Recrystallization temperatures for certain metals after severe cold plastic defer 
mation are given in the following table: 


Recrystallization Temperatures^ 


Approximate Lowest Recrystalllzatlon Temp.. *F. 


Iron.. 

Nickel .... 

Gold.. 

Silver .... 
Copper ... 
Aluminum 
Platinum . 


840 Magnesium . 

1110 Tantalum .. 

390 Tungsten ... 

390* Molybdenum 

390 Zinc. 

300 Lead . 

840 Tin . 

Cadmium ... 


300 

1830 

2190 

1650 

Room temperature 
Below room temperature 
Below room temperature 
About room temperature 


*Xndications are that under certain conditions silver will recrystallize at lower temperatures. 


These temperatures are higher the less the degree of cold working. Time is, 
also a factor, and recrystallization can be brought about at temperatures which 
are lower the longer the time allowed at temperature. Impurities raise the tempera- 
ture of recrystallization. For example, brass requires a slightly higher temperature 
than copper. 

Grain size normally increases with both temperature and time of exposure. At 
a given temperature an apparent equilibrium grain size is eventually reached which 
does not change greatly on further increase of time. The time required to attain 
this condition may be a few seconds at temperatures Just under the melting point, 
and a matter of days just above the recrystallization temperature. In practical 
heat treating the temperature is usually high enough to permit fairly rapid approach 
to grain size equilibrium, so that temperature rather than time is the more impor¬ 
tant factor governing grain size. In general, however, time is sufficiently important 
so that the duration of a heat treatment is not prolonged unnecessarily beyond 
the time required to produce whatever other changes in structure are desired. 

The rate of diffusion increases rapidly with temperature. It also depends 
greatly on the nature of the dissolved substance. In most cases it seems that the 
dissolved substance diffuses in atomic form, and rapid diffusion is perhaps opposed 
by large atomic volume. Carbon diffuses rapidly in iron at temperatures above 
At. while phosphorus and certain other elements diffuse very slowly, even at much 
higher temperatures. 

The time required to bring about a certain change involving diffusion depends 
not only on the rate of diffusion, but on the distances through which diffusion 
must take place. The time required is, therefore, longer the coarser the initial 
structure of the material. 

Metals and alloys which are elastic at ordinary temperatures are left in a state 
of Internal stress by all commercial cold working processes. High internal stresses 
can also be produced by uneven temperature changes. Rapid cooling, uneven 
sections, and mass contribute to such stresses. Severe stresses are set up in steel 
by the hardening operation, both by uneven temperature changes in themselves 
and by the volume changes incident to hardening and aging. 

The reduction of internal stress by heat treatment is dependent on a slight 
plastic flow which is allowed to take place by the lowering of the elastic limit at 
the temperature at which it occurs. It is probable that any metal must be heated 
to a temperature near its recrystallization temperature to remove stresses; heating 
to higher temperatures will result in more complete removal. The extent to which 
stresses are removed is greater the higher the temperature and the longer the time 
of heating. It is well to keep in mind that even after internal stresses have been 
substantially removed by heating at a relatively high temperature, new stresses 
may be established during cooling. 

Sometimes the object of heat treatment is best attained at temperatures just 
under the melting point of the most fusible portions of the material. This is apt 
to be the case where the effect desired depends on bringing into solution one or 
more constituents whose solubility increases progressively with temperature up to 
the point of incipient fusion, as in the hardening of high speed steel and duralumin. 
Occasionally materials of this class can be heated to such a temperature that some 
fusion takes place and then, either with or without subsequent treatment, they may 
have desirable properties. As a general rule, however, it is not safe to heat treat 
at temperatures which cause any fusion within the material. 


■Science of Metals, McGraw-Hill Book Co., p. 86. 


















HEAT TREATMENT OP METALS 


201 


When the object or one of the objects of heat treatment is to bring about cer¬ 
tain phase changes in an alloy, there are rather definite temperature limits within 
which the desired change can take place. The permissible range of temperature 
is defined by the constitution diagram of the alloy. The selection of the most desir¬ 
able temperature within the permissible range is influenced by the considerations 
mentioned above regarding grain growth, diffusion, and internal stresses, as well as 
by other practical considerations concerning distortion, scaling, and operating 
economy. 

Above the recrystallization temperature metals deform plastically under low 
stresses. Objects undergoing heat treatment, therefore, may deform under their own 
weight or from any means of handling which imposes even fairly low stresses on 
the material. Low temperature and short time oppose the distortion of objects 
under their own weight, and low temperature minimizes distortion. Special means 
are often employed to hold articles in shape during heat treatment. Castings may 
have members cast into them solely for this purpose, such members being cut out 
after heat treatment. Fixtures may be employed in the heat treating furnace to 
prevent sagging at the high temperature. Closed, hollow articles may be supported 
by internal air pressure. 

The cost of holding metals at a given constant temperature is made up of the 
heat losses of the furnace due to radiation and the like, the burden on the heat 
treating equipment, and, in the case of long heat treatments, the cost of holding the 
material itself in process. Heat treatments of long duration involve interest charges 
on the material itself, and also certain losses or difficulties resulting from interfer¬ 
ence with precise scheduling of manufacturing operations. It may be pointed out 
that the energy consumed or given off as a result of changes taking place within 
alloys during heat treatment is very slight in comparison with other factors of heat 
treatment cost. 

Cooling—In the case of pure metals or single phase alloys in the form of articles 
of simple shape, which are usually heat treated primarily for the purpose of soften¬ 
ing after cold working, rate of cooling is likely to be quite unimportant and there¬ 
fore determined largely by convenience. The rate of cooling after the annealing of 
copper and alpha brass, for example, has little effect on the properties of the 
material, although the specific manner of cooling may have considerable effect on 
the surface of the material. It is necessary in each case, however, to consider 
whether a metal is really pure from the standpoint of heat treatment effects. Some 
commercially pure metals contain sufiScient quantities of certain Impurities to pro¬ 
duce appreciable effects during cooling. It is becoming recognized, for example, that 
very small amounts of carbon, oxygen, nitrogen, and perhaps phosphorus may cause 
substantial changes in the properties of iron at temperatures below the critical 
range. 

When the constitution of the material being heat treated is different at the 
maximum temperature of heat treatment from the constitution stable at low tem¬ 
peratures, rate of cooling is of great importance in determining the result of the 
heat treatment. Very slow cooling permits full development of the constitution 
stable at low temperatures. Rapid cooling may preserve in an unstable condition 
the structure which was produced at the high temperature, as in the quenching of 
austenitic steels and duralumin. Frequently, as in the case of plain carbon steels, 
the most rapid cooling possible will not preserve the high-temperature structure.* 

Iron-carbon alloys cooled from above the critical range with sufficient slowness 
to permit the full development of low temperature structural equilibrium would 
consist either of ferrite and graphite or ferrite and spheroidized carbides. The inter¬ 
mediate structiures obtained in the hardening, normalizing, and annealing of steel 
thus result from intermediate and controlled rates of cooling. Not only the average 
rate of cooling, but also the rate at each stage of the cooling operation is important. 

Heat Application—Heat is imparted to metal objects by the usual processes of 
radiation and conduction. At high temperatures, radiation is a very important 
factor in the transfer of heat. In furnaces operating below approximately 1000®P., 
positive circulation of the furnace atmosphere is desirable to promote rapidity and 


*It has been shown by Mathews that, in certain steels at least, the amount of austenite re¬ 
tained is greater after moderately rapid cooling, as in oil, than after a more rapid cooling, as in 
water. This is presumably because the internal stresses set up by water quenching help to Initiate 
the change from gamma to alpha iron. 
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unilonnlty of heating. Heat may also be developed within the metal by the passage 
of electric current, led into the metal by means of contacts, or generated by mduc- 
tlon. Means employed in heat treating include furnaces dred with oil, gas, coke, 
or coal; furnaces heated by electrical resistors of both metallic and nonmetallic 
types; liquid baths of lead, salt, or oil in which the objects to be heated are Im¬ 
mersed; and containers into which steam is introduced. 

Electrical Resistance Heating—The heating of metals by the direct passage of 
electric current through the work itself is quite limited in practical operation for 
obvious reasons. If a uniform temperature is desired, the metal object must be of 
uniform cross section. Steel tubing has been heated for hardening by applying 
contacts at the ends of each tube and passing current through the tube until the 
desired temperature is reached. The passing of the tube through the Acs point is 
indicated by the discontinuity in thermal expansion. Resistance heating has been 
used in heating bar stock for forging, in heating rivets, and in the sintering of 
tungsten briquettes. In certain cases where a nonuniform distribution of tempera¬ 
ture is desired, resistance heating may be applied to an article of nonuniform cross 
section (for example, in the heating of ends of valve stems for hardening). 

Temperature Gradients in Heating—In resistance heating, the inside of the 
metal is normally hotter than the outside surface. Hence, the estimation of temper¬ 
ature by the color of the piece, by radiation or optical pyrometers, or by thermo¬ 
couples placed outside the piece is apt to give low results. 

In other methods the heat is introduced into the metal through the surface, 
and as long as the temperature is rising, the surface is hotter than the interior. 
Allowance must again be made for this difference, and in practice it is recognized 
that a certain period of time, increasing with the weight of the section, is required 
for the penetration of heat throughout the entire cross section of the piece. Heavy 
sections therefore lag in coming up to temperature. 

Limitations on Rate of Heaiing—With resistance heating the rate of heating is 
limited only by the current available. With externally applied heat the rate of heat¬ 
ing is limited by the thermal conductivity of the metal. If it is assumed that the 
surface of the object to be heated is maintained at the maximum permissible tem¬ 
perature, as, for example, by immersion of a small object in a large bath of lead, 
the time required to saturate the object is determined by the heat capacity at the 
desired temperature and by the heat conductivity of the metal under the tempera¬ 
ture gradients existing. 

Fuel Fired Furnaces —Any temperature employed in the heat treatment of the 
common metals can be readily attained in fuel fired furnaces of either the direct 
fired or muffle t 3 ^e. Furnace parts, including muffles, made of heat resisting alloys 
can be used up to about 1800-2000®P., but may be attacked by fuels of high sulphur 
content. Refractories are satisfactory up to considerably higher temperatures for 
hearth, walls and muffles. Conveying mechanism, and rails, which must be 
made of metals, are at present limited to furnaces operating under about 2000°F., 
unless these parts are artificially cooled or are so placed and operated that they do 
not attain the full temperature. 

Electric Furnaces—Electric furnaces heated by metallic resistors of the nickel- 
chromium or nickel-iron-chromium types are limited in working temperature to 
about 1800-2200®F., depending on the type of work and the permissible cost of resistor 
replacement. Platinum-wound furnaces may be used up to about 2700-2900°F., and 
resistors of molybdenum or tungsten operated in hydrogen provide furnace temper¬ 
atures up to at least 3100®F., limited by the refractory rather than the resistor. 
Carbon (or graphite), in solid or granular form, can be used as resistor material up 
to very high temperatures, but is attacked by both oxygen and hydrogen. Indus¬ 
trial electric furnaces operating above the temperature range for nickel-chromium 
alloy resistors are at present usually heated by synthetic resistor bars consisting 
largely of silicon carbide, or by recently developed alloy resistors of the iron-chro¬ 
mium-aluminum type. 

Furnace Atmospheres—One of the problems ip the heat treatment of steel and 
some other metals is concerned with oxidation or the formation of scale,*- ^ and much 
is said regarding so-called ^'neutral” atmospheres. It is to be noted that there are 

<0. Upthegrove and D. W. Murphy, Scaling of Steel at Heat Treating Temperatures, Trans., 
A.S.S.T., i933, V. 21, p. 73. 

^W. E. Jominy and D. W. Murphy, Scaling of Steel at Forging Temperatures, Trans., A.S.S.T., 
1930, V. 18. p. 19-67. 
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no truly neutral atmospheres except the rare gases. These have actually been em¬ 
ployed in special cases, but are too expensive for ordinary work. Other furnace 
atmospheres are to be regarded as chemically active, the kind and extent of the 
action depending on the composition of the metal, the composition of the atmos¬ 
phere, and the temperature. 

The most common atmospheres are those resulting from the partial or com¬ 
plete combustion of coal, oil, or gas. The possible ingredients of such atmospheres 
include oxygen, nitrogen, carbon dioxide, water vapor, carbon monoxide, hydrogen, 
hydrocarbons, sulphur dioxide, and (rarely) hydrogen sulphide. Of these, oxygen, 
carbon dioxide, water vapor, and sulphur dioxide are oxidizing. Hydrogen is reduc¬ 
ing. Carbon monoxide may be reducing or oxidizing, but toward iron its effect is 
predominantly reducing. Nitrogen is substantially neutral toward most of the 
common metals at heat treating temperatures, but reacts with magnesium above 
about 750°F. to form a nitride. Sulphur dioxide and hydrogen sulphide may impart 
sulphur to steel.®* • Hydrocarbons and carbon monoxide may carburize, while the 
oxidizing gases, and also hydrogen, may decarburize.^ 

The most common kind of action with which we have to deal is oxidation. All 
of the common metals are oxidized readily at heat treating temperatures. The heat 
resisting alloys depend for their protection on the formation of a thin scale of a 
kind that prevents or retards further oxidation.^ The elements commonly used to 
produce these protective films are aluminum, chromium, and silicon. It is interest¬ 
ing to note that all three have in themselves a very strong aflftnity for oxygen. 

(1) 2 Fe + Os = 3 PeO 

(2) Pe + OOafiPeO -f CO 

(3) Pe + HaO^FeO + Hs 

Reactions (2) and (3) are reversible. A mixture of CO and COs will oxidize iron 
at elevated temperatures if relatively rich in CO 2 , but will reduce iron oxide if rela¬ 
tively rich in CO. Likewise, a mixture of Ha and water vapor is oxidizing if 
high in water vapor, but reducing if high in hydrogen. 

The compositions of gas mixtures which are neutral, with respect to oxidation 
and reduction, vary with temperature.*®* *® For example, a mixture containing 65% 
hydrogen and 35% water vapor will reduce iron oxide at IBOO'^F., but will scale 
iron at 1000®F. A piece of iron could thus be heated in such an atmosphere indefi¬ 
nitely at 1600°F. without scaling, but would form a thin scale on cooling to room 
temperature in the same atmosphere. This atmosphere will not prevent the forma¬ 
tion of scale on high chromium steels even at a high temperature, because slight 
traces of water vapor will oxidize chromium. The scale will no longer, however, 
have the normal brown appearance (due to iron oxide) but a dark green color 
characteristic of chromic oxide.** 

The gases discussed above (resulting from combustion) also include most of 
those which are sometimes injected into furnaces or heat treating containers to pro¬ 
duce a definite desired atmosphere. Ammonia is of special interest as a fairly cheap 
source, by decomposition, of a mixture of hydrogen and nitrogen. 

Because a high percentage of commercial heat treating operations are applied 
to steel, the attainment of a furnace atmosphere which is nonoxidizing toward steel 
is of special interest. The complete combustion of the fuel produces carbon dioxide 
or water vapor or mixtures of these gases. Both of these gases are oxidizing toward 
iron. A nonoxidizing atmosphere resulting directly from the combustion of a fuel 
must therefore represent incomplete combustion, so that enough reducing gases such 


sD. W. Murphy, Behavior of Steel in Sulphur-Containlng Atmospheres at Forging Temperntures, 
Trans., A.S.S.T., 1933, v, 21, p. 510. 

»D. W. Murphy and W. E. Jominy, The Influence of Atmosphere and Temperature on the 
Behavior of Steel in Forging Furnaces, Unlv, Mich., Eng. Res. Bull. No. 21, Oct., 1931. 

^ow. E Jominy, Surface Decarburization of Steel at Heat Treating Temperatures, Unlv Mich., 
Eng. Res. Bull. No. 18, March, 1931. 

UN. B. Pilling and R. E. Bedworth, Mechanism of Metallic Oxidation at High Temperntures, 
Trans., A.I.M.E., 1923. ▼. 68, p. 618. 

UD. W. Murphy, W. P. Wood, and W. E. Jominy, Scaling of Steel at Elevated Temperaturos by 
Reaction with Oases and the Properties of the Resulting Oxides, Trans., A.S.S.T., 1932, v. 19 p 193. 

^Iron Oxide Reduction Equilibria, U. 8. Dept, of Commerce, Bureau of Mines BuU. No. 29fi 1929. 

up. C. Kelley, Bright Annealing of Steels in Hydrogen, Trans., A.I.M.E., Iron and Steel Div., 
1931, v. 95, p. 378. 
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as carbon monoxide and hydrogen are present to prevent oxidation. The fact that 
combustion must be incomplete imposes a limit on the flame temperature, depend¬ 
ing on the heating value of the fuel and the temperature of the air (or oxygen) 
used for combustion. When a mufide or other device is used to separate the work 
from the products of combustion, the fuel may be completely burned outside of the 
container and any desired atmosphere may be maintained inside, using a separate 
source of gas if ndbessary. Commonly, an attempt is made to partly bum the 
fuel inside of the mufitle and to complete the combustion outside of the muffle. 

A considerable amount of heat treatment is being done in retorts, of both batch 
and continuous types, where the products of combustion do not come into contact 
with the work and where the atmosphere in the retort is controlled to produce 
deflnlte results. In this way steel may be nitrided and carburized, and high carbon 
steels may be hardened without oxidation, stain, carburizing, or decarburlzing. 

The nature of the scale formed on steel may be of as great importance as Its 
thickness, since a thick scale can often be removed more easily than a light scale. 
For example, nickel steels and stainless steels form a lighter scale under the same 
conditions than straight carbon steel but are apt to be more difficult to clean. 

Steam Tanks—Steam may be used conveniently for the attainment of temper¬ 
atures up to about SOO^'F. and is used especially in the precipitation heat treating 
of aluminum alloys.^ The condensation of the steam in the cold parts of the charge 
automatically results in rapid and uniform heating and temperature can be closely 
controlled by the regulation of pressure. 

Liquid Baths—Liquid baths'* are available for heat treatment up to about 
2300*F., those commonly employed covering approximately the following ranges: 


Water .tJpto212*P. 

Oil .Upto600*P. 

Salt.300-2300»P. 

Lead .650-1700-P. 


The temperature range given for salt baths covers several types of salt, no one type 
being suitable for the entire range. Liquid baths exclude air and furnace atmos¬ 
pheres from the work and are therefore protective unless the bath material Itself 
has some undesirable action on the metal. Liquid baths also have the advantage 
of providing rapid heating, and great uniformity of temperature can be attained 
when the bath itself is sufficiently circulated and the work Is left in the bath for a 
sufficient time. On the other hand, the very rapidity of heating, especially in the 
case of the lead bath, is especially useful for localized heating when this effect is 
desired. 

Temperature Measurement—hecuxate temperature measurement is vital in heat 
treatment. Usually it is best to measure accurately the temperature of the work 
itself, and the importance of properly placing thermocouples for this purpose is dis¬ 
cussed in the article on Pyrometry in this Handbook. Often in the heat treatment 
of many articles of the same material (form and size) the operation is regulated 
by measuring the temperature, not of the articles themselves, but of some point in 
the furnace whose temperature bears a reasonably fixed relation to that of the 
work, when the work is in the furnace for the same time or traveling through the 
furnace at the same rate. In continuous furnaces, especially, this may be the most 
convenient method of control. There are obvious uncertainties in this method, how¬ 
ever, and wherever possible it is preferable to determine the temperature of the 
work Itself. 

Quenching—Heat can be removed from a solid object only by dissipation from 
its surface. The rate of cooling of a given object from a.given temperature depends 
therefore on the surface temperature of the object during the cooling process. The 
shortest possible time of cooling is obtained when the surface is maintained sub¬ 
stantially at the temperature of the cooling medium; the time then depends on the 
thermal conductivity of the material. 

The decreased surface temperature necessary to promote rapid cooling may be 
obtained by removing the object from sources of radiant heat, so that it can radiate 
its own heat freely without receiving retimi radiation, and by bringing into contact 


>«Bee *Tteat Treatment of Wrought Aluminum Alloys of High Strength'* In this Handbook. 
^*Bee "Lead Baths," "Salt Baths," and "Oyanldlng," In this Handbook. 
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with the surface of the object some cooler material, which may be gaseous, liquid, 
or solid. A fine wire or thin sheet will cool rapidly by radiation alone, especially 
in the high temperature range. Observe, for example, the rapid cooling of the fila¬ 
ment in a vacuum lamp when the current is turned off. Heat dissipation by radia¬ 
tion is slow at low temperatures, however, and even at high temperatures is too 
slow to result in very rapid cooling of any but very thin sections. 

The application of a cooler material to the surface of an object to promote rapid 
cooling is called quenching. This may be by means, of a ciurrent of some gas, such 
as air; a spray or Jet of liquid, such as water; immersion in a liquid such as water; 
application of a cold solid, such as cooling (quenching) between plates or in a press; 
or by combinations of these means. 

It is seldom that the cooling medium can be applied to a clean surface of the 
metal itself, because this surface is usually covered with some sort of scale or oxide 
film. These nonmetallic coatings have less thermal conductivity than the metals, 
so they retard cooling. Heating in such a way that oxidation is prevented or mini¬ 
mized is therefore conducive to rapid cooling on quenching. 

To produce the most rapid quenching, the cooling medium must be kept in 
contact with the surface of the metal, and that portion of the cooling m^ium 
immediately in contact with this surface must be kept cool. With gases, such as 
air, there is no difficulty in maintaining close contact. The heat capacity and heat 
conductivity of air are quite low, however, so very rapid and uniform circulation 
and lafge volumes of air are required to keep the air immediately in contact with 
the surface of the metal cool. Gases are not, therefore, generally suitable or eco¬ 
nomical for rapid quenching. 

Liquids have much higher heat capacities than gases, the specific heat of water 
in particular being substantially the highest known. The problem of maintaining 
contact between a liquid quenching medium and the object to be quenched is one 
of keeping gases from adhering to the surface of the object. These gases may be 
carried into the quenching medium by the object itself (adsorbed on the surface or 
trapped in pockets) or may come from the quenching medium by liberation of dis¬ 
solved gas, such as air in water, or by vaporization of the liquid itself. Gases arising 
from these sources and adhering to the surface of the object insulate the object 
from the liquid and thus retard cooling. Circulation of the liquid against the sur¬ 
face helps to remove gases, and also tends to prevent the liberation of gases or 
vapors from the liquid, by preventing the overheating of the liquid in contact with 
the surface. By boiling, water can be substantially freed from dissolved air before 
using it for quenching. 

When it is desired to cool certain portions of an object more slowly than the 
object as a whole, such as holes and keyways, in steel to be hardened, these portions 
may be shielded from the full action of the cooling medium by the application of 
clay, asbestos, and sodium silicate, or other insulating material. 

The effect of a quenching medium on the properties of a metal depends on the 
rate of cooling produced. There is no evidence of any magic effect due to the com¬ 
position of certain local waters, curious aqueous solutions, or odd mixtures of oils 
which have been used or proposed, except insofar as cooling rate Is affected. 

It is to be noted, however, that the average rate of cooling from the quenching 
temperature to that of the quenching medium is not a sufficient indication of the 
effect on the metal. The rate of cooling at all temperatures on the way down must 
be considered. For example, a certain object made of an alloy tool steel may be 
found to crack when quenched in cold water for hardening. Slower cooling is indi¬ 
cated, and the object may be successfully quenched in a certain oil without crack¬ 
ing. Equally slow cooling through the higher temperature range may be obtained 
by quenching in boiling water, but the object may be found to crack. This is 
because the cooling rate is too rapid at lower temperatures—say from 700-300*P. 

The cooling rates imparted by various quenching media to steel, in particular, 
have been carefully studied.”* “ Detailed data on this and^ other phases of the art 


. vra, j. French and T. B. HamiU, Hot Aqueous aplutions for the Quenching of Steel, Trans., 
a:S.S.T., 1929, ▼. 16, p. 711. 

>*R. J. French and O. Z. Klopsch, Quenching Diagrams for Carbon Steels in Relation to Some 
Quenching Media for Heat Treatment. Trans., A.S.S.T., 1924, t. 6, p. 251. 
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Of quenching will be included in one or more additional articles in the Handbook. 

When the ratio of the surface of an object to its volume is large, as in wire and 
thin sheet, extremely rapid cooling can be obtained by a quenching method which 
rapidly cools the surface, such as a jet of cold water of ample volume and under 
high pressure. With heavier sections, however, cooling rate is limited by the rate 
of conduction of heat from the interior to the surface. Hence, it becomes impos¬ 
sible by any method to rapidly cool the center of a large section of steel. If the 
composition of the steel is such that rapid cooling is necessary for full hardening, 
it is then impossible to cool the center rapidly enough for such hardening. This is 
called the “mass effect.”" 

Different quenching media may be used in sequence to produce different rates 
of cooling. For example, a tool may be air cooled for a short time before quenching 
in water, to reduce distortion and strains, or a crankshaft of alloy steel may be 
quenched in water for a measured time and then removed and allowed to cool ifi 
air, or transferred to oil, to prevent cracking. 


uBee **Ma88 Influence In Heat Treatment*' In this Handbook 



Gen. 5602 


RECRYSTALLIZATION 


207 


Recrystallization 

By R. F. Mehl* 

Metals which have been strained by cold working are not stable, but tend to 
revert to a strain-free state. This article will consider the processes, of which 
recrystallization is the chief, by which the effects of cold work may be relieved. 
In order to understand these processes, it will first be necessary to consider the 
effect of cold work on the nature of metals. 

The Nature of Cold Worked Metals—Cold work consists in the plastic deforma¬ 
tion of a metal at such temperatures and at such rates that no recrystallization 
occurs during the deformation process; under such conditions the metal is strain 
hardened. The compression of iron at room temperature, for example, is cold work; 
but the compression of iron at higher temperatures in the absence of recrystalliza¬ 
tion is also cold work. Only when such temperatures are reached that recrystalli¬ 
zation (which leads to softening) occurs during the working process, can the term 
hot work be properly employed; in general, these temperatures are high in metals 
melting at high temperatures and low in metals melting at low temperatures— 
occasionally as low as room temperature or below. Since permanent plastic deforma¬ 
tion is required, it will be obvious that the deformation must be beyond the yield 
point. 

Such deformation produces fundamental structural changes in the metal. At 
low degrees of deformation, slip lines appear in those grains in which the slip planes 
are most favorably oriented for yielding under the resolved shear stress; in metals 
which readily form mechanical twins, like zinc at ordinary temperatures or iron 
at low temperatures, twin bands also appear; as the degree of deformation becomes 
greater, slip lines appear in an increasing number of grains, the grains tend to 
rotate, the crystal planes to become curved, and the grains to become sensibly 
elongated in the direction of flow. It is a result of the fact that the directions in 
the crystal grain by which flow can take place during deformation are determined 
by lattice symmetry and are therefore not random, that cold (and hot) deformation 
is accompanied by the generation of preferred orientations, which may be described 
in crystallographic terms, accompanied by corresponding directional properties. This 
deformation is accompanied by an increase in the strength properties: Hardness, 
yield point or strength, tensile strength; and a decrease in the ductility properties: 
Elongation to fracture, reduction of area at fracture, drawing capacity, impact 
strength; it is accompanied also by a slight decrease in density, a slight decrease in 
electrical conductivity, and a decrease in maximum permeability, and by an increase 
in electrode potential, an increase in coercive force, a slight increase in the coefia- 
cient of thermal expansion, and a slight increase in compressibility. 

The atoms in an annealed metal are in a continuous state of thermal vibration 
about mean positions which are symmetrically disposed on a space lattice; apart 
from relatively minor imperfections, this is a geometrically perfect arrangement. 
The perfection of this arrangement, however, is grossly altered by deformation: 
The lattice planes become curved and twisted, atoms no longer have precision mean 
positions on a space lattice but are distorted to positions less symmetrically disposed, 
with resultant distortion of atom shapes and energy distribution and increase in the 
internal energy of the metal. 

The nonhomogeneous character of cold deformation creates a pattern of internal 
strains. In commercial forming operations, the friction of rolls or of dies, or the 
complexities introduced by multiple types of deformation or by heat treatment, 
create internal “macroscopic stresses,” (Heyn stresses). These macroscopic stresses 
are characterized by a gross distribution in such a way that one section of a piece 
may be in tension while another is in compression; thus, for example, the center 
of a cold drawn copper wire is in compression while the outside is in tension. 
Furthermore, a pattern of stresses on a fine scale, “microscopic stresses,” character¬ 
ized by minute regions in which tensile (and compression) stresses occur, also are 
formed as a result of slip on atom planes, of the bending of slip planes, of slip on 
intersecting slip planes, and of the impedence to normal slip at grain boundaries. 
Such a pattern of stresses will obviously be characterized by points of unusually 
high energy peaks, which are the points of least stability in the cold worked metal 


*Director, Metals Research Laboratory and Head, Department of Metallurgy, Carnegie Institute 
of Technology, Pittsburgh. 
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Where processes relieving the effects of cold deformation will originate. The greater 
the amount of cold deformation the greater will be the number of such peaks. 

The heating of cold worked metals results in a softening and accordingly a 
renewed ability to suffer cold work. This heating also relieves both microscopic 
and macroscopic internal stresses, either of which may be harmful in special cases 
though generally cold worked materials find widespread and wholly satisfactory 
applications. Macroscopic stresses can measurably decrease the fatigue strength 
of materials, can be conducive to failure in stress corrosion as in season cracking, 
and can lead to the yielding of structural members at loads below the normal yield 
strength. Any softening process which will obviate these effects is obviously impor¬ 
tant practically; it will be seen that both the process of recovery and that of 
recrystallization will perform this task. 

The Effect of Annealing on Cold Worked Metals—^The changes in properties 
which follow upon annealing are in the direction of the restoration of the prop¬ 
erties obtaining before cold deformation. But the ways in which the various 
properties change on annealing are not simple. 

Three types of mutually distinguishable proc¬ 
esses occur on annealing a cold worked metal. 
These are: (1) Recovery, (2) recrystallization, and 
(3) grain growth^ as illustrated in Fig. 1. Recov¬ 
ery is a change in the properties, particularly 
those determined by the state of internal strain, 
of a cold worked metal at low annealing temper¬ 
atures that is unaccompanied by any detectable 
change in the microstructure of the cold worked 
metal. Recrystallization, occurring at higher tem¬ 
peratures, is a process of the formation and 
growth of new unstrained grains, supplanting 
entirely the cold worked structure. Grain growth, 
occurring in completely recrystallized metals, is 
merely a continued growth of recrystallized grains 
These three processes are all dependent upon 
time—they are not instantaneous. The rate at 
which each operates increases with increasing 
temperature following an exponential law. V^en 
the temperature to which a cold worked metal is 
subjected is sufficiently high, these processes 
operate with such rapidity as to appear to be 
instantaneous, but at lower temperatures the time 
dependence is readily detected. The rates, how¬ 
ever, vary widely from metal to metal and are 
Annealing Tempenatune greatly dependent on composition, purity, grain 
Pig. i-8chematic representation oi size of the sample befwe deformation and the 
recovery, recrystallization, and grain amount Of deformation. Generally Speaking, metals 
growth (Adapted from Sachs). With low melting points exhibit high rates at low 

temperatures, as in the case of tin. Furthermore, 
the three processes sometimes overlap and are difficult to distinguish, while in other 
cases they can be clearly separated. The accompanying changes in properties are 
not always parallel, that is, the properties do not change concomitantly (Fig. 5), 
and this fact often permits the production of unusual property combinations. 

Recovery, recrystallization, and grain .growth are all processes leading , to soften¬ 
ing. It is conventional to study these by heating cold worked samples to a series 
of increasingly elevated temperatures and holding for a certain time period, usually 
between 15 min. and 2 hr., and subsequently measuring the properties at room 
temperature. 

The selection of a constant time period of annealing eliminates time as a vari¬ 
able, and the results must be viewed with this limitation. In a narrow temperature 
range the change in properties is rapid, as shown in Fig. 2 for copper of various 
degrees of purity, but this range may readily be displaced to lower temperatures 
by increasing the time of annealing (Fig. 3); in a rough way, doubling the annealing 
time lowers the softening temperature by 10*C. The temperature of rapid softening 
is also decreased by an increasing degree of cold work (Pig. 4), 

These curves of softening do not distinguish the three processes described above 
with absolute certainty. Of the three processes, recovery should be considered first 
since it is the process which occurs first on heating. 
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Pig. 2--Eflect of annealing on tensile properties and grain size of tough pitch lake, tough pitch 
electrolytic, phosphorized (0.02% P), and oxygen free high conductivity copper. Wires cold drawn 
to 62.5% reduction in area and annealed one hour (Pratt). 


Recoz?cry—The elongation of single crystals is characterized by a steadily rising 
stress-strain curve. If the load is removed and immediately reapplied, the stress 
continues from the point of interruption; if, however, time elapses between release 
and reapplication of load, or if the piece is slightly heated, the stress begins at a 
low value, that is, strain hardening has been lost, though no recrystallization has 
taken place. This is recovery, sometimes termed crystal recovery. The process is 
most striking in single crystals but occurs also in aggregates. 

The effect of recovery In iron on several physical properties is shown in Pig. 5. 
The Brinell hardness decreases rapidly upon recrystallization, and only a very slight 
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Fig. 3—influence of annealing time on softening of copper wire, reduced 93% by cold drawing 
to dla. of 0.26 mm. (Alkins and Cartwright). 

Fig. 4~Softening temperature of cold rolled high purity copper in dependence upon per cent 
reduction of thickness (KOster). 
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decrease as a result of recovery occurs before this, but the thermoelectromotive force 
and the electrical conductivity decrease at much lower temperatures, and the change 
in these is complete before there is any detectable change in grain structure, any 
recrystallization. This behavior, then, illustrates a change which occurs on heating 
cold worked metals without recrystallization; it will be seen that the several prop¬ 
erties do not change in a parallel way. 

Recovery is especially marked in the relief of internal stresses, as shown by 
the curve for “spring back” in Fig. 5. The tendency to season-crack in brass, the 
magnitude of macroscopic stresses, and the general tendency to crack on treatment 
are greatly decreased by annealing to induce recovery without recrystallization; such 
stresses in cold worked steel can be largely eliminated by annealing at SSO^F., 
at which temperature steel does not recrystallize. Complete stress relief can be more 
completely attained by annealing to higher temperatures, and this is the usual 
commercial practice. 

The process of recovery in 
metals is doubtless widespread, 
though experimental studies 
have not been sufficiently ex¬ 
tensive to say when recovery 
may be separated from recrys- 
talllzation and when these two 
processes overlap. In the latter 
case, distinction cannot be 
made. In Pe, Ni, Pd, and Pt, 
recovery may be readily distin¬ 
guished from recrystallization, 
for the changes in properties 
on heating are not parallel 
(Fig. 5), but in Cu, Ag, and Au, 
the properties change more 
nearly simultaneously upon 
annealing; whatever may 
be th^ underlying cause of 
these differing behaviors, it 
may be seen that the type of 
space lattice is not important, 
but that the position in the 
periodic table is. 

The causes for recovery are not clear. Recovery is doubtless a change in the 
internal stresses in worked metals, affecting primarily the elastic properties, and 
also the electrical, magnetic, and miscellaneous properties like velocity of solution 
in acids, but having relatively little effect on the strength and ductility properties. 
This stress removal may be associated with the straightening of bent slip planes, 
and perhaps with the healing of microscopic cracks adjacent to points of severe 
curvature of slip planes; it cannot, however, be pictured as a complete relief of 
stress, but only as a partial relief of some special sorts of stress, for a metal which 
has recovered does not lose its capacity to recrystallize, and in some cases an entirely 
undiminished capacity for recrystallization has been demonstrated. The reasons for 
strain hardening in cold working are not well understood, and until the cold worked 
condition Itself can be more adequately described, it is unlikely that recovery and 
the types of stresses causing recovery and recrystallization can be more clearly 
understood. 

Recrystallization —On heating a cold worked metal to a sufficiently high tem¬ 
perature, or for a sufficiently long time at a somewhat lower temperature, new 
grains appear and grow, until ultimately a new grain structure has completely 
replaced the old. This is recrystallization. The changes in properties which accom¬ 
pany recrystallization are in the direction of the restoration of the properties char¬ 
acteristic of the metal before cold deformation, though these properties may not 
be exactly reproduced, for the final grain size may be different from the Initial. 
The softening temperatures illustrated in Pig. 2, as shown by the rapid increase 
in elongation and decrease in strength, are temperatures at which recrystallization 
occurs, and generally such property changes can be safely taken as evidence for 
recryscallization, but when the material has partially recovered before recrystalliz¬ 
ing, the changes in strength properties do not sharply define the begi^ng of 
recrystallization, and when grain growth after recrystallization is pronounced the 
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Fig. 6—^Recovery and recrystallization In iron. Annealing 
time one hour; cold rolling 95-98%. "Spring back" is the 
Increase in dia. of a roll of strip after removing from man¬ 
drel about which it had been held (Adapted from Tammann). 
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strength properties continue to change after the completion of recrystallization and 
thus do not sharply define the completion of recrystallization; in such cases micro¬ 
scopic studies are required to define the beginning and the ending of recrystallization 
though frequently X-ray diffraction methods are much superior. 

The complete removal of the effects of cold work and the possibilities of con¬ 
trolling grain size, and thus particularly the behavior of the material toward further 
working, make recrystallization a process of immense practical importance. Unusu¬ 
ally large grains are often highly undesirable, for they lead to an unattractive 
rough appearance of drawn objects (for example, the familiar “orange peel” effect), 
and to tears in large worked sections. It is therefore of the greatest importance to 
know what factors govern the temperatures and times of recrystallization and what 
factors govern the final grain size. 

The process of recrystallization is one of the continuous formation of nuclei of 
new crystals and the growth of these nuclei until the system is wholly constituted 
of the new grain structure. The rate of formation of nuclei and the rate of growth 
of these nuclei are thus the basic factors determining the rate of recrystallization, 
and it is necessary to inquire how these may vary with temperature, with time, with 
initial grain size, with degree of deformation, and with composition and purity. 

Recrystallization is thus not an 
instantaneous process but one with a 
clearly apparent time dependence. It 
is in this sense entirely similar to the 
formation of pearlite from austenite, 
giving rate curves of a completely 
analogous form. Most recrystallization 
data, however, have been obtained by 
employing short and fixed annealing 
times, as stated above, and thus give 
no clue to this time dependence. 

The new nuclei appear to prefer 
to form at grain boundaries, slip lines, 
deformation njarkings of various sorts, 
and twinning planes, as may be seen 
in slightly deformed samples, though 
this is probably also true in heavily 
deformed samples. Recrystallization 
can thus most conveniently be de¬ 
tected metallographically, but the 
sharpening of X-ray diffraction spots 
and the appearance of new sharp 
spots can be and has frequently been 
used as a trustworthy criterion. The 
mechanical properties are not always 
trustworthy, as stated above. 

Apart from composition and pur¬ 
ity four factors determine the grain size after recrystallization: (1) The amount of 
cold deformation, (2) the temperature to which the cold worked metal is heated, 
(3) the time for which the metal is held at this temperature, and (4) the original 
grain size. 

Several fundamental laws of recrystallization are now well recognized: (1) Re¬ 
crystallization occurs at a higher temperature the smaller the degree of deformation 
or, more accurately, the smaller the degree of strain hardening. (2) Increasing time 
of annealing displaces recrystallization to a lower temperature. (3) The final grain 
size is chiefly dependent upon the degree of deformation and to a lesser degree on 
the annealing temperature; the final grain size is the larger the smaller the degree 
of deformation. (4) The larger the original grain size the greater the amount of 
cold deformation to give equivalent recrystallization temperatures and times. In 
addition to these major factors, it should be noted that (a) the rate of heating to 
the recrystallization temperature is a further variable, and (b) the amounts of cold 
work to give equivalent strain hardening vary with the temperature at which 
deformation is performed. 

The first law may be Illustrated by a diagram in which the beginning of recrys¬ 
tallization is plotted against annealing temperature for cold worked iron (Fig. 6). 
Here it may be seen that recrystallization does not occiu* below 460®C., and that 
the temperature of beginning recrystallization increases with decreasing deformation 



Pig. 6—Curve ot Initial recrystallization of low 
carbon steel in dependence upon temperature and 
degree of deformation at temperature (Hanemann). 

Fig. 7—Orain size developed at 950 "C. in low 
carbon steel in dependence upon degree of deforma* 
tion (Hanemann). 








212 


RECRYSTALLIZATION 


until the A, temperature is encountered. This diagram, obtained for deformation at 
the temperature of recrystallization, differs from a diagram for deformation at room 
temperature and recrystallization at the designated temperature only in degree— 
the general form is the same, as indeed it is for all metals and alloys. Therefore, 
for degrees of deformation and annealing temperature to the left of and below 
the curve of beginning recrystallization, no recrystallization occurs, no change in 
the grain structure can be detected; in this range recovery occurs. 

The exact position of such a curve will vary with a number of factors, with 
the type of deformation, with the original grain size, and with purity. Even slight 
differences in purity exert a wholly disproportionate effect. Data on recrystallization 
are given elsewhere in this Handbook; see, for example, the article on the Effect 
of Cold Work on the Properties of Iron, and other articles on the properties of 
various metals and alloys. It is ordinarily difidcult to determine the applicability 
of published data to a given material, for frequently important variable factors have 
been disregarded, especially in the older publications. 

The grain size developed on heating samples which have been deformed to 
increasing degrees is especially instructive (Fig, 7). Here we see that a deformation 
of approximately 7% is required before any change in grain size occurs; this degree 
of deformation, at which grains suddenly grow to a large size, is known as the critical 
deformation. 

The formation of large grains on recrystallization at the minimum deformation 
is probably caused by the occurrence of a minimum of recrystallization nuclei; at 
degrees of deformation below this the number of recrystallization nuclei becomes 
disappearingly small. With increasing degrees of deformation, an increasing number 
of points of high stress (high energy) are present, leading on recrystallization to a 
greater number of nuclei and finally to a greater number of grains and thus to a 

The influence of degree of deformation on 
the recrystallization temperature and time is 
illustrated in Pig. 8. This figure shows that for 
a constant annealing temperature shorter times 
are required for recrystallization at higher 
degrees of deformation, and shows also that with 
increasing temperatures lower degrees of defor¬ 
mation and shorter times are required for 
recrystallization. Such generalizations are appli¬ 
cable when the type of deformation is simple, 
as, for example, increasing amounts of compres¬ 
sion, but when several types are superimposed, 
or when reversed deformation occurs—-alternate 
compression and elongation, bending and 
unbending — the rccrystallization tendency is 
decreased even though reversed deformation may 
continue to work harden. The reason for this 
is not clear. 

The effect of original grain size on recrystallization can readily be understood. 
The amount of strain hardening which a given amount of compression, elongation, 
or torsion introduces into a metal increases as the grain size decreases. When, in a 
given metal at a single temperature, equivalent amounts of strain hardening are 
introduced, requiring large amounts of deformation for large grained metals and 
small amounts of deformation for small grained metals, the recrystallization behaviors 
are apparently identical. 

The relationships between degree of deformation, annealing temperature, and 
resultant grain size have frequently been assembled ihto a three dimensional chart, 
of which Pig. 6 and 7 are sections. Such a diagram for iron is given in the article 
on the Effect of Cold Work on the Properties of Iron in this Handbook. Charts of 
this sort are commonly derived from data obtained using constant (and short) 
annealing times, and do not show the time variable; furthermore, the factor of 
original grain size is not represented. A five dimensional chart would be required 
to show all of these relationships. This limitation of three dimensional diagrams, 
the occasionally extreme effects of minor amounts of impurities, and the complica- 
tiona introduced by the complexities of industrial forming processes with resultant 
complexities in internal stress distribution, render such charts of little direct prac¬ 
tical use. They should be used only to indicate the recrystallization behavior of a 
material in a qualitative way. 


continually smaller grain size. 
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Fig. 8—Influence of degree of defor¬ 
mation and time of annealing upon 
recrystallization temperature of copper 
deformed by elongation In tension 
(Adapted from Sachs). 
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Recrystallized metals, like cold worked metals, can exhibit preferred orientations 
and directional properties, though they may not be identical with those which char¬ 
acterized the cold worked metal before recrystallization. Relatively little is known 
concerning the inheritance of preferred orientations during recrystallization, and no 
generalizations can be made. 

Impurities in solid solution exert a pronounced effect upon recrystallization tem¬ 
peratures. The relatively minor variations in composition in the several varieties 
of copper represented in Pig. 2 may be seen to have caused a difference of 100°C. 
in the softening temperatures, and more extreme cases have been noted. Increasing 
concentrations in solid solution become increasingly less effective until, in a com¬ 
pletely isomorphous system a maximum recrystallization temperature is reached at 
an intermediate composition, which may be several hundred degrees Centigrade 
above those of the component metals. It has frequently been stated that impurities 
which do not form solid solutions have little effect on softening and recrystallization 
temperatures; this generalization is somewhat doubtful, for at least in the case of 
aluminum alloys such impurities are employed to raise the temperatures required 
for recrystallization, and when present in a sufficiently fine state of subdivision are 
more powerful in this respect than elements in solid solution. 

Grain Growth—'E'ig, 2 shows softening and recrystallization to have been com¬ 
pleted at 400*^0., but shows also an increasing grain size on heating beyond this 
temperature. This growth of grains in an essentially completely recrystallized and 
strain free structure is known as grain growth. It proceeds in an endeavor to 
decrease the grain boundary area and thus the internal energy. Grain growth 
proceeds by the absorption of grains, in the usual case of smaller by larger grains, 
and doubtless accompanies and overlaps recrystallization at least to some degree. 
It is especially noticeable following the recrystallization of severely deformed aggre¬ 
gates, for the grain size after recrystallization in this case is small and grain growth 
is readily noted, whereas in samples recrystallized after slight deformation the grain 
size is large and the subsequent grain growth is minor. Slow heating favors the 
growth of large grains, which in some cases may become very large. 

Impurities in solid solution have a minor effect on grain growth, but undissolved 
impurities exert a pronounced effect. With very pure substances grain growth pro¬ 
ceeds steadily, with the average grain size increasing with increasing annealing 
temperature (Fig. 2). But if undlssolved impurities, such as ThO, in tungsten, iron 
in aluminum, lead in zinc, are present in the proper amount, the grain size is then 
small at low temperatures and suddenly increases in a narrow temperature range 
forming unusually large crystals; when the amounts are larger grain growth may 
be entirely obviated. Thus immiscible impurities may be used either to suppress 
grain growth at relatively low temperatures or to create unusually large grains at 
higher temperatures. 

Bibliography—The bibliography on recrystallization is extraordinarily volum¬ 
inous, and it is imnecessary to reproduce all of it here and useless to reproduce only 
selected references. The most complete summaries are those given by G. Sachs, 
“Praktische Metallkunde, v. II, Spanlose Pormung”, Julius Springer, Berlin, 1934; 
and £. Schmid and W. Boas, “Kristallplastizitat”, Julius Springer, Berlin, 1935. 
Sachs gives a complete summary except for iron and steel, while Schmid and Boas 
stress the scientific aspects of the subject. Data on the recrystallization of iron and 
steel may be found in P. Oberhoffer, W. Eilender, H. Esser, “Das Technlsche Eisen**, 
Julius Springer, Berlin, 1936; and E. Houdremont, “Sonderstahlkunde”, Julius 
Springer, Berlin, 1935. The material In the present paper has been drawn largely 
from these sources. An extensive bibliography on the recrystallization of iron and 
steel has been given by H. P. Kaiser and H. F. Taylor: “The Effect of Cold Deforma¬ 
tion on the Recrystallization Properties of Armco Iron,” American Society for Metals, 
preprint, 1938 fall meeting. 
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The Relation of Design to Heat Treatment* 

Design bears in many ways upon the serviceability of a tool or machine part, 
and unsatisfactory performance may frequently be traced directly to faulty design. 
This report is concerned only with design as it affects the heat treating operation— 
and through the heat treatment, the serviceability of the finished parts. It is the 
purpose of this report to bring about a better mutual understanding between the 
designer and the steel treater so that faulty design which may cause cracking, or 
distorting, during heat treating can be avoided. 

The fundamental principles of good design from a heat treatment standpoint 
are quite simple. Heat treated steel has a certain strength depending upon the 
analysis of the steel, the quality of the metal, and the heat treatment which it has 
received. 

When subjected to a combination of forces beyond its ultimate strength, the 
steel cracks or fails. There are two types of force combining to break the steel: 
1. The internal strains set up during fabrication and heat treatment of the part; 
2 the external forces of service. Sometimes the internal strains alone exceed the 
strength of the metal and the part cracks in hardening. Again, the internal strains 
may equal 90 *5^ or more of the total strength, in which case failure will develop 
in service under relatively light loads. It, therefore, appears that the useful strength 
of a part decreases in proportion as the internal strains increase. 

Internal strains arise from many causes, but the most serious, by far, are those 
developed during quenching, by reason of differential cooling. This differential 
cooling (or more accurately “temperature gradient”), is largely a function of the 
size and shape of the piece being quenched, in other words, the design. Here, 
then, is the relation of design to heat treatment, and the basic principle of success¬ 
ful design is to plan shapes which will keep the temperature gradient throughout a 
piece at a minimum during quenching. 

Temperature gradient is the rate of variation in the temperature of metal over 
a given unit distance. 



Fig. l->This cube Illustrates 
what is meant by temperature 
gradient. 



Pig. 2—When quenched, the 
point of this tapered pin will 
cool faster than the heavier sec* 
tlon. 


Fig. 1 may be taken to represent a steel cube interrupted during the process 
of quenching. Consider the points A and B separated by a distance “d”. If, at 
any given instant during the quench, A is 700°F. and B is 300®F. and “d” equals 
1 in., the temperature gradient between these two points is 400‘*P. per in. If the 
points are only ^ in. apart, the gradient is said to be twice as steep. 

Some shapes are almost impossible to harden because of the abruptness in 
the change of section, but a certain latitude in design is recognized when using 
an oil hardening or air hardening steel. All things being equal, the gradient be¬ 
tween A and B, in Fig. 1, will be much less in oil than in water, and will be less 


•I'repared for the Subcommittee on Relation of Design to Heat Treatment by Frank R. 
Palmer, Carpenter Steel Co. The membership of the subcommittee was as follows: A. H 
d*Arcambal, Chairman; F. R. Palmer, H. J. Stagg, O. M. Eaton. W. H. Wills, A. L. Boegehold, 
and P T. Qulnlln 
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In air than in oil. Thus, a certain design may be perfectly safe for one kind of 
steel, or one type of coolant, and unsafe for another. 

Errors in design reach farther than merely affecting the internal strains during 
hardening. A sharp angle serves to greatly concentrate the stresses of service, and 
the design of the part may be entirely responsible for concentrating the service 
stresses at a point already weakened by internal strains produced during harden¬ 
ing. Design errors of this type are illustrated in Pigs. 7, 14, 15, 23, and 24. Con¬ 
centration of service stresses frequently parallels concentration of heat treating 
strains and is frequently caused and cured by the .same combination of circum¬ 
stances. 

Reducing all the above to a single statement, a part is properly designed, from 
a standpoint of heat treatment, when the entire piece may be heated and cooled 
at approximately the same rate during the heat treating operation. Perfection in 
this regard is unattainable because, even on a sphere, the surface cools more rapidly 
than the interior. The designer should, however, attempt to so shape his parts that 
they will heat and cool as uniformly as possible. The greater the temperature 
difference between any two points on a given part during quenching, and the closer 
these two points are together, the greater will be the internal strain and, therefore, 
the poorer the design. 

There are really not many possibilities for subdividing this main thought. 
Almost every failure due to improper design can be attributed directly to a viola¬ 
tion of the fundamental principle. Some general cases may, however, be considered. 



Fig. 3—This Illustrates the man* 
ner in which the different posi¬ 
tions of a piece will cool when 
quenched. 



Fig. 4—light section adjoining 
a very heavy section. 


Effect of Shape on Cooling Speed—When a piece of steel is removed from the 
hardening furnace preparatory to quenching, it is presumably at a uniform tem¬ 
perature. As soon as quenching begins, the temperature is different in almost every 
part of the section. This difference in temperature is due to two conditions. In 
the first place, the heat capacity or heat storage may be greater in one part of 
the section than in another, due simply to the fact that there is more metal in 
one part than in another. This is illustrated simply by a tapered pin, as shown 
in Fig. 2. Obviously, the point of this pm will cool faster than the heavy section, 
because there is less heat to be dissipated per square inch of cooling surface. 

The rate of cooling is also affected by the shape of the surface. Pig. 3 illus¬ 
trates a piece which is quite uniform in cross section, but which will not cool 
uniformly. The protruding corners, such as A, are cooled from three sides so that 
the extreme corner is giving off heat from approximately seven times as great an 
area as it is receiving heat. An edge, such as B, is cooled from two sides and is 
giving off heat through three times as great an area as it is receiving heat. A 
point on the flat side, such as C, receives heat from one side and delivers it from 
the other, and the cooling area and the heating area are approximately equal. 

At a re-entrant angle, such as D, heat is being supplied to the surface through 
three times as great an area as it is being dispelled, and this point will naturally 
cool last. Sharp re-entrant angles are always objectionable from the standpoint of 
design. It is impossible to get imiform cooling during the quench in the immediate 
neighborhood of a sharp angle. Vapor pockets will frequently form in the comers 
and produce an actual soft spot. Even if no soft spot is formed, the rate of cooling 
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at the point of the angle is bound to be slow, because the corner is so inaccessible 
to the coolant. Differential cooling thus sets up heavy internal strains at a point 
which is almost certain to receive concentrated stresses in service. 

It will be seen from the above that it is possible for one part of a section as 
shown in Fig. 3 to cool many times faster than another part. 

If we have a section as shown in Fig. 4, we have a combination of the condi¬ 
tions given in both previous illustrations. The heat capacity of the body Is 
much greater than the projection A, and we have a sharp re-entrant angle at point 
O. It would be practically impossible to harden such a shape in water without 
cracking at the sharp corner. Even oil quenching would be doubtful on a piece 
of these proportions, and only by cooling in air could we expect to keep the thermal 
gradients down to a safe point (where the design is such that there is danger 
of cracking, air quenching should be used). A few practical illustrations are given 
in Figs. 5 and 6 to illustrate the above principles. 

Fig. 5 illustrates an under-cutting form-tool. It will be noticed that the cross 
section of this tool is made up of heavy and light sections joined together with 



sharp re-entrant angles. A tool of this shape would be extremely hazardous to 
harden either in a water hardening tool steel or a high speed steel, 

A corrected design for the above tool is illustrated in Fig. 6. Holes have been 
drilled through the two heaviest sections, and thus the weight of the metal has 
been fairly well balanced throughout the cross section of the tool. The sharp 
angles on the cutting edge cannot be eliminated because they .are a part of the 
form of the tool. Two suggested treatments are shown for the angle at the base 
of the dovetail. The best treatment is shown at A, where a generous fillet is pro¬ 
vided. An alternative is shown at B, where the comer has been under-cut to pro¬ 
vide a radius and still give the effect of a sharp comer. From a standpoint of 
quenching strains, the under-cut form at B has little to recommend it, but it does 
have the advantage that there is no absolutely sharp corner in which the stresses 
can accumulate. 

Fig. 7 illustrates a case of improper design in a double ended side-mill or 
spot-facer. Each side of this tool has three teeth with the teeth placed opposite 
to each other. This is a badly balanced condition in the cross section of the piece 
and is made more serious by a sharp corner at the base of the teeth. Such a tool 
is almost certain to crack at the Junction between the light and heavy sections. 
This condition may be corrected by staggering the teeth on opposite sides of the 
tool and introducing a generous fillet at the base of each tooth. 

Fig. 8 illustrates two principles of design. This is a ring shaped section con¬ 
taining two keyways on opposite diameters. The keyway A is shown with abso¬ 
lutely sharp comers. This is never good design, and while millions of kesnvays 
are being made and used with sharp comers, this does not alter the fact that it is 
poor design, and every effort should be bent toward making standard a round 
cornered keyway sucli as is shown at B. 

The second interesting point about this ring is that when it is quenched it 
will not stay round. The section of the ring is weakened through the two keyways, 
and almost invariably the ring will become oval. This condition may be corrected 
by cutting in two more keyways at 90" to the first two, as is Illustrated in Fig, 9. 
These keyways may be of no use but they certainly do no harm, and their presence 
will balance the section and keep it round. 

Another example of a shape which will almost certainly warp during heat treat¬ 
ment is shown in Fig. 10. Let us assume that this is a blanking die. Even though 
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Fig. 7—Improper design for a double-ended side-mill or spot-facer. This shows an unbalanced 
condition and sharp corners at the base of the teeth. (Only upper half of tool shown.) 




Fig. 8 


Fig. 9 


Fig. 8—Correct and incorrect type of key ways. Sharp corners at “A” are Incorrect design, 
while the rounded corners at “B" are correct. Pig. 9—Method of balancing key ways to avoid 
warping. 




Fig. 10—A blanking die with center rib heavier than the surrounding areas, which often causes 
warping when quenched. Fig. 11—A similar die with holes drilled in the middle rib to equalize 
the amount of metal throughout the die, thus eliminating warpage dlfSculties. 

this piece was made from an oil hardening, nonchanging, tool steel it would warp 
during quenching. The rib through the center would tend to prevent shrmkage 
in this direction, and the die would become oval. This figure is Intended to illus¬ 
trate a principle, and it is surprising how often it comes up in actual design. Cer¬ 
tain portions of a die are held rigid by a web, while adjacent portions are unsup¬ 
ported, and warpage or distortion occurs during hardening which cannot be avoided 
without resorting to an air hardening steel. Frequently it is possible to avoid the 
difficulty due to such a rib by drilling holes, as Illustrated in Fig. 11. Holes drilled 
for such purposes should always be of such size and so located as to help balance 
the section, rather than to unbalance it. Success in preventing warpage, and other 
forms of internal strain, will be directly proportional to success in balancing the 
weight of the sections and producing uniform cooling conditions. 

Large dies of Intricate design are sometimes made up in sections which often 
simplifies the problem of heat treatment. 

To further illustrate the principles covered above and to assist in avoiding faulty 
design, Figs. 12-22 are given. Each illustration depicts one or more errors of de¬ 
sign which is explained in the caption'together with the danger encountered. 
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Pig. 12—large reamer. When quenched the stresses will concentrate at the Junction of the 
two holes at **A”. Blind holes are poor design. Such holes should be continued throughout the 
entire length. A good fillet should be used at in order to eliminate cracking from the sharp 
corners during hardening. The roots of the cutters should have good fillets as shown at *'C** 
Instead of the dangerous sharp angle at 




Fig. 13—A gear burnisher from 
which teeth were broken during 
hardening because practically no 
radius was provided at the roots 
of the teeth. 



Fig. 14—Twist drills of this design gave considerable trouble In service from breaking at “A”. 
When a more generous fillet was allowed, the trouble encountered was eliminated. 



Fig. 15—A stem pinion with a keyway about one-half the diameter of the stem. The base 
of the keyway is extremely sharp, as shown at **A*’. The piece Is further weakened by a hole 
drilled through the center of the steam near the keyway. 
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Pig. 17 


Fig. 18—A gage with the hole out of proportion to the outside diameter. This will cause the 
piece to go out of round or Into barrel shape when quenched. Fig. 17—A cutter with the counter- 
bore too large for the design, which will cause the front end of the cutter to close In when 
treated. 
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Pig. 19—A cutting tool with a very narrow cutting edge with a thick hub. When quenched 
the cutting edge will often warp or buckle. 


AAAAAAAA 


Fig. 20—^Thls shows the theoretical sharp points on cutting tools. These sharp points will 
burn off in hardening. They should have a small flat surface as shown at “A". 
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Pig. 21—When hardening, the concentration of strains at the Junction of the two holes In tho 
center will cause failure. Such holes should be plugged before hardening. 



Pig 22—A blanking die poorly designed. Crack will occur from point of fork prong to set 
screw hole. The position of the set screw hole should be changed to eliminate cracking. 



Fig. 23—Longitudinal section of a cold drawing die. Stresses If 

set up In heat treatment and In service concentrated at point | 

“A" so a fillet should have been used to avoid chance of / 

spalling at corners. 

Pig. 24—^Blanking die (oil hardening) from approximately a 3 x Vi in. section. Stresses set up 
in heat treatment and In service concentrated at points “A” and “B”. A slightly larger section 
such as 3 Vi x % in. probably would have eliminated failure. 
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Welding of Metals* 

Scope—This article is intended to cover principally the metallurgical aspects 
of the art of fusion welding and also certain allied processes. With recent develop- 
<> ments in fusion welding processes, this art has assumed a prominent place in in- 
^iiSustry and is being extensively used in the preparation and shaping of metal parts, 
' and their fabrication into engineering structures. It is not the purpose of this article 
to go deeply into the detail of the technique or equipment involved in the applica¬ 
tion of the various processes, but attention will be focused on the essential elements 
for satisfactory welding, as well as also the inspection methods and testing pro¬ 
cedure that are necessary for determining weld quality. Brief attention is paid also 
to the subject of safe practices as it concerns certain of the welding processes. 

Fusion Welding—jDc/Znition—A wpld may be defined as a localized union or 
consolidation of metals. While the several welding processes Involve other factors 
in addition to the application of heat, the importance of the effect of heat in all 
practical welding operations should be recognized. 

Welding as embraced in the scope of this article is usually employed to unite 
like metals for purposes where the union or Joint will be called upon to develop 
strength and transmit stress. The above definition is broad enough to include cer¬ 
tain subsidiary processes such as bronze welding and hard facing which involve 
unlike metals, although low temperature soldering will not be covered. 

General Consideration—The metallurgical, chemical, physical, and thermal char¬ 
acteristics of the metals greatly influence their weldability. The weld has been 
deflned as **sl localized union or consolidation of metals.’’ There are a number of 
processes whereby this “localized union” can be accomplished but all processes, now 
in general use, have three characteristics in common. First, the “union or con¬ 
solidation” is localized; second, the metal in the joint must be heated above the 
critical point; and third, the weld is accomplished in a comparatively short period 
of time and frequently in a progressive manner. Thus a small volume in a large 
mass of cold metal is, in rapid succession, heated from room temperature to above 
the critical point and cooled to below a black heat again. 

In fusion processes the temperature frequently goes well above the melting 
point and all temperatures within the indicated range are present at the same 
time in bordering zones. In addition to thermal changes, such as expansion and 
contraction, metallurgical effects such as crystallization and heat treatment, chem¬ 
ical reactions, and changes in physical characteristics, such as strength and duc¬ 
tility, throughout the temperature range required by the process, must be considered. 

The simplest phenomenon which happens to metals on heating is, of course, 
expansion. This, in the initial stages, is purely a change of volume and in most 
metals is a completely reversible change regardless of the rate of heating or cool¬ 
ing. At the same time that they are expanding, most metals become increasingly 
soft, ductile, and weak, a fact that is an advantage and a disadvantage. Due to this 
fact stresses become dissipated and advantageously spread over the heated area be¬ 
cause of the ease with which the metal can stretch and yield. On the other hand 
the low strength at these elevated temperatures makes it necessary to be certain that 
the piece being welded is free to move so that an undue load will not be placed on 
the hot metal. Some metals become so weak that it is necessary to support them 
to prevent buckling or change of shape. 

Particular attention must be paid to the final weld of a closed structure or in 
Joining a light to a heavy section in order to reduce the internal stress in the struc¬ 
ture to a minimum. Metals having a high rate of thermal conductivity present a 
particular problem in this respect since the heat is generally spread over a wider 
area and thus the expansion is greater, also such metals generally have a much 
greater reduction in strength on heating and frequently require support to prevent 
buckling. 


*Thls article was prepared under the sponsorship of the International Acetylene Association, 
who appointed a special committee to handle the work. The International Acetylene Association 
felt that in order to do full Justice to the subject, they should invite electric welding experts and 
users to loin their committee. The full membership of the committee was as follows: O. W. Obert, 
Chahman, The Linde Air Products Co.; E. V. David, Air Reduction Sales Co.; L. D. Meeker, Gen¬ 
eral Electric Co.; E. W. P. Smith, Lincoln Electric Co.; A. Q. WlkofiF, Union Carbide Company; 
C. H. Jennings, Westinghouse Electric & Mfg. Co.; H. L. Maxwell. B. 1. du Pont de Nemours & 
Co., Inc.; and W. L. Warner, Watertown Arsenal. 
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Most common metals react with oxygen of the atmosphere. At higher tem¬ 
peratures the rate of oxidation increases rapidly. Nitrogen from the air also reacts 
with some metals forming nitrides which tend to increase the strength and reduce 
the ductility. This condition can be prevented by protecting the molten metal from 
contact with the atmosphere. 

Because of the relative rapidity with which weld metal cools, consideration 
must be given to the effect of gases, either dissolved or entrapped, in the molten 
weld metal. In order to insure sound weld metal, free from porosity, the molten 
metal must be freed of these gases before it solidifies. * 

The fusion welding processes involve metals under the effect of heat and there¬ 
fore are subject to the same thermal, chemical, physical, and metallurgical manip¬ 
ulations commonly known in the manufacture of metals. In steel welding, for ex¬ 
ample, the weld is in some respects a steel casting made in a steel mold and toe 
metal of this casting comes either from toe steel mold itself or from a combination 
of it and the welding rod or electrode. In gas welding the heat is applied to both 
the mold and the rod from external sources. In arc welding the heat results from 
electrical energy which passes through both the electrode and the mold. The weld¬ 
ing processes are shown in the following chart prepared by the American Welding 
Society: 

Pressure Welding Processes 
Forge Welding^ThUs 
is the oldest process of 
welding and is the only 
one whose general prac¬ 
tice antedates the twen¬ 
tieth century. It is 
essentially a process of 
joining metal pieces that 
have been heated at toe 
place of joining, to a con¬ 
dition that approaches 
plasticity on the surface. 
As soon as the plastic 
condition is reached the 
parts are quickly super¬ 
imposed and worked into 
complete union either by 
hammering or pressure. 
The hammering is per¬ 
formed either manually 
or by machine and the 
force of the hammering 
or pressure is dependent 
largely upon the size and 
mass of the pieces or 
parts being joined. 

Resistance Welding — 
General—In this process 
of welding, the surfaces 
to be joined are heated to 
the plastic condition by the passage of a heavy localized electric current accompanied 
by mechanical pressure to bring the parts into complete union. To produce the 
required heavy current at low voltage, the employment of alternating current has 
been found most convenient as it is possible by the use of suitable transformers to 
obtain almost any desired combination of current and voltage. Only in special cases 
is direct current used for this purpose. 

An important feature in all resistance processes is the composition of the 
electrode, which must possess good thermal and electric conductivity combined with 
maximum hardness and sufficient strength. A combination of these requirements 
has been achieved to a high degree by the use of a hard copper electrode faced with 
one of several alloys whose hardness under welding conditions is much greater than 
that of copper. 

Resistance—Butt Welding—In the butt welding form of toe resistance process, 
pieces are mechanically gripped and pressed together while heat is generated by 
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passing a large electric current through the area of contact. The original upset 
method Is a form of butt welding in which high mechanical pressure is applied 
and maintained throughout the operation, the temperature being kept below melt¬ 
ing. The extruded metal is upset into a roughly convex form which, if desired, may 
be molded to a predetermined shape in a die, thus securing a kind of drop forging, 
or it may be groimd off. Today the upset method is generally combined with flash¬ 
ing. The flash method as first developed is a form of butt welding in which, after 
^'Initial contact and heating, there is a brief period during which the parts are 
slightly separated, thereby causing intense arcing. The weld is then completed under 
pressure and at a temperature sufficient to bring to a plastic state a portion of the 
metal, part of which is extruded in the form of a thin burr which may be ground 
off. This method is still followed on large work, but on smaller work the flashing 
effect, which in the original process was secured by separation of the parts, is ob¬ 
tained by an automatic successive adjustment of pressures. There is no hesitation 
in the cycle and as a result this form of flash welding is quite rapid. 

Resistance-Spot Welding-—In the spot welding form of the resistance process, 
two or more sheets of base metal are held between metal electrodes which pass a 
large current of fairly low voltage through the sheets. Immediately following this, 
and with current maintained, the electrodes are forced together with sufficient me¬ 
chanical pressure to unite the surface of the sheets in a spot whose size is approxi¬ 
mately that of the end of the electrodes; this pressure is maintained until after the 
current has been cut off. 

Resistance—Projection WfiZdinp—Projection welding is a form of resistance weld¬ 
ing wherein small projections are formed on one or both pieces of base metal. The 
projections serve to localize the current. 

Resistance-Seam Welding—The seam welding form of the resistance process 
is a series of overlapping welds. Two otr more sheets of base metal are usually 
passed between electrode rollers, which transmit the current and also the mechanical 
pressure required to produce a welded seam. A current interrupter is generally 
used for this type of weld. 

Resistance—Percussion Welding—The percussive methods of resistance welding 
differ from the usual forms of resistance welding in that (1) a direct current supply 
is essential; (2) there is a sudden discharge of electrical energy at the Junction, with 
an arc, which is extinguished by a percussive blow; and (3) the surfaces united are 
partially fluid. The energy may be supplied by either the discharge of a condenser 
(electrostatic) or transformed by the collapse of a magnetic field (electromagnetic). 

Thermit Pressure Welding—Tide is another plastic welding process and it differs 
from the forge and resistance welding processes principally in that the heating to 
plasticity is obtained from the thermit chemical reaction rather than from fire or 
electric current. 

The chemical reaction which generates the required heat for welding is described 
later in this article under the heading “Thermit Welding.” The molten steel and 
alumina slag are conducted around the abutting ends to be welded in such a man¬ 
ner as to localize the heating, as near as possible, at the joint. This requires the 
use of a suitable mold, which is usually made of light cast iron segments, which can 
be clamped in position and then easily removed after the thermit reaction. This 
thermit reaction is so handled that the alumina slag enters the mold first and 
leaves a coating on it and the ends being joined, thus protecting these parts from 
the superheated iron. Tlie passage of the iron through the mold brings the work 
up to welding temperature in a short time which varies from a few seconds to 
several minutes, depending on the size. 

Fusion Welding Processes *(Nonpressure)—These processes differ from the three 
previously enumerated in that they depart from the union of plastic metals and 
utilize fusion of metal to effect the desired union. The joining is accomplished 
by the fusion of metal upon or between the surfaces of the parts being united, the 
fused metal being generally obtained by deposit from an external source, although 
In some instances the abutting edges are merely fused together to form the joint. 

Gas Welding—In this process the heat is supplied by the combustion of a suit¬ 
able fuel gas with atmospheric or pure oxygen. The fuel gas and oxygen are mixed 
in a bultable torch and so regulated as to produce an impinging flame having the 
desired characteristics. The gases most commonly used are oxygen and acetylene 
although hydrogen and other combustible gases are used to some extent. 
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Oxy-Acetylene Weldlnfir—Oxy-acetylene welding Is a form of fusion wading 
wherein the heat required is supplied by the oxy-acetylene flame. Usually in fusion 
welding a filler metal is added in the form of welding rod to form the welded Joint, 
although Joints in some Instances are formed in oxy-acetylene welding merely by 
fusing together the parts to be Joined without the addition of welding rod. As a 
means of floating out impurities or aiding in obtaining a satisfactory bond, flux is 
employed in the welding of some metals, such as cast iron, certain alloy steels, and 
the nonferrous metals. 

In the combustion of acetylene and oxygen the resulting flame has character¬ 
istics which indicate whether it is reducing or oxidizing in character. If the acety¬ 
lene and oxygen are in proportion, a neutral flame results. In most gas welding the 
neutral flame is recommended, but in certain welding applications, however, a 
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slightly carburizing or slightly oxidizing flame is considered desirable. Certain of 
the alloy materials are welded to advantage with a slightly reducing or carburizing 
flame and under certain conditions a reducing flame is considered desirable in the 
welding of steel materials. 

An important characteristic of the oxy-acetylene flame lies in the protection 
of the molten metal from atmospheric attack by the outer envelope of the flame. The 
surrounding oxygen at this point is consumed in the final combustion stage of the 
flame. 

Arc Welding-—In arc welding, the surfaces to be joined are fused by the heat 
of an electric arc. There are three forms of arc welding, each of which derives its 
name from an identifying element of the process of applying it, such as the electrode 
material used or the means of heat transfer. They are carbon arc welding, metallic 
arc welding, and atomic hydrogen arc welding. 

Welding current for carbon arc welding is always from a direct current source. 
Metallic arc welding utilizes either direct or alternating current. Atomic hydrogen 
arc welding generally is done with alternating current. Direct current for arc 
welding is usually obtained from a motor generator set. The generator may be of 
either the variable-voltage single-operator type or specially designed constant-voltage 
multiple operator type with suitable controls. Rectifier units are also used for this 
purpose. For alternating current two methods are used: (1) The static transformer, 
which is a single phase unit specially designed for arc welding. Various methods of 
control are used, but all are of variable-voltage single-operator type; and (2) The 


*For complete combustion of acetylene, 1 molecular volume (380 cu. ft. at 60*F.) of acetylene 
plus 2V& molecular volumes of oxygen burns to form 2 molecular volumes of carbon dioxide plus 
1 molecular volume of water vapor, liberating 542,700 B.t.u. of heat. 
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alternating current method of rotating frequency changer sets, which convert the 
usual frequency to several times that of the supply line. 

Carbon Arc Welding —In this process the arc is usually drawn between a carbon, 
or graphite pencil or electrode, and the work. The heat of the arc causes fusion of 
the base metal and, in case additional metal is required, it also fuses a filler rod 
which is fed into the joint at the desired rate. This process of welding may be ac¬ 
complished either by hand or mechanical methods, the latter being commonly called 
“automatic carbon” arc welding. The hand process is used only on special appli¬ 
cations, largely on account of the erratic nature of such an arc. In the automatic 
process the arc is controlled by superimposed magnetic fields. 

Unshielded Carbon Arc Welding is a term applied when either form of carbon 
arc welding is performed without the aid of appreciable amounts of flux. This 
process when applied to ferrous materials is used on relatively unimportant Joints 
only, but by proper procedure it is used in the welding of deoxidized copper to con¬ 
siderable extent. 

Shielded Carbon Arc Welding comprises the use of fluxes which may be In the 
form of treated paper, powder, paste or gas, or a combination of these. These 
fluxes have various functions, among which are: To envelop the molten metal In a 
noncontaminating atmosphere to the exclusion of the oxygen and nitrogen of the 
air; to scavenge impurities from the molten metal, to retard the cooling rate of the 
weld metal, and to produce weld metal of the desired physical properties. This 
process is applied to most of the important joints to which the carbon arc is suited, 
generally in automatic form. 



Arc welding with bare electrode. 


£L icrir oc€- 



Arc welding with shielded electrode. 


Metallic Arc Welding —^In this process the arc is struck between a metal electrode 
and the work. The heat of the arc not only fuses the work but also the electrode, 
which is in the form of a wire of suitable material. This fused electrode material 
passes through the arc and unites with the fused base metal to form the welded 
Jodnt. The process is adaptable to either hand or automatic methods. There are two 
major classifications of metallic arc welding, unshielded and shielded. The former 
term is applied when the electrode is either a bare wire or is lightly coated with 
small amounts of flux and sometimes called a wash or dust coated electrode. 

In shielded metallic arc welding the metallic electrode is covered with a thick 
layer of fluxing ingredients with or without a fibrous binder. These flux coverings 
function in several ways to produce weld metal of high physical properties and 
comparable to the base metal: , 

1. They usually are consumed more slowly than the metal of the electrode and therefore 
form a cupped end which constitutes a partial mechanical shield for the arc from the air. 

2. Combustion of the fluxes produces an envelope of gases around the arc, which oxcludee 
oxygen and nitrogen of the air from contact with the molten metal of the weld. 

3. The fluxing ingredients scavenge Impurities from the molten metal of the weld. 

4. A protective slag covering is formed which covers the top of the weld and protects the 
molten metal from contamination by oxygen and nitrogen from the air; it also retards the cooling 
rate and thus partially heat treats the weld. 

5. Alloying elements desired in the weld are sometimes supplied In the heavy flux coverings. 

8. Materials are sometimes placed in the coatings to increase the arc stability by virtue of 

their ease of ionization or greater electron emission. Materials may also be added to make the 
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across the arc more uniform by reducing the adhesive force between the molten 
metal and the end of the electrode or by changing the surface tension of the molten metal so that 
globular formation Is smaller and more uniform. 

Shielded arc welding controls the metallurgical processes involved in forming 
a weld to such an extent that greater amounts of heat are generally used than 
without shielding. This results in greater welding speeds and at the same time 
physical properties equal and often superior to those of the base metal. 

The average bare electrode deposit has from 0.11-0.15% nitrogen and about 
0.3% oxygen (as oxides), while a shielded arc electrode deposit contains from 
0.010-0.023% nitrogen and about 0.068% oxygen. A comparison of the physical prop¬ 
erties is as follows: 


Bare Electrode Shielded Arc Electrode 


Ultimate tensile strength, psi. 

EHongation In 2 In., %. 

Izod impact, ft-lb. 

Fatigue, psl. 

Specific gravity. 

Corrosion resistance. 

Z-ray. 


40,000-60.000 

5-10 

5-15 

12,000-15,000 

7.5-7.7 

poor 

considerable porosity 


65,000-85,000 

20-30 

50-80 

28.000-32.000 

7.82-7.86 

better than mild steel 
practically no defects 


Atomic Hydrogen Arc Welding —^In the atomic hydrogen arc welding process 
an alternating current arc between two tungsten electrodes in a stream of hydrogen 
gas furnishes the source of heat. The arc column is defined by a thin brilliant 
line which forms a loop under the influence of its own magnetic field and the 
streaming gas. In this arc column, which has a temperature between 6000 and 
6500*P. absolute, the hydrogen molecules are completely broken down into atoms, 
and during this process a great deal of energy is absorbed. When this atomic hy¬ 
drogen flame, which is coincidental with the arc column, is placed in contact with 
the metal parts being welded, the dissociated hydrogen atoms recombine into mole¬ 
cules, giving to the surface the heat which was absorbed during dissociation. The 
weld metal may be supplied as surplus metal from the parts being welded, or be 
added from a filler rod. The atomic hydrogen arc is surrounded by an envelope of 
hydrogen gas which protects the work and electrodes from oxidation and reduces 
existing oxides in the metal. The size of the atomic hydrogen arc may be adjusted 
by the operator by changing electrode separation during operation; in this way an 
arc varying in size between % in. and over 1 in. is obtainable. The freedom from 
oxidation, the intense concentration of heat, the flexibility and ease of operation, 
combined with freedom from magnetic blowing effects, are features which charac¬ 
terize atomic hydrogen arc welding. 

Thermit Welding —The thermit fusion process, commonly known as thermit weld¬ 
ing, originated with a discovery made in Germany, about 1900, by Dr. Hans Gold¬ 
schmidt. He found that if a mixture of a metallic oxide and finely divided alumi¬ 
num were ignited at one spot, the two materials would react exothermically and 
the reaction would progress throughout the mixture, thereby converting it into two 
new materials, a superheated mass of the metal itself and a slag composed of molten 
aluminum oxide (alumina). He further found the reaction would progress so rapidly 
that in the case of most metals as much as a ton of material could be converted 
from a cold mixture in half a minute. Later the most suitable kind of iron oxide 
(FeaOO, the best size of its flakes, and the proper percentage of its fineness for 
use in welding steel were determined, as well as the possibilities resulting from 
the addition of such elements as chromium, nickel, vanadium, and manganese to 
a thermit steel mixture. 

In the thermit process the parts to be united are separated by a space, the ex¬ 
tent of which depends on their size. The surfaces are thoroughly cleaned by sand 
blast or otherwise. Usually the space is given the form of a parallel-sided gap cut 
by means of a gas torch, the slight layer of oxide resulting from the cutting process 
being apparently beneficial. Around the parts a wax pattern is formed whose 
shape is that of the reinforcement desired. A sheet iron box is placed around this 
pattern with a space between it and the pattern, and when the wax has hardened, 
sand is rammed into the space, provision being made for the proper number of risers 
and pouring and heating gates. The wax is then melted by directing a flame into 
each heating gate, and as the wax flows away it leaves clear the space to be occu¬ 
pied later by the thermit steel. Heat Is continued so as to dry out the sand mold 
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and to bring the parts to be united to a red temperature. If multiple sections are 
to be welded, a two-part mold and a special wooden pattern may be substituted for 
the box and the wax. 

A proper thermit mixture is then placed in a crucible supported over a pour¬ 
ing gate or gates, and when the work is ready it is ignited. In about half a minute 
the reaction is complete and the thermit steel is then tapped from the bottom of the 
crucible into the pouring gate. The superheated metal flows around and between 
the parts to be imited, thoroughly combining with their surfaces and welding them 
into one homogeneous mass, while the molten aliunina slag overflows into a basin 
on top of the mold. 

Process Chart for Welding—Table I gives the welding methods that are com¬ 
monly used and those occasionally used for a number of ferrous and nonferrous 
metals and alloys. 

A. Iron—L Wrought Iron—The low carbon and high slag content have a 
marked effect upon the weldability of wrought iron. 

Forge WcZdinp—Wrought iron is an ideal material for forge welding. 

Resistance WeldingSpot, seam, projection, flash and resistance butt welding 
may be applied satisfactorily to wrought iron. To produce solid, clean welds and 
to prolong electrode life all scale, oxide and other foreign matter must be removed 
from the work. 

Thermit Pressure and Fusion Welding—'Wrought iron can be successfully welded 
by either of these processes. If the iron contains heavy layers of slag included, it 
is sometimes necessary to make two thermit welds to accomplish a satisfactory joint. 
In the fusion thermit welding process the superheated thermit steel melts the 
adjacent parent metal to the extent that heavy slag layers may introduce porosity 
into the thermit weld itself. This occurrence can then be avoided. The collars may 
be trimmed and the original vee cut through the thermit steel weld, and the gap 
immediately rewelded. By this method, the new weld fuses only as far as the original 
weld and almost invariably is soimd because the slag of the wrought iron has already 
been eliminated from this section. 

Gas Welding—In oxy-acetylene welding of wrought iron, the slag content sweats 
to the surface at a comparatively low temperature. This may deceive the inexpe¬ 
rienced operator who may regard it as an indication of fusion. Heating must be 
continued until the base metal itself actually breaks down into a puddle. 

This puddle of molten metal must be maintained and the welding rod kept 
Immersed in it to assure fusion and penetration without oxidation. Excessive stirring 
of the puddle should be avoided as this causes undue exposure and resulting oxida¬ 
tion. 

Oxy-acetylene welding rod for wrought iron should either be a low carbon rod 
or should contain sufficient manganese and silicon so that a weld metal relatively 
high in these elements will be obtained. The welding flame adjustment should be 
strictly neutral. 

Arc Welding—Arc welding of wrought iron both in flat and vertical positions 
with coated electrodes is handicapped by accumulations of slag which become 
trapped in the weld and care must be taken to melt it out. It is customary to melt 
as little as possible of the wrought iron, and reverse polarity reduces this handicap 
substantially but not entirely. 

The welding of wrought iron with bare electrodes is comparable to welding of 
low carbon steel. The arcing characteristics of the electrode and the ability to 
obtain proper fusion between the parent metal and the deposited weld metal are 
typical of those obtained in welding mild steel. 

The strength of welds made with mild steel bare electrodes shows that the 
weld strength is approximately equal to that of the parent metal, while the weld 
made with mild steel heavily coated electrodes is greater than that of the parent 
metal. 

Bronze Welding—The bronze welding process is readily applicable to wrought iron. 

2. Low Carbon Iron-Iron with a carbon content of 0.06% maximum is one of 
the most readily welded of the ferrous metals. 

When welding low carbon steels preheating is not necessary and subsequent 
annealing is not required unless it is desired to eliminate the residual stresses set 
up during the welding operation. 

Forge Welding—"LoTt carbon iron is readily welded by the forge welding process. 

Resistance Welding—'Low carbon irons are readily resistance welded by any of 
the processes adopted for the welding of wrought iron. 
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Metals and Alloys 


Table 1 

Process Chart for Welding 


Resist- Thermit 
Forge ance Pressure Gas 


(See explanation of Code at end of Table) 


B. Carbon steels 

1. Low carbon . 

2. Medium carbon . 

3. High carbon. 

4. Tool steel . 

5. Copper bearing steel. 

C. Cast steel 

1. Plain carbon . 

2. High manganese . 

3. Other alloys. 

D. Cast iron 

1. Gray iron . 

2. Malleable iron . 

3. Alloy cast irons. 

E. Low alloy, high tensile steels 

1. Plain nickel . 

2. Nickel-copper. 

3. Manganese-molybdenum . 

4. Carbon-molybdenum. 

5. Nickel-chromium . 

6. Chromium-molybdenum . 

7. Nickel-chromium-molybde¬ 
num . 

8 Nickel-molybdenum . 

9. Chromium . 

10 Chromium-vanadium _ 

11. Manganese . 

F. Stainless steels 

1. Chromium .. 

2. Chromium-nickel . 

O. Copper and copper alloys 

1. Copper, tough pitch, elec¬ 
trolytic and lake. 

2. Deoxidized copper. 

3. Commercial bronze, red 

brass, low bi ass, ounce 
metal and hydraulic 
bronze . 

4. Brazing, spring, admiralty, 

commercial, alpha and 
yellow brass. 

5. Muntz metal, tobin bronze, 
Naval brass, manganese 
bronze, extruded brass... 

6 Nickel silver . 

7. Phosphor bronze, gun 

metal, bell metal, and 
bearing bronze . 

8. Copper-silicon alloys .... 

9. Cupro-nickel ....'.. 

10 Aluminum bronze . 

11. Beryllium-copper . 

H. Aluminum 

1. High purity aluminum... 

2. Commercially pure alu¬ 
minum . 

3. Al-Mn alloy . 

4. Al-Mg-Cr alloy . 

5. Al-Mg-Mn . 

6. Al-Si-Mg alloys . 

7. Al-Cu-Mg-Mn alloys. 

8. Aluminum clad . 

/. Nickel and nickel alloys 

1. Nickel i99%) . 

2. 67% Nl-30% Ou. 

3. 797o Ni-13% Cr-6% Pe... 

4. 66% Ni-29% Cu-2.75% A1 

J. Lead ... 

K, Magnesium alloy. . 

Code: A—Commonly used. 

(..) —^No information available. 
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Gas Welding—-This process is applied similarly to that in the case of low carbon 
steels except that the filler rod utilized is of low carbon iron which is necessary in 
order to retain the corrosion resisting properties of the parent metal and to obtain 
a weld of similar characteristics. 

Arc Welding—Arc welding of low carbon iron is accomplished with the use of 
mild steel, heavy coated electrodes. The welding current and procedures are the 

r ae as for welding mild steel. Bare electrodes can be used with a resulting decrease 
the corrosion resisting properties of the weld and adjacent parent metal. Iron 
with carbon content below 0.15% absorbs gas readily from the atmosphere during 
the welding. For the highest quality weld, complete shielding is necessary. 

Bronze Welding —^Low carbon iron may be bronze welded quite readily by either 
the arc or gas process. This does not require the heating of the steel to as high 
a temperature as is necessary for fusion welding, which is a decided advantage. 

Thermit Welding—Iron with a carbon content of 0.06% and less can be success¬ 
fully welded both by the thermit fusion and pressure processes. 

B. Carbon Steels—1. Low Carbon Steel (Up to 0.30% Carbon)—^These steels are 
easily welded by all the welding processes and the resultant welds and joints are of 
extremely high quality. 

Gas Welding—The joint edges should be clean and properly prepared to 
facilitate good fusion and a sound weld. When welding long seams, allowance must 
be made for tile effect of heat along the line of weld which causes contraction during 
cooling and tends to pull the unwelded ends of the plates together. The normal 
spacing that is allowed in welding is % in. opening per ft. of seam. Paster welding 
speeds will materially reduce the amount of contraction obtained. When making 
fillet welds the overlapping plates should be held close together. 

A neutral flame is frequently used when welding steel of this class. Increased 
welding speeds are possible, however, by using a slightly reducing flame. This type 
of flame carburizes the kerf surfaces, thereby lowering their melting temperature 
and making possible fusion of the deposited metal to the plates at a temperature 
lower than would normally be required. Welded joints made in this way are of 
high quality and the fusion zone is not hard or brittle. 

The preference for filler metal at the present time is for the so-called high test 
welding rods with about 0.15-0.20% carbon and certain metallic elements that will 
insure freedom from included oxides and give the proper fluidity in the molten metal. 

Arc Welding—'Imt carbon steels are readily welded by all forms of this 
process. Many types of electrodes may be used such as bare, dust coated, washed 
or dipped, shielded arc, or flux coated. Carbon arc welding is also practical on 
these steels and the results obtained are a function of the technique employed. 

When welding long seams the progressive shrinkage of the deposited metal 
tends to pull the plates together. This is less severe than with gas welding and an 
allowance of % in. per ft. is sufficient to take care of this condition. Proper clamping 
and tacking and the adoption of special welding procedures such as the step back 
and skip procedures are commonly used to prevent distortion and residual stresses. 
The design of the structure, preparation of joint, size of electrode used, the welding 
current and voltage are of extreme importance. 

Carbon arc welding varies from metallic arc welding in that the arc is drawn 
between the base metal and a carbon or graphite electrode. The arc heat in this 
case is used only to melt or fuse the base metal and the addition of filler metal 
when required must be obtained by a specially prepared flange or upset edge at 
the joint or from some extraneous source. The latter method of adding filler metal 
can be accomplished by placing additional metal on the seam to be welded or by 
feeding it into the weld in a manner similar to that employed by the oxy-acetylene 
process. 

Carbon arc welding done without the presence of a flux or shielding atmosphere 
may result in brittle welds. Shielding the arc by painting the weld with a special 
flux or by introducing a suitable fluxing material into the arc produces welds of 
high quality. 

Bronze Welding—Low carbon steels may be bronze welded quite readily. The 
joint surfaces are “tinned” through the use of a suitable flux and bronze welding 
rod. The bronze is then melted into the space between the tinned surfaces to be 
Joined. This work is ordinarily done as a continuously progressive operation, the 
tinning being carried out for a distance and then additional bronze being deposited 
before the section becomes cold. With recently developed bronze rods, strengths of 
welds of the order of 55,000 psi. can be obtained. This process does not reqi^e the 
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heating of the steel to as high a temperature as Is called for by fusion welding 
which is often a decided advantage. 

Thermit Wcldinp—-Fusion thermit welding is successfully Carried out on low 
carbon steels by using forging thermit. The welds give tensile strengths of 70,000- 
75,000 psi., elongations of 15-20% in 2 in., and good impact values. Before welding 
the Joint surfaces are preheated to 1600-1700‘'F. The purity of the weld deposit 
eliminates the need of subsequent forging or heat treatment in order to develop 
satisfactory physical properties. 

2. Medium Carbon Steel (0.30-0.50% Carbon)—St'eels in this class can be welded 
with the various fusion processes. The technique and materials used are dictated by 
the metallurgical characteristics of the base metal. In some cases preheating and 
subsequent heat treatment may be required to produce the desired weld quality. 
This condition is especially true for steels containing over 0.40% carbon. 

Gas Welding—In welding this material better welds can be obtained if an 
excess of acetylene is used in the welding flame. The recommended welding pro¬ 
cedure is similar to that for low carbon steels. As a rule little trouble is experienced 
from the formation of hard and brittle constituents as a result of rapid cooling. The 
quality of the flnished joint will be improved if it is heat treated after welding. 

Arc Welding—The weldability of steels of this grade depends upon the carbon 
content of the base metal because the rapid cooling may produce a martensitic or 
troostitic structure. The formation of martensitic or troostitic structures in the 
fusion zones tends to make these areas hard and brittle and of an imdesirable 
condition. 

Preheating temperatures of 300-500®F. have been found effective in eliminating 
and reducing the formation of hard and brittle areas. By heating to 1100-1200®P. it 
is possible to restore the desired properties in the areas affected by the welding 
heat. 

Shielded arc electrodes of the tjrpe used on low carbon steels are satisfactory for 
the welding of steels in this class. 

Thermit Welding is carried out as successfully on these steels as on the lower 
carbon grades. Forging thermit is generally used but the increase in carbon from 
the parent metal produces a somewhat higher tensile strength and lower ductility 
than is the case when welding the lower carbon steels. 

3. High Carbon Steels (0.50-0.90% Carbon)—Because of the higher carbon con¬ 
tent, steels of this type are more diflacult to weld. 

Gas Welding—As these steels are often heat treated the welding heat wiU affect 
such treatment and produce a joint of different properties than those possessed by 
the original metal. Care should be taken to prevent overheating of the parts and 
the weld should be completed as quickly as possible. These materials melt at a 
lower temperature than the lower carbon steels and tend to spark when overheated* 
a condition which aids from overheating the parts. 

A carburizing or excess acetylene flame is advantageous in securing strong sound 
welds. High carbon flller rods are often used although satisfactory results can be 
obtained with mediiun carbon flller metal, which produces a weld of moderate 
strength but the increase in ductility is often beneflcial. By heat treating after 
welding it is possible to eliminate the effect of the welding heat and to improve 
the strength of the weld. 

Arc Welding—Steels in this group do not give good properties after arc welding. 
Hardness and brittleness may be obtained in the fusion zone. For the best results, it is 
recommended that the parts be preheated to at least 500®F. before welding and 
subsequently heated to 1200-1450°F. 

Welding on these steels is often done to rebuild a worti surface or to develop 
a hard wear resistant surface. In such cases unless the carbon content of the parent 
metal approaches the upper limit, preheating or subsequent heat treatment are not 
necessary. 

Mild steel electrodes of the shielded arc type can be used to make joints on 
these steels. The deposited metal tends to absorb carbon from the base metal so 
loses considerable ductility. Austenitic electrodes are often recommended and the 
resultant welds have good physical properties but the fusion zone may still be hard 
and brittle. 

Thermit Welding—These steels are readily welded by the fusion thermit 
process. Slightly lower preheating temperatures are used than is the case with the 
lower carbon steels because of the lower melting temperatures of the parent metal. 

If forging thermit is used the pick up of carbon will be sufficient to produce a 
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weld strength of 90,000-100,000 psi. In many cases, however, hardness or wearing 
qualities are of prime importance and special thermits are required. 

The preheating and inherent characteristics of the thermit process eliminate 
the rapid cooling obtained in arc and gas welding, consequently subsequent heat 
treatment of joints even on these high carbon steels is not required for satisfactory 
physical properties. 

4. Tool Steels (0.80-1.50% Carbon)—These steels are relatively difficult to weld. 

Gas Welding —Drill rods, available In the various diameters required for welding 

and of carbon content sufficiently high to cover the carbon range are generally used 
in welding these steels. The use of a carburizing or excess acetylene flame adjustment 
is advantageous in securing sound strong welds. Flux suitable for cast iron welding 
should be used sparingly. Preheating and annealing are usually necessary. 

Arc WeZdinflr—Because of the heat effects of arc welding it is seldom used for 
steels of this type. If welding is required, one of the following procedures is 
recommended; 

(1) After annealing, preheat the parts and weld with a suitable shielded arc 
electrode followed by heat treatment to restore the desired properties. (2) Preheat 
the parts and use an austenitic electrode. Preheating will aid in preventing the 
formation of a hard fusion zone and the weld will not be hard because of its 
austenitic condition. (3) Preheat the parts and deposit one or more layers on the 
kerf surfaces of the parts with a shielded arc electrode. These layers dilute the 
carbon so that the parts can then be more readily welded together. It should be 
noted that this process does not produce a high carbon weld. 

Thermit Welding —Fusion thermit welding is not commonly used on these steels, 
but successful joints have been made on materials with carbon contents of 1.10%. 
Forging thermit can be used but the tensile strength will not be equivalent to that 
of the parent metal. Higher carbon thermits can be used if the strength is of prime 
importance. Heat treating the weld and fusion zone after welding is recommended 
in order to produce the best properties. 

5. Copper Bearing Steels—These steels are generally of the low carbon variety 
and contain from 0.20-0.30% copper. The same welding processes are applicable as 
for ordinary steels of the same carbon range. Welded joints made by the gas or 
shielded arc processes are in general as resistant to corrosion as the copper bearing 
steels. 

C. Cast Steel—Welding of low carbon steel castings presents no particular diffi¬ 
culties if the casting is properly prepared, is reasonably clean and the ordinary 
precautions are taken to avoid setting up excessive expansion and contraction 
stresses in the metal. With carbon content of the casting above 0.25% and with 
special alloy compositions, certain precautions are necessary in applying welding. 

1. Plain Carbon Steel Castings—Before welding steel castings an effort should 
be made to learn the analysis in order to weld successfully the high carbon and the 
alloy castings. Castings under this heading should not exceed 0.25% carbon and 
a negligible amount of alloying materials. Castings of such analyses present no 
difficulties in welding and can be handled approximately the same as for low 
carbon rolled steel. 

Gas Welding—It is customary to use a general purpose filler rod for welding 
these castings although for the best results the analysis of the filler metal should 
be similar to that of the base metal. 

Arc Welding —^The procedure for electric arc welding steel castings (low and 
medium carbon) is essentially the same as for rolled steel of similar analysis. For 
the best results a high grade heavily coated electrode is considered desirable. The 
surfaces to be welded should be carefully cleaned of sand inclusions, cracks, porosity 
and dirt. Multilayer welding and high currents should be employed if the carbon 
content is low, but small diameter electrodes and low currents are necessary when 
the carbon content is high, while in some cases preheating and slower cooling are 
desirable. 

Bronze Welding—Bronze welding is satisfactorily applied to steel castings, 
especially where the difference in surface appearance of the casting is not objec¬ 
tionable. Both gas and electric arc processes are used, the only preparation necessary 
being that involved in preparing and cleaning the surfaces to be welded as 
described above under Low Carbon Steels. 

Thermit Weeding—Repairs are readily made and heavy cast steel parts are 
commonly reclaimed by the thermit process. Where the work consists of applications 
such as replacing teeth in large gears or pinions, the fact that the tooth is a com- 
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paratively small projection on an extremely heavy casting must be taken into 
account. If the casting were preheated at the weld only, the heat would be carried 
away into the casting so rapidly that fusion between the weld metal and the parent 
metal could not be obtained. It is therefore necessary to preheat the entire casting. 
Forging thermit may be used for this work, although where parts are subject to 
abrasion and wear, “wabbler” thermit, providing a hard wear resistant machinable 
steel, may be employed. 

2. High Manganese Steel Castings—Welding these castings is mostly for the 
purpose of restoring portions worn away or for the repair of cracked and broken 
pieces. The manganese content is frequently as high as 12% or more, and the 
carbon content ranges from 1-1.40%. 

Resistance Welding—'Electric resistance welding of manganese steel parts has 
not been used to any great extent because of the difficulties that have been 
encountered in obtaining strong welds by this method. It is possible, however, that 
resistance welding can be successfully used by proper adjustment of current and 
time of application. 

Gas Welding—In welding these castings a shallow zone must be heated to a 
temperature close to 2200 ®P, and the filler metal then applied. The use of a rod 
of the same manganese content as the casting should be used, and if in addition 
the rod contains from 3-5% nickel its use will produce reliable welds. The high 
nickel content tends to inhibit embrittlement under slow cooling so that no quench 
is necessary. 

Arc Welding—In arc welding high manganese steel (12-14% Mn and not over 
1.25% C), a shielded electrode of a type to give properties in the deposited metal 
approximately the same as the base metal should be used. The weld should be in 
an austenitic condition even after slow cooling, and the welded part should not 
be quenched because of the danger of cracking. The weld deposit is in such cases 
rather soft but upon cold working will produce a hardness of 45-50 Rockwell C. 

Thermit Welding—Thermit welding of manganese steel is not generally practiced 
because of the effect upon the adjacent steel of the heat of the weld. A fairly suc¬ 
cessful weld can be made if the whole mass can be preheated and then heat 
treated after welding, but this is not always possible. 

3. Alloy Steel Castings—Alloy steel castings are in general welded by the same 
process as is used for rolled alloy steel of the same composition. The number and 
character of the alloying elements have a decided effect on the welding properties 
of the castings. 

Resistance WeZding—Electric resistance welding has not been applied to any 
extent to alloy steel castings because of the varying forms and contours of the 
castings commonly encountered. It is possible, however, that resistance welding can 
be applied if the work is held in suitable jigs and there is proper adjustment of 
current and time of application. 

Gas Welding—It is customary to modify the filler rod from the type used in 
welding carbon steel castings so that the weld deposit will be similar to that of the 
alloy casting. The same requirements for fluidity of deposit are necessary as in the 
case of carbon steel castings, in order that impurities may be brought to the siurface 
in the melting operation. 

Arc Welding—T!he procedure for electric arc welding of alloy steel castings is 
quite similar to that used on carbon steel castings, the only modification being in 
the coating of the electrode which should be so proportioned as to Influence the weld 
metal deposit. It is customary to use heavily coated electrodes for this purpose and 
the surfaces to be welded should be thoroughly cleaned before welding. In some 
cases preheating is considered desirable, and in practically all cases a heat treatment 
after the welding is completed is desirable. 

Thermit Welding—Witln the thermit weld metal, it is possible to match the 
composition of the casting by the addition of metallic elements to the thermit 
mixture. 

D. Cast Iron—1. Gray Iron—In welding gray cast iron, preheating is usually 
necessary to avoid stresses. Gray iron castings may be welded hot and then allowed 
to cool slowly so as to maintain their characteristic gray iron structure. Only in 
certain cases where the structure of the weld metal is of little importance can pre¬ 
heating be avoided. 

Forge Welding— cast iron cannot be forge welded. 

Gas WeZding—Gray iron castings should be preheated to a low red heat and 
welded while hot with a cast iron welding rod containing a high percentage of 
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silicon. A suitable flux Should be used to remove oxides. When the weld is com¬ 
pleted, the whole casting should be allowed to cool slowly to room temperature. 
With this procedure the weld will be strong, yet soft and machinable. 

Arc Welding—Preheating the casting to a dull red heat accelerates the welding, 
relieves strain and reduces the tendency toward unmachlnable spots and cracks, 
and helps to retain the characteristic gray iron structure. Excessive strain or break¬ 
age may be encountered in welding gray cast iron which may be intensifled by a 
hard area, containing carbides of iron, outside the weld. For this reason castings 
lighter than % in. are seldom welded. It is desirable that the casting be annealed 
after welding. 

Special electrodes, either coated or uncoated, which give a good bond with the 
casting are used. A rather low current should be used, and the welding done 
intermittently. Each bead should be slightly peened and allowed to cool slightly 
before depositing the next bead. All of these considerations tend to reduce the 
hardening effect along the line of fusion. Where machinability is of primary 
importance and strength is of secondary importance, nonferrous electrodes such as 
high nickel (67%) are available. These electrodes produce a soft, machinable deposit 
without any tendency to harden at the fusion line. This deposit is also advantageous 
where appearance is Important, since the color matches that of the cast iron. 

Bronze WcWing—When gray iron castings are bronze welded, comparatively 
little preheating is necessary. When the base metal is raised to a temperature of 
1500-1600®P. the bronze will “tin** the cast iron surface, and make a bond as strong 
as, or stronger, than the cast iron. 

When bronze welding with the arc. preheating is generally unnecessary, but it 
should be kept in mind that too much current is detrimental to satisfactory welding 
and the currents used should be as low as possible consistent with the size electrode 
and part being welded. 

Thermit Welding—‘The thermit process, while entirely suitable for welding gray 
iron, cannot be used on all castings because of the difidculty of allowing properly for 
shrinkage of the weld metal when it cools. Contraction of thermit steel is approxi¬ 
mately double that of cast iron so that, generally, if the length of the crack to be 
welded is more than eight times the thickness of the section, the difference in 
shrinkage along the line of fracture will result in small hairline cracks in the weld. 

2. Malleable Iren—Fusion welding of malleable castings is generally regarded 
as unsatisfactory (even when the castings are remalleableized afterward). For this 
reason repairs to malleable castings are generally made by bronze welding. Malleable 
iron foundries frequently reclaim defective castings by fusion welding the white 
iron castings before malleableizing. 

Gas Welding— ¥ot the oxy-acetylene welding of defective white iron castings 
before malleableizing, white iron welding rods of the same approximate analysis 
are used. *rhe salvaged castings are then put through the malleableizing process. 

Arc Welding—Malleable iron castings can be welded with the arc process using 
low heat. In general, these castings should be treated the same as gray cast iron, 
using the same precautions and procedure. After welding, the casting should be 
put through the same annealing process by which it was originally made. Annealing 
is helpful if full heat treatment cannot be given. 

Bronze Welding—The temperature of 1500®F. required in the base metal for 
bronze welding is not so high as to affect seriously the properties of malleable iron, 
so effective repairs can be made by this process. Either the gas or arc may be used. 

3. Alloy Cast Irons—The welding procedures for most alloy cast irons are essen¬ 
tially the same as for gray iron. Filler material should be of the same alloy content 
as the base metal, or if such material is not available the welds should be made with 
high quality gray iron rod. For arc welding, see under “Cast Iron.** 

E. Low Alloy, High Tensile Steels—The low alloy, high tensile steels are readily 
welded by the various welding processes. The amount of alloying element in these 
steels is only slightly greater than in ordinary mild steels and is considerably less 
than in many alloy steels. These steels have higher physical properties than carbon 
steels and usually possess higher resistance to atmospheric corrosion. When welding 
these steels by a process wherein metal is added, the metal need not necessarily 
have the same composition (provided it has the same physical properties), unless 
resistance to corrosion is a factor, in which case the weld metal should be of a 
composition similar to the base metal. Heat treatment is desirable for the various 
alloys, to develop the required physical properties. 

Gas Welding—Where the strength is of importance, a welding rod of the high 
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test steel type will give satisfactory results in oxy-acetylene welding. Where cor¬ 
rosion resistance is a factor, the welding rod should be of the same composition as 
the base metal. 

Arc Welding-—When arc welding these materials, a shielded arc type of special 
electrode is generally used. 

Thermit Welding —^Through the addition of metallic elements to the thermit 
mixture, either by means of metallic pieces, which are melted during the reaction, 
or in the form of combinations of oxides of the required elements with aluminum, 
a wide variation in the analysis of thermit steel is made available so that it is 
entirely possible to match the analyses of a number of low alloy steels. The follow¬ 
ing are chemical formulae of the aluminum reduction of several oxides used for this 
purpose: 

3 Mn 304 4- 8A1 z= 4 AI.O 3 + 9Mn 
Cr^Og 4“ 2Al ~ AljjOg 4" 2Cr 
3 V 2 O 3 4- lOAl = SAljOg 4- 6 V 
3NiO 4- 2A1 = AlgO, 4- 3Ni 

Since these steels are used mainly for developing strength, ductility, resistance 
to shock and resiliency, it is usually desirable to heat treat the welds made in these 
steels. The heat treatments recommended for these aUoys are given below. 

1. Plain Nickel Alloy Steel—While the 3-3%% nickel alloy steels do not neces¬ 
sarily need heat treatment if the carbon content does not exceed 0.25%, such alloy 
steels with carbon contents over 0.25% require a preheat of from 300-600°F. Steels 
in this class have a tendency toward air hardening and they require slow cooling 
in order to retain the desired physical properties. 

2. Nickel-Copper Alloy Steels—The alloy steels in this class contain from 1-2% 
nickel and 1 - 1 . 6 % copper, while the carbon content is usually limited to 0.25% as a 
maximum. No preheat is required for the ordinary welding of these alloys except 
when the carbon content exceeds 0 . 20 % when in some cases it is considered desirable. 
In such cases a preheat of from 250-300®P. will enable the desired physical properties 
to be obtained. 

3. Manganese-Molybdenum Alloy Steels—The steels in this class are alloyed 
with from 0.60-1.60% manganese and 0.30-0.70% molybdenum, and the carbon is 
usually kept below 0.25% as a maximum. These steels do not ordinarily require 
preheating except in certain cases where the carbon content approaches the upper 
end of the range. In such cases and for heavy or difficult sections, the preheating 
at 250-300°F. is an advantage. 

4. Carbon-Molybdenum Alloy Steels—This class of steel is similar in many 
respects to the manganese-molybdenum alloys except that the manganese is held 
down to a normal range of from 0.30-0.60%; the molybdenum content is a little 
high, ranging from 0.30-1% and the carbon content is held down to the same top 
limit of 0.25%. Here, also, preheating is not required under ordinary conditions, 
although when the molybdenum approaches the upper end of the range, (above 
0.50%) a preheat of 350 °F. is considered desirable for best results in welding. A 
similar preheat is also considered desirable if the carbon content approaches or 
exceeds the limit of 0.25%. 

5. Nickel-Chromium Alloy Steels—This classification embraces several analyses 
in which the nickel content ranges from 1% on the low side to 3%% on the high 
side, while the chromium ranges from 0.40% as a minimum to 1.75% as a maximum; 
the carbon content varies from a maximum of 0 . 20 % for the lower tensile ranges to 
0.55% for the higher tensile ranges. These steels are not capable of being safely 
welded without preheating. For the lower tensile ranges having a maximum ot 
0.20% carbon a preheat of from 200-300®F. is all that is necessary, but with the 
higher carbon contents that accompany the increased percentages of nickel and 
chromium a 600-800°F. preheat is considered desirable, followed by slow cooling. 
For the highest carbon, nickel, and chromium contents it is even desirable to rai^ 
the preheat temperature to 900-1100®F, 

6 . Chromium-Molybdenum Alloy Steels—These steels are similar in many 
respects to the preceding class. There is a much used series of alloys in this classi¬ 
fication with the carbon range of 0.25-055%; molybdenum 0.15-055%; and the 
chromium 0.50-1.10%. These steels were designed especially for high temperature 
service and with these high chromium contents require a considerable degree of 
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preheat, ranging from 300-800'’F., and slow cooling is desirable after the welding 
operation. 

7. Nickel-Chromium-Molybdeniim Alloy Steel—This steel contains VA-2% nickel, 
020-0.40% molybdenum, and 0.30-0.90% chromium. While it is an alloy that is in 
extensive use, it has not been welded to a sufficient extent to warrant a statement. 

8. Nickel-Molybdenum Alloy Steels—^In these steels the carbon content is kept 
low; the nickel range is 1.65-3.75%, and molybdenum from 0.20-0.30%. Welded appli¬ 
cations have not been sufficiently frequent to furnish the desired data. 

9. Chromium Alloy Steel—This steel is used in two ranges of carbon, one up 
to 0.25% as a max. and the other from 0.35-0.55%. With the former the chromium 
range is 0.60-0.90%, whereas with the latter it is 0.80-1.10%. Preheating is essential 
before welding. The temperature range recommended is 200-800®P. 

10. Chromium-Vanadium Alloy Steel—This steel has two carbon ranges, one 
up to 0.25% max. and the other 0.25-0.55%. In both cases, however, the chromium 
is 0.80-1.10% and the vanadium 0.15-0.20%. These steels all require preheating in 
order to obtain satisfactory results in welding. The preheating range is 200-800°P. 
With this alloy sample welds may be required in order to ascertain the properties 
that can be obtained from the welding operation and particularly the effect of the 
heat-treating operation. 

11. Manganese Alloy Steels—The manganese in these steels is l.e-1.9%, carbon 
0.25-0.55%. For satisfactory welding of these steels preheating is essential, the 
desired range being from 400-800®P. 

F. Stainless Steels—The stainless alloys may be grouped into two classifications 
for welding considerations: (1) Stainless irons which contain from 3-28% chromium, 
with or without traces of nickel, and which are essentially magnetic and ferritic in 
character, and (2) stainless steels which contain chromium and nickel, with or 
without smaller amounts of molybdenum, manganese, columbium, silicon, or titanium, 
all of which are in such proportions as to result in an essentially austenitic phase. 

1. Chromium Alloys—The alloys that come within this classification contain 
from 12-28% chromium as the essential alloy constituent, and are tended stainless 
irons. These alloys show a tendency toward grain growth in and near the weld. 
This tendency toward coarsening of the grain increases markedly with the chromium 
content and frequently results in undesirable brittleness in the welded equipment 
made from the higher ranges of chromium content. Small additions of nitrogen 
alleviate this tendency toward grain growth. 

Probably the most widely used compositions for fabricated equipment come 
within the range of 15-18% chromium with 0.10% max. carbon. This material 
is readily welded and when the fabricated equipment is properly heat treated 
(1450‘’F., slowly cooled) it possesses a satisfactory combination of physical properties 
in both weld and plate and sufficient corrosion resistance to meet the needs of the 
majority of applications. 

Gas Welding-—Chromium irons may be welded by the oxy-acetylene method 
provided adequate precautions are taken, best results being obtained with a practi¬ 
cally neutral flame. A slightly reducing flame will result in brittleness of the weld 
area caused by carbide formation due to affinity of chromium for carbon. A slightly 
oxidizing flame will result in th6 formation of chromium oxides, which, being 
refractory, sometimes results in insufficient penetration of the heat causing reduced 
weld strength and slag inclusions. 

Arc Welding—Electric arc methods, mainly the metallic arc, are successfully 
used in welding stainless irons. A coated wire electrode with the metal wire of 
composition similar to the plate metals, with preferably slightly higher chromium, 
in order to provide for the metal loss during welding, is recommended. 

2. Chromium-Nickel Alloys—Alloys in this classiflcation contain sufficient nickel 
and manganese in addition to the chromiiun, with or without small amounts of 
other metals, to maintain an essentially austenitic condition. The composition, which 
probably represents the major tonnage of plates and sheets fabricated into equip¬ 
ment by welding, is 18% chromium, 8% nickel, and 0.10% carbon max. These 
chromium-nickel steels are also furnished commercially in ratios of 25-12 and 25-20, 
all 0 ^ which have been successfully welded by methods described below. 

All stainless steels, except those stabilized by columbium or titanium, when 
exposed to temperatures of 700-1500®F. will show an accumulation of carbides at 
the grain boundaries. This is known as carbide precipitation and is found in stain- 
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less steel that has been held in this temperature range. It is found also in lines 
approximately parallel to the weld bead and perhaps a quarter inch distant even in 
stainless plates that had been properly heat treated before welding. This is the 
result of the heat of the welding operation and is evidence that the plate metal in 
that narrow zone had been heated to a temperature range wherein carbide precipi¬ 
tation can take place. 

This accumulation of carbides at the grain boundaries in the narrow zones 
adjacent to the welded bead will, in the majority of cases, show less resistance to 
many corrosive media than will the metal at somb distance from the weld and 
where it had not been held in this susceptible temperature range. It is coming to 
be standard practice, therefore, in fabricating stainless steel vessels by welding to 
heat treat the equipment after completing the welding in all cas^s except those in 
which columbium or titanium is present as a stabilizing element. The heat treat¬ 
ment commonly used is to heat to approximately 1950®P. and quench in water. In 
addition to the heat treatment increasing the overall corrosion resistance of these 
alloys, it also puts the metal in its softest, most ductile and impact resistant form. 

Gas Welding—This method is generally applied to the lighter gages. On the 
thinner sections, a flange type weld is used and the edges joined without the 
addition of welding rod. On gages where metal must be added, a bare (uncoated) 
rod is used with a flux added as a thin paste to the work. 

The wider distribution of heat from the acetylene flame, as contrasted with the 
intense and local effect of the arc methods, make it desirable to use chill blocks 
when welding with the gas. Likewise, as a result of the more general heating and 
expansion of the metal sheet, since stainless steel has a 50% higher coefidcient of 
expansion than carbon steel, it will be found convenient to use jigs and clamps to 
hold the work. 

It is of paramount importance in gas welding stainless steel to adjust the flame 
so that it is practically neutral. This will avoid excessive carbon pick up in the 
metal which would materially reduce the corrosion resistance of the resultant weld. 

Arc Welding—The usual methods of arc welding are successfully applied to 
joining the stainless steels. Altogether satisfactory electric welding is done using 
direct current in preference to alternating current. Reversed polarity, that is, work 
negative and electrode positive, is normally used. Coated metallic electrodes are 
preferred. The composition of the welding wire should be similar to the composi¬ 
tion of the plate, preferably with the chromium in the wire slightly higher. 

As pointed out previously, austenitic steels are susceptible to grain growth at 
high temperature. Overheating is, therefore, to be avoided. Adjust the current 
quality to give smooth arc and proceed with laying down the bead as rapidly as is 
consistent with good welding practice. 

G. Copper and Copper Alloys—1. Copper, Tough Pitch, Electrolytic and Lake— 

The materials of this group have high thermal conductivity and a tendency toward 
oxide embrittlement which are the chief obstacles to welding them. The high 
thermal conductivity requires an unusually high input of heat in the welding zone 
in order to compensate for the loss of heat to the surrounding metal. The cuprous 
oxide in the base metal adjacent to the weld is reduced by the hot hydrogen gas 
or tends to collect at the grain boundaries causing a material reduction in weld 
strength which may, however, be corrected by hot forging. 

Resistance Welding —^The resistance welding of this material has been imsuccess- 
ful commercially on account of its high thermal and electrical conductivity. Resist¬ 
ance brazing is possible by use of carbon resistor electrodes. Resistance flash butt 
welds are commercially possible on copper wire and rods with a special procedure. 

Gas Weeding—These materials can be gas welded with a sufficiently large flame 
or by preheating with a charcoal fire or with some form of preheating torch. The 
work should be insulated for heat conservation as well as for comfort of the welding 
operator. The back hand method of welding is preferable for thicknesses greater 
than V 4 , in. If the full strength of the annealed metal is desired, it is necessary to 
hot forge the weld or cold peen and anneal it. 

Arc Welding—These materials can be readily welded by the carbon arc, using a 
phosphor bronze or silicon-copper filler rod. The metallic arc is sometimes used for 
sheets in. in thickness, but is unsatisfactory for thicker sheets. It is generally 
necessary to do flat welding though under certain conditions some position welding 
can be done with the carbon arc and a silicon-copper flller rod. 

2. Deoxidized Copper-^This material is a decidedly easier metal to weld than is 
the oxygen-bearing copper and it should be used in all cases where the equipment 
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to be welded is to be subjected to severe service. It is not subject to hydrogen 
embrittlement and, though its thermal conductivity is somewhat lower than that 
of tough pitch copper, this property is still high enough to call for a high input 
of welding heat. 

Resistance WeZdinp—This material is nearly as difficult to resistance spot and 
seam weld as the preceding material. Where necessary to resistance spot and seam 
weld, a satisfactory connection can be made by inserting thin phosphor bronze strips 
or coating the surfaces with tin or solder. 

Gas WeZdinflr—The procedure for gas welding of this material is much the 
same as that for the materials of the preceding group. Hot forging of the weld 
or cold hammering followed by an anneal will improve the ductility and strength, 
but the material is generally used in the as-welded condition. 

Arc WeZdinp—The procedure for arc welding of this material is quite similar 
to that for the materials of the preceding group, but it is difficult to weld this 
material in thicknesses greater than ^ in. by the metallic arc process. With the 
carbon arc process satisfactory results can be obtained. 

Bronze WcZdinflr—Bronze welding of this material has proven particularly satis¬ 
factory in connection with copper tube and brass pipe plumbing installations. 

3. Commercial Bronze, Red Brass, Low Brass, Ounce Metal, and Hydraulic 
Bronze—^These constitute some of the most common commercial alloys of copper and 
are \isually encountered in the form of sheets, tubes and wire. The leaded alloys are 
largely used as castings for pipe fittings, or valve bodies. The group is, in general, 
quite weldable except that, if the weld metal is superheated, trouble is experienced 
with zinc vaporization. The unstable lead oxides sometimes weaken the welds made 
in the leaded alloys. 

Resistance WeZdin^—-Resistance, spot and seam welding of this group of 
materials is almost as difficult as on copper, because in addition to the high electrical 
and thermal conductivity there is danger of zinc vaporization. 

Gas WcZdZnflf—The procedure for this class of material is similar to that for 
the two preceding groups. Where for artistic purposes an exact color match is 
desired it is usually necessary to. use strips of the base metal for filler metal. A 
strongly oxidizing flame is sometimes used to suppress zinc vaporization. A good 
brazing flux is always required. 

Arc WeZdinp—-The arc welding of materials in this group is difficult except 
where the carbon arc can be played on a zinc-free filler metal as applied in flat 
butt or lap welding so that the base metal is not fused but is heated by the highly 
superheated weld metal. This is the only manner in which serious difficulty from 
zinc vaporization can be avoided. 

Bronze WcZdIng—This material can be readily bronze welded provided a satis¬ 
factory flux is used. 

4. Brazing, Spring, Admiralty, Commercial, Alpha, and Yellow Brass—^These 
more common of the brass alloys have a sufficiently low melting range and heat 
conductivity to render oxy-acetylene and resistance welding comparatively easy. 
They are not, however, as easy to weld by the electric arc method as the materials 
in the preceding group and the use of metallic arc welding is not recommended 
for any application on account of the vaporization of the zinc. A brazing flux is 
used invariably on this group of alloys. 

Resistance Welding —Resistance welding can be applied to this group of 
materials by machines that have carefully controlled pressures and current timing. 
The material must be carefully cleaned and prepared as any unexpected change in 
conditions may cause burning of the work or of the electrode. 

Gas WcZdinp—While the gas welding process is considered the most satisfactory 
method for welding these alloys, the temperature of the gas flame is high enough 
to render rapid vaporization of the zinc unless care is' taken to avoid it by either 
controlling the heat of the flame in the application or by using a strongly oxidizing 
flame. Special fluxes are also used for the purpose of covering the molten weld metal 
with a suitable film to suppress zinc vaporization and obtain sound weld metal. 

Arc WcZding—While metallic arc welding Is generally unsatisfactory for this 
group of alloys, it is possible to apply carbon arc welding by a suitable technique 
in which the arc is directed toward the zinc-free filler metal rods. 

5. Muntz Metal, Tobin Bronze, Naval Brass, Manganese Bronze, and Extruded 
Brass~The materials in this group are similar in welding properties to the yellow 
brass group. They have good hot forging and extruding qualities and also have 
high strength and good corrosion resistance. 
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Resistance Welding—This material can be resistance, spot and seam welded 
quite satisfactorily. The current values are about the same as those required for 
steel. The pressure exerted on the work should be light and the balance of applica¬ 
tion of heat should be as short as possible. 

Gas Welding—Oxy-acetylene welds in this material are strictly fusion welds, 
although the heat conductivity of the material is still high as compared with that 
of steel, so that a large flame is necessary. Zinc vaporization is suppressed by 
using an oxidizing flame. Where used in the form of architectural bronze a good 
color match is obtainable in welding if filler metal strips are cut from the base 
metal. 

Arc Welding—These materials are not commonly welded by the metallic arc 
process, but welds are possible by use of the carbon arc method using a long arc. 
They are not ordinarily welded in thicknesses exceeding % in. 

6. Nickel Silver—This group of materials is used where a white metal or artistic 
metal is desired and to some extent for reason of corrosion resistance. The nickel 
content renders the material easier to weld on account of the lower thermal and 
electrical conductivity. There is a tendency for nickel oxide to form but this can be 
checked to some extent by the use of a suitable flux. 

Gas Welding—The oxy-acetylene process is well adapted for the welding of 
this material, particularly in connection with certain lapped connections. Nickel 
silver welding rod is given the preference because it makes a good color match with 
this material. This material is largely used in architectural designs and is par¬ 
ticularly well adapted for butt or mitered joints. One of the essentials for applying 
gas welding to this material is that both the base metal and the welding rod must 
be cleaned and covered with a good brazing flux, and a neutral flame should be used. 

Arc Welding—Carbon arc welds can be made satisfactorily if phosphor bronze 
electrodes are used, although silicon-copper electrodes should be used where it is 
necessary to perform position welding. In case of metallic arc welding covered 
electrodes are necessary to obtain satisfactopr strength and color match. With this 
process difficulty is experienced with vaporization of zinc from the base metal. 

7. Phosphor Bronze—Most of these alloys have insufficient phosphorus to insure 
thorough deoxidation and as a result tin oxide and in some cases lead oxide are 
likely to be developed in the weld metal. This should be avoided by keeping the 
heat, in the case of arc welding, off the base metal and playing it on the weld 
metal which should have sufficient phosphorus to insure deoxidation. The metal is 
inclined to be hot short and subject to dendritic shrinkage cracks under certain 
conditions. For instance, a wide spreading heat and slow cooling are likely to pro¬ 
duce these hot short cracks and porous places in the weld metal. A narrow heat 
zone with quick solidification promotes soundness. 

Resistance Welding—This process of welding is applicable only to this group of 
metals in sheet and wire free from lead. It welds at a lower heat and at about the 
same pressure as brass, and strong sound welds are the usual result. 

Gas Welding—On account of slow cooling and high shrinkage this process of 
welding is not so desirable as some of the others. Welds of this process must neces¬ 
sarily be fusion welds if phosphor bronze welding rods are used, but the base metal 
need not be fused if the rods are of yellow bronze. The latter do not give a good 
color match but this yellow bronze is the easiest metal to apply without danger 
of developing hot short cracks. With either metal a neutral flame and a good 
brazing flux are desirable. If a phosphor bronze rod or cast bronze rod with a high 
percentage of tin is to be used, a reasonable degree of preheat is necessary. 

Arc Welding—Axe welding is satisfactorily applied to this group of materials. 
With the carbon arc process, the arc should be played on the weld metal so as to 
avoid oxidation of the tin in the base metal. With this process the concentrated 
application of heat tends to keep the contraction at a minimum. The use of a flux 
is desirable although not entirely necessary. Welds of this type can be made oifly 
in the flat or nearly flat position. If the metallic arc process is to be used a flux 
coated phosphor bronze electrode is to be preferred to the bare electrode in order to 
reduce the tendency toward oxidation of the tin. 

8. Copper-Silicon Alloys—These copper-silicon alloys, although commonly carry¬ 
ing about 96% of copper, have low heat conductivity and develop a continuous pro¬ 
tective film on the metal the instant it is melted. This film helps to hold the metal 
in place in fusion welding. Rapid solidification and cooling are desirable in order 
to keep the grain size small. Considerable care must be taken in the welding of 
this material to insure a fine grain structure which results in suitable tensile 
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strength and ductility. The work for welding this material is usually set up in jigs 
so as to hold the edges rigid. The welds in these alloys are improved in both tensile 
strength and ductility by peening and annealing, the peening to be done when the 
metal is cold or nearly cold. 

Resistance WeMing-~The materials in this group are well adapted to resistance, 
spot and seam welding. The current values are somewhat greater than those required 
for the same thicknesses in steel and the pressures required are less. A short heat-on 
period is desirable as the metal is very fluid at the interfaces. 

Gas Welding^With this process the flame should carry a slight excess of oxygen 
which tends to protect the weld metal by an impervious film of the molten silica. 
It is important that the base metal shall be fused simultaneously with the welding 
rod in order to* avoid incomplete fusion or laps. 

Arc Welding^This process has the advantage of highly localized heat but on 
account of the high fluidity of the weld metal, the work must be welded in the flat 
position. The carbon arc method is given preference by some operators because of 
Its ease of control. This process is possible to some extent with position welding. The 
metal should be clean and covered with a suitable flux. 

9. Cupro Nickel—These alloys are well adapted to fusion welding. The four 
sources of trouble to be overcome are: (1) The refractory unfluxable nickel oxide 
which causes the metal to solidify with a rough surface; (2) the tendency of the 
metal to absorb gas when molten and reject it when solidifying, which causes 
porosity; (3) the tendency toward red shortness; and (4) the danger of burning out 
the protective deoxidizers. 

Resistance Welding—The materials in this group are readily welded by the 
resistance process, being rated as among the best of the copper alloys for this 
group. 

Gas Welding—These materials can be welded by the gas welding process pro¬ 
vided the welding rod has suflicient deoxidizer and a soft flame is used so as to 
allow quick solidification with minimum agitation. The weld metal will be covered 
with a silicon film and the weld should be kept running continuously until com¬ 
pleted. 

Arc Welding —^With metallic arc welding a heavy flux coating on the electrodes 
is essential for sound strong welds. The carbon arc method of welding has not been 
applied to this material. 

10. Aluminum Bronze—These alloys are, as a rule, harder and more readily 
forgeable than the alpha brasses. They may be bronze welded, but care should be 
exercised to start with a clean base metal and cover same with flux before the heat 
is applied. 

Gas Welding—li the aluminum content does not exceed 5% the material can 
be readily welded by the gas welding process, using a suitable flux. The welding 
rod must be of correct size so that it will melt only as fast as it is puddled into the 
weld. The torch adjustment should, for this material, be slightly reducing. 

Arc Welding—h long carbon arc constitutes the most effective method of welding 
the materials in this group. It forms a straight fusion weld and the deposit is 
enhanced by a suitable flux covering. The work should be set up so that the weld 
is made in as nearly as possible the flat position. The metallic arc process has not 
been satisfactorily applied to the materials in this group. 

11. Beryllium Copper—This material is susceptible to heat treatment and will 
attain its maximum strength and hardness with a final precipitation heat. There¬ 
fore, the reduction of strength at the region of the weld can be greatly improved by 
subsequent heat treatment in that zone. This may be accomplished either by hot 
rolling or forging or by a homogenizing anneal. The usual brazing flux will not dis¬ 
solve beryllium oxide but will tend to prevent this oxide film from forming. 

Resistance Welding—The materials in this group are readily resistance, spot and 
seam welded using relatively light pressure and short heat-on periods. 

Gas Welding—Thus far no flux or gas fusion welding procedure has been discov¬ 
ered which will eliminate the difficulty arising from the refractory insoluble film of 
beryllium oxide. 

Arc Welding—The carbon arc process is considered the most satisfactory for 
welding this material because it is possible with a short arc and a high heat to have 
the weld metal flow into the base metal before the tough oxide film is formed. A 
thin application of flux is desirable but not essential. As the metal is extremely 
fluid only welding in the flat position can be performed and a copper backlng-up 
strip is essential. 



WELDING OP METALS 


H. Aluminum and Aluminum AUoys*—The common welding methods which 
have been adapted to joining aluminum and the aluminum alloys, include gas, 
atomic hydrogen, metallic or carbon arc, and resistance welding. In each case some 
knowledge of the metallurgical and physical characteristics of the aluminum alloys 
must be considered to obtain economical results and sound joints. In the following 
is included a general discussion of the essential characteristics of each welding 
method as applied to all of these aUoys. — 

Gas Welding (General )—commonly used gases for welding aluminum and 
its alloys are oxy-hydrogen and oxy-acetylene. Equally good results from the stand¬ 
point of soundness, strength, speed and appearance are obtained with either gas. 
Standard equipment in the way of torches, hose and regulators are suitable for 
welding such materials. Some work has also been accomplished with oxy-natural 
gas and oxy-propane derivatives, and while good soundness and strength have been 
obtained in such welds, the use of these gases does not appear to be economical 
because of the comparatively low rate of welding. 

When fusion welding aluminum, it is important that a suitable flux be used to 
remove the oxide coating which forms on the surface of all aluminum alloys in 
the atmosphere. This oxide coating does not melt at the welding temperatures and 
will prevent smooth coalescence of the weld metal unless a flux is provided that will 
melt somewhat below the welding temperatures and which breaks down the surface 
skin of oxide permitting the liquid metal from the rod to flow into the molten parent 
material. A number of good fluxes are available. These are applied either dry or 
by mixing with tap water to the consistency of a thick paste. 

Practically all aluminum welding fluxes contain chlorides, fluorides, and sul¬ 
phates. Residual deposits on the joints after welding will, in the presence of 
moisture, attack the base metal. Thorough cleaning is especially necessary on parts 
that are to be painted, as the presence of flux will lift the paint coatings over the 
welds. Such action can be prevented by cleaning the parts after welding by scrub¬ 
bing the joints in boiling water. On tanks or parts where the Joints are inaccessible, 
neutralization of the flux can also be accomplished by dipping for 30 min. in a 10% 
solution of cold sulphuric acid, or a 10 min. immersion in a 5% solution of sulphuric 
acid held at 150°P. 

The proper choice of filler material for gas and atomic hydrogen welding is 
important, particularly when joining alloys with comparatively large amounts of 
alloying constituent. Commercially pure aluminum and metal of higher purity are 
generally welded with the same grade of metal as the parent material. The same 
practice is satisfactory for the aluminum-manganese alloys. In welding the alumi¬ 
num-magnesium alloys or the aluminum-silicon-magnesium alloys, a filler rod con¬ 
taining 95% aluminum and 5% silicon is generally used. This rod has a substantially 
lower melting point than pure aluminum, and permits the dissipation of some of 
the stress set up by solidification shrinkage and the thermal contraction which occurs 
in the weld zone as it cools. Cracks in the weld and the transition zone, on parts 
that are welded in jigs to hold proper alignment, can be minimized by using this rod. 

Arc Welding (General)—Muminvan and its alloys can be fusion welded with the 
metallic arc or the atomic hydrogen process. These processes have the advantage 
that the highly concentrated heated zone obtained with the arc prevents excessive 
expansion of the parts being welded with consequent lessening of distortion. In 
addition, the preparation of the joints for welding is simpler and the rate of welding 
is faster. 

Because of the relative difficulty of controlling the arc, it is ordinarily not prac¬ 
tical to butt weld material lighter than 0.06-0.08 in. thick or fillet weld joints on 
plate much lighter than % in. thick. The soundness of the welds, particularly in 
thin material, is usually not equal to that of gas welds. While arc welded joints are 
equal in strength to gas welded joints, it requires considerable care to obtain liquid 
or gas tight joints in material lighter than % in. thick. 

Metallic arc welds can be satisfactorily made with direct current, but the proper 
polarity to be used should be determined by trial on the Joints to be made. The 
capacity of the equipment and the electrode size are determined by the thickness 
of the material to be welded. Electrodes % in. in dia. can be used on thicknesses 
ranging from 0.064-0.125 in. material, using amperages from 45-85; A in. electrodes 
are suitable for thicknesses from in. for which amperages of 85-175 will be 

required; for A in. thickness a A in. electrode and amperages from 175-225 will be 


•By O. O. Hoglund, Welding Engineer, Aluminum Co. of America, New Kensington, Pa. 
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required, while for % in. thickness, a % in. electrode should be used with an amper¬ 
age from 225-300. In general, the use of heavy currents at high welding speeds 
is helpful. 

Unless a suitable flux is provided, the oxide coating present on the filler rod 
and the parent material will prevent coalescence of the weld metal. Consequently, 
successful results are most easily obtained by using a coated electrode on which a 
heavy coating is provided that functions both to remove the coating on the metal, 
and ta stabilize the arc. As the aluminum-silicon alloy provides superior fluidity at 
the welding temperatures, it is used for the filler material in all of the commercially 
available electrodes. 

When the atomic hydrogen process is used, a good grade of aluminum flux 
should be used. A number are available, and, as a general rule, when mixed with 
water to the consistency of a thin paste should be applied to both the filler rod and 
the seam. 

As in gas welding, the choice of filler material is important with this process 
and follows the same rules. Where the thickness of metal being welded is suflacient 
to allow the manipulation, the filler rod may be inserted in the molten pool and 
moved back and forth to assist in breaking up the oxide film which is present. As 
aliuninum flows readily after reaching the molten state, care must be used to keep 
the molten metal from falling through. To prevent this, particularly on plates 
heavier than ^ in., it is desirable to back up the weld. 

Cracking can be largely avoided with atomic hydrogen welding by making a 
short weld about an inch long at the beginning of a seam and allowing it to cool 
before proceeding with the remainder of the seam. Castings should be preheated to 
approximately 425°F. before welding and allowed to cool slowly after the weld is 
completed. Sawdust sprinkled near the seam will char at about the correct preheat¬ 
ing temperature. A powdery layer of oxide and flux gradually accumulates on the 
electrode clamps and may cause the arc to flow between the electrode holder tips 
instead of between electrodes, with resulting damage to the tips. If the ends of the 
electrode clamps are dipped in water occasionally, this accumulation will be dissolved. 

Resistance Welding (General)—The aluminum alloys are joined in production 
by spot, seam, and push or flash welding methods. Sound resistance welded Joints 
can be made provided proper welding equipment is used; the surface of the metal 
is prepared correctly and the proper machine settings are used in operating the 
equipment. 

Equipment characteristics for spot welding aluminuih are not basically different 
from those used for welding other metals, except more rigid control of time and 
pressure is desirable and integration of current should be done in smaller steps. In 
considering timing, electronic equipment that insures delivery of a definite number 
of cycles, and eliminates undesirable transients in the secondary circuit by making 
and breaking the current at the zero point on the a.c. current wave, gives best 
results, particularly on light gage material. Good results can also be obtained with 
contactor type timers, controlled either mechanically or electronically. Experience 
has shown also that hydraulic or pneumatic pressure mechanisms are superior for 
spot welding the aluminum alloys in that duplication of pressure at the tips can 
be obtained most accurately. Current in the secondary circuit must be relatively 
high in equipment for spot welding ^he aluminum alloys because of the high thermal 
and electrical conductivity of these materials. This factor is a question of machine 
design which should be considered in machine specifications in order that sufficient 
current is available. 

Preparation of the surface of the material is significant, particularly from the 
standpoint of welding cost. The oxide coating on some alloys is sufficiently resistant 
to passage of the welding current to cause surface heating, with consequent alloy¬ 
ing of the welding tip materials with the parts. This is particularly true of the 
heat treated alloys where the thermal operations required in heat treating increase 
the thickness, and consequently the resistance of the surface oxide coatings. It is 
desirable on those alloys where excessive tip wear occurs, to remove the oxide coating 
prior to welding. This can be done mechanically with steel wool or emery cloth, or 
with a chemical etch. 

It is essential in setting up a welding operation to use welding tips that will 
maiiitain consistent current and pressure distribution during successive welds. The 
common method of dressing tips with a file is not suitable for spot welding the 
aluminum alloys. Good results in practice have been obtained by machining a con¬ 
tour on the tip that can be maintained periodically with a fine grade of emery held 
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in the fingers. A tip machined to a cone 158-165*^ included angle, or a tip with a 
hemispherical end is usually used. Spot welding tip materials should have a con¬ 
ductivity better than 75%, and a hardness exceeding Rockwell B 60. Calibration of 
the current and pressure delivered by a machine are essential to make proper 
machine settings. 

Seam welding is a special application of spot welding in which rolls are used for 
electrodes, and the current is applied intermittently. Machine characteristics, as 
outlined above, apply as well to seam welding equipment except that successful 
results have been obtained only with electronic timing devices.. In making liquid or 
gas tight Joints, the timing cycle is adjusted so that the current is on not more 
than 30% of the time. By adjusting the timing cycle and the speed of the rolls, 
overlapping or intermittent welds can be made. Machine settings for seam welding 
depend upon the gage, temper, and alloy to be welded, and specific problems in 
connection with supplying suitable equipment should be referred to the machine 
manufacturers. 

The electric butt resistance welding of all the wrought aluminum alloys is pos¬ 
sible if a welder of proper design is available, but the aluminum-manganese and 
high purity aluminum are more readily welded by this method. 

Simple cylindrical and rectangular sections of aluminum can be push welded. 
The parts to be welded are clamped in dies and pressure is applied before the 
application of power. Application of power causes surface melting of the aluminum 
and softening of the metal near the plane of contact. The Joint is held under 
pressure by the dies, which causes the molten and soft metal to squeeze out of the 
joint. Power is cut off after a predetermined die travel or number of cycles of current 
application. Rapid freezing of the weld takes place because of conduction of heat 
away from the Joint. 

Push welds require excellent fit between the pieces being welded and between 
the pieces and the clamping dies. Equipment for such welding is characterized by 
high current capacity and rapid free movement of the movable die. 

The flash butt weld process is adaptable to welding complicated extruded shapes 
of aluminum as well as the simpler cylindrical and rectangular shapes. The parts to 
be welded are clamped in dies and power is applied before the parts are allowed 
to come in contact. Movement of the dies together is accomplished by a motor 
driven cam which imparts an accelerated motion to the movable die. Plashing is 
maintained for from sec. during which time from %-l in. of aluminum is 

flashed from the parts being welded. The flashing period is terminated by the 
nearly simultaneous cutting off of power and a sudden increase in velocity of the 
moving die. The ends of the parts being welded are forced together and rapid freez¬ 
ing of the weld takes place because of conduction of heat to the dies. 

Good fit between the parts being welded is not necessary. Dies should fit the 
aluminum section well enough to provide mechanical support for projections or thin 
sections and clamping pressure must be high enough to prevent slippage during the 
final push-up period. 

The relation between welding time, die motion, die spacing and welding current 
is varied for each section and alloy of aluminum welded. Sufiftcient data on machine 
settings are not available, and for this reason it is recommended that before obtain¬ 
ing equipment for flash welding aluminum, tests on the particular alloy and section 
be made to determine the electrical and mechanical specifications for a suitable 
machine. 

1. High Purity Aluminum—In some cases it is necessary to use material of purity 
higher than commercially pure aluminum, in order to obtain better resistance to 
certain types of chemical attack. A typical example is found in storage or ferment¬ 
ing tanks used in the brewery industry where a purity of 99.5% aluminum is usually 
applied. 

Resistance Welding—These materials lend themselves readily to spot, seam or 
butt welding and no special practices are required. The resistance to corrosion of 
resistance welds is not inferior to the parent material. 

Some difficulty may'be experienced in attempting to spot or seam weld high 
purity aluminum in the soft temper on material that is heavier than 0.100 in. thick. 
This is apparently caused by the fact that the hardness of these materials in the 
soft temper is not sufficient to prevent the welding electrodes from deforming the 
surface, with consequent spreading of the current and pressure distribution during 
the welding cycle. This results in weak and inconsistent welds. This is not true in 
the intermediate or hard tempers of these materials. 
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Gas and Arc High purity aluminum requires no special treatment from 

the standpoint of welding technique when considering equipment, preparation of 
Joints, or machine settings. In order to obtain comparable resistance to corrosion 
in the welds to that in the parent material, a filler wire of the same composition as 
the parent material should be used. This is frequently handled by shearing strips 
from the parent material. If metallic or carbon arc welded joints are to be made 
in these materials, special flux coated electrodes with a filler material of high purity 
wire should be obtained. 

Welds in these materials are characterized by comparatively high ductility and 
dressing operations are usually carried out by hammering. A tensile strength across 
the welds equal to the strength of the annealed temper of the parent material is 
obtained on fusion welded joints regardless of the temper of the material prior to 
welding. Sound welded joints can be made in any of the commercial forms of these 
materials. 

2. Commercially Pure Aluminum—Commercially pure aluminum is readily weld¬ 
able by all methods. It is widely used on dairy and chemical tankage wherever the 
mechanical properties are adequate. 

Resistance Welding—A\\ of the commercial forms of commercially pure aluminum 
are spot, seam, or butt welded in production. No special technique is required for 
welding these materials and because of the excellent surface present on commer¬ 
cially pure aluminum, this is probably the most economical alloy to use from the 
standpoint of resistance welding cost. It is also common practice to resistance weld 
cast parts in which the composition has been varied to improve mechanical prop¬ 
erties or casting qualities to articles made from commercially pure aluminum. 

The previous remarks concerning the welding characteristics of the annealed 
temper mentioned in Section 1, apply as well to commercially pure aluminum, though 
to a lesser extent. 

Gas and Arc WeZding—This material can be both gas and arc welded, and 
commercial applications have been made on parts ranging in thickness from 
0.020-1 in. Butt welds are characterized by high ductility in the welds and excel¬ 
lent resistance to impact or shock loading. A strength equal to the tensile strength 
of the annealed material is obtained in the welds. 

Commercially pure aluminum is generally used as a filler material when making 
welds and considerable testing and practical use has indicated that the resistance 
to corrosion of such welds is substantially equal to that of the parent material. 
Metallic arc welding is generally done with standard flux coated electrodes contain¬ 
ing Al-Si filler rod. However, where maximum resistance to chemical attack is 
important, a spe<dal coated electrode containing commercially pure aluminum filler 
material should be used. 

3. Al-Mn Alloy—This alloy is substantially the same as commercially pure 
aluminum from the welding standpoint, except that the mechanical properties of 
both the parent material and of welded joints are higher. 

Resistance Welding—In this case also, no difference is apparent in the technique 
of welding this alloy compared to commercially pure aluminum. The strength of the 
welds, however, is higher. 

Gas and Arc Welding—This alloy is widely used where higher strength than can 
be obtained in welded parts made from commercially pure aluminum is required. 
The previous remarks on filler wire and resistance to corrosion apply as well to 
this material. 

4. Al-Mg-Cr Alloy—By alloying aluminum with magnesium and chromium, a 
material is available with considerably higher mechanical properties than can be 
obtained with the previously mentioned alloys. This introduces some problems, par¬ 
ticularly from the standpoint of fusion welding, which are described in the following. 

Resistance Welding—This alloy can be readily spot, seam or butt welded and 
because of the high strength and hardness, no difficulty is experienced with any 
temper. Some of the commercial forms, particularly the annealed sheet, are covered 
with an oxide coating that will cause wear on the welding electrodes unless it is 
removed prior to the welding by mechanical or chemical means. The strength of 
spot and seam welds in this alloy is higha: than that obtained with the previously 
mentioned materials. Spot welding this alloy has found wide application for 
assembling airplane gasoline tanks. 

Gas Welding—This material is more sensitive to the application of the welding 
heat in that cooling cracks, caused by the thermal contraction and solidification 
shrinkage may occur when the weld cools. This condition is minimized if a filler 
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material of lower melting point than the parent material is used, and practically all 
gas welding is done with an Al-Si filler rod. The above condition is not serious when 
the thickness of the parts is such that welds can be made in one pass. Consequently, 
most commercial applications have been made on material up to ^ in. thick. 
'Welded joints in thicker parts will usually require some preliminary trial to deter¬ 
mine a method that will cause the least stress in the welds during the cooling period. 

The strength of welds in this alloy is generally equal to the strength of the 
annealed material, but the elongation in the welds is substantially lower than that 
obtained on commercially pure aluminum or the Al-*Mn alloy. 

Arc Welding—The above remarks do not apply to joints made with the metallic 
or carbon arc welding processes. In this case the welding heat can be concentrated 
to a narrow zone and the diflSculties from cracking as the weld cools are practically 
eliminated. The standard arc welding technique using Al-Si filler wire in the 
electrodes is generally used for arc welding this alloy. 

5. Al-Mg-Mn Alloy—^This alloy is similar, from the welding standpoint, to Al-Mg- 
Cr alloy just described, and the welding characteristics as described can be applied in 
this case. 

6. Al-Si-Mg Alloys—These alloys rely for their strength on heat treatment 
operations in which the material is treated thermally so that the metallurgical struc¬ 
ture is arranged to obtain comparatively high mechanical properties. It follows that 
the application of welding heat may partially obliterate the heat treated structure 
with consequent lowering of properties. 

Resistance Welding—These alloys are widely used for resistance welding appli¬ 
cations, particularly of the type where structural sections are spot welded to sheet 
panels to stiffen the panels. 

Because of the heat treating operations applied to these alloys, an oxide coating 
is usually present on the surface which interferes with the passage of the welding 
current. In order to prevent surface heating between the parts and the weld¬ 
ing tips, mechanical or chemical cleaning operations are performed on the surface 
contacting the welding tips prior to welding. 

Gas Welding—AW of these alloys can be joined with the welding torch. A width, 
in the parent material, from two to five times the thickness of the material has been 
effected by the heat in this method of welding. Reheating after welding will increase 
the strength of the joint, but because of the cast structure in the weld, a strength 
equal to the parent material is not obtained. The strength of a gas welded object 
of these alloys is usually not predictable as the annealing effect of the welding 
heat is dependent on the amount and location of the welds in the parts. Mechanical 
tests on the welded parts are usually carried out to determine the suitability of the 
welded assembly for the service intended. 

The welding technique is substantially the same as for other materials and 
the resistance to corrosion of welded joints is good. Filler wire of Al-Si is usually 
used. 

Arc Welding—Because of the comparatively narrow zone affected by the welding 
heat, less difficulty is experienced from cooling cracks when these alloys are assem¬ 
bled with the metallic or carbon arc. The strength of the welds, however, is approxi¬ 
mately the same as that obtained with the gas torch and the previous remarks made 
in connection with gas welding apply as well to arc welded joints. Flux coated 
electrodes containing Al-Sl filler wire are used for arc welding these alloys. 

7. Al-Cu-Mg-Mn Alloys—This group of materials contains the aluminum alloys 
in which the strength is increased to a maximum by heat treatment operations. The 
effect of welding operations is, with two exceptions, to reduce the resistance to corro¬ 
sion and mechanical strength. Consequently, these materials do not find extensive 
use in welded parts. 

Resistance Welding—These alloys can be assembled by spot, seam or butt 
welding with good results, from the standpoint of static mechanical strength. 
Exposure tests on resistance welds have indicated that the resistance to corrosion of 
the welds is not equal to that of the parent material. Protection by paint is essential 
to insure lack of deterioration in the joints from corrosion. It is important in 
some applications, particularly aircraft structures, that the resistance to corrosion 
of spot welds be as good as the parent material in the high strength alloys. This 
is obtained by providing a surface on the alloys of high purity aluminum that pro¬ 
tects the material from corrosive Influence. For'this purpose aluminum clad materials 
have been produced and considerable testing of spot welds exposed to corrosive 
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conditions has indicated that welds can be made in these alloys that have corrosion 
resistance equal to the parent material. 

Gas Welding—Both the strength and resistance to corrosion of welds in these 
alloys are substantially lowered by gas welding. 

Arc Welding—The previous remarks on gas welding apply to metallic and 
carbon arc welding of these alloys. However, when the welds can be placed in 
the structure where the stresses are low, these alloys can be arc welded. As the 
welding heat may afTect the structure of the alloy, it is suggested that welded parts 
be tested prior to use. 

I. Nickel and Nickel Alloys*—Nickel and the high nickel alloys are welded by 
the methods commonly used for the Joining of steel (oxy-acetylene, metallic arc, 
carbon arc, resistance welding, and Hash welding methods). 

1. Rolled Nickel—Resistance Welding—The spot, seam or stitch and projection 
welding of this material is readily done. One practical application of the spot 
welding of nickel is the internals of radio tubes. 

Gas Welding—This material is readily gas welded using the oxy-acetylene 
flame. The filler metal should be a bare nickel gas welding rod made for the 
gas welding of wrought nickel, and with which no flux is used or needed. The 
oxy-acetylene flame should be slightly reducing with a ^ in. excess acetylene 
feather. The envelope of the flame serves to preheat the unwelded seam (forehand 
welding), with the welding rod kept within the flame envelope to avoid undue 
oxidation of the heated end of the rod. It is not necessary to peen the gas weld 
when it is either hot or cold, as there is no porosity present. Certain types of 
fabricators still prefer to cold work welded equipment—a procedure which is not 
harmful if care is taken to avoid excessive cold work. The deposited metal Is 
extremely ductile and can be cold worked in later forming operations. 

Arc Welding—A nickel welding electrode with a heavy flux to protect the weld 
metal as it passes from the electrode through the arc to the plate being welded 
is required. No Sux other than that on the electrode is necessary. Nickel is satis¬ 
factorily welded using reversed polarity, that is, with the electrode positive and 
sheet negative, and with a short arc—24-26 volts across the arc. Welding can be 
done in any position—the flat or downhand, vertical or overhead positions. Tensile 
strengths of arc welded butt Joints in nickel are of the order of 60,000 psi. min. with 
satisfactory ductility. 

Carbon Arc Welding—A small dia. carbon, A, or % in. in dla., tapered about 
2 in. to a pencil point is used on straight polarity with a short arc. The carbon arc 
merely supplies the heat and is either used to fuse together edges or is used with 
a lightly fluxed nickel filler rod. 

Silver Brazing —Silver brazing is easily done using the low temperature brazing 
alloys and appropriate silver brazing fluxes. The use of borax as a flux is to be 
avoided as it affords insufficient protection, while the low flow point solders are 
melting. 

2. 67% Nl-30% Cu Alloy— Resistance Welding—With spot, seam, stitch or 
projection welding, high current densities flowing for short times, less than 15 or 20 
cycles, are preferred. Pressure should be Just sufficient to hold the metals in contact 
to prevent arcing or undue spatter. 

Gas Welding —The gas welding of this alloy is done with a gas welding wire 
of the same composition and a gas welding and brazing flux designed for this 
alloy. A slightly reducing flame is required as with nickel and under this flame the 
weld metal is very fluid. Position welding is regularly done on pipe lines. The pool 
of molten metal is not to be puddled or boiled as this may introduce harmful oxides 
which in turn may embrittle the weld. 

Metallic Arc Welding—The electrode for the metallic arc welding of wrought 
and cast forms of this alloy consists of a wire with a.core of the same composition 
as the alloy with a heavy flux covering. 

Reversed polarity with the electrode positive and the plate negative is required 
for welding in the downhand, vertical, or overhead positions. Regardless of the posi¬ 
tion of the work, the electrode is held approximately normal to either the plate or 
the surface of the pool of molten metal. 

Tensile strengths are of the order of 70,000 pel. min. and elongation in free bend 
30% minimum, with nick break tests, and X-ray examinations satisfactory. 

Carbon Arc Welding—A small dia. carbon pencil, % in. or smaller, is ground to 
a long taper and gripped in the eleetrode holder in a straight polity welding 

*Bj Frank Flocke, International Nickel Co., New York. 
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arrangement. A welding rod of the same alloy with a light coat can be used where 
filler metal must be added to the joint. In other cases, the carbon pencil may be 
used to make an edge weld by melting the flanged edges of sheet metal, in which 
case no filler rod is added. This joining method is particularly useful for melting 
down the ends of thin walled tubes projecting beyond the surface of tube sheets 
or in welding this alloy of the order of 0.050 in. or 0.062 in. in thickness where a 
minimum of finishing is required. 

3. 79% Ni-13% Cr-6% Fe Alloy—-i^csisfance WeZdfnp—The notes in the section 
above on the resistance welding of the 67-30 Ni-Cu alloy apply equally in the present 
case of joining this Ni-Cr-Fe alloy. 

Gas Welding^A welding rod of the same composition as the material being 
welded should be used. Since the oxides of chromium are refractory and tend 
to interfere with gas welding if not fluxed away, a flux suitable for chromium bear¬ 
ing nickel alloys will be found useful. Sound, ductile welds are easily made with 
a moderately reducing oxy-acetylene flame and appropriate welding rod and flux. 

Metallic Arc Welding—An electrode of the same alloy with a suitable flux coating 
is used in making arc welded joints. This alloy is regularly welded using reversed 
polarity. Welds are strong and ductilej. 

4. Ni-Cu-Al Alloy— Resistance Welding—Hhe information given above on the 
resistance welding of the Ni-Cu alloy applies equally to the spot and seam welding 
of this Ni-Cu-Al alloy. 

Gas Welding—The use of a special flux applied in the form of a water paste 
is required to produce sound gas welds. The heated end of the filler rod of the 
same alloy must be kept within the protecting envelope of the oxy-acetylene flame 
to prevent oxidation of the aluminum constituent of the rod. A strongly reducing 
flame is required. 

Metallic Arc Welding—As this is a nonmagnetic, heat treatable alloy, welds 
made in this material must have similar characteristics, thus necessitating the use 
of a coated electrode of the same alloy. Metallic arc welds can be annealed or 
hardened by heat treatment. 

Silver Soldering—Care must be taken when preparing this alloy for silver 
soldering to have all edges smooth to avoid any sharp notches, or cracking will 
result because of the hardness of the metal. A low temperature silver brazing alloy 
melting about 1175®P. is preferred. 

J. Lead—Jointures in lead have been made for many years by a process known 
as lead “burning” for sheets and plates, and lead “wiping” for pipes and irregular 
sections. The term “lead burning” is, however, a misnomer, as the lead is not 
burned but is fusion welded by application of a suitable flame, either with or 
without the addition of filler metal. 

Lead is a material of high density but low melting point (621.3®P.) in its com¬ 
mercial forms. By alloying with antimony, bismuth, cadmium or tin, its physical 
properties can be greatly changed, including the melting point. Due to its relatively 
low range of melting temperatures, it is difQcult to manipulate under the welding 
flame, and if the operator is not careful it is only too easy to burn holes through 
the material being Joined. 

Two forms of Joints are used with sheet lead, the butt and the lap types. With 
the butt type the edges of the plate do not need to be beveled unless the plate 
is of considerable thickness, in which case the edges are beveled to an included 
angle of about 30®. The edges of the plates to be welded are scraped clean and 
bright on both sides to remove all lead oxide for a distance of about % in. back 
from the edges. This is usually accomplished by use of a sharp shave hook. For weld¬ 
ing the edges are placed close together, then tacked at points about 1 ft. apart and 
the V is filled in with molten lead fused with the flame from the end of a lead filler 
rod. The seam is usually filled in with lead to give some reinforcement, particularly 
on heavy plates. 

In making lap joints the edges are cleaned of lead oxide on both sides for a 
width considerably more than the width of overlap, using a sharp shave hook. The 
sheets are lapped from in. according to the thickness of the plate and the 

strength of the joint that is required. The welding flame is used to fuse the plates 
by melting out a section of the upper sheet edge which flows down and joins into 
the lower sheet. The flame is carried forward by a succession of in and out and 
progressive movements which is for the purpose of distributing the heat and pre¬ 
venting burning through the plate at any one point. Great care must be taken 
in manipulating the flame so that a small portion of the overlapping sheet is welded 
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at a time in view of the probability of liquid lead running off and dropping. This 
requires careful adjustment of the torch to give exactly the desired size of flame 
and careful manipulation by the operator to hold the surface metal near the fusing 
point and still avoid rendering the material too fluid. 

The cross section of the lead filler or "'burning bars** depends on the thickness 
or weight of lead to be welded; % in. wire size is recommended for 2 and 3 lb. lead; 
% in. for 3H-5 lb. lead; A in. for 6-8 lb. lead; and % in. and % in., depending on 
the type of seams, for 10. 12. 16 and 20 lb. lead. 

The importance of using lead welding rods of the correct size for each weight 
of lead can hardly be over-emphasized. If the bar is too light, the time required 
to fuse the lead needed for each deposit permits oxidation to take place due to the 
fact that the metal is light and is likely to be overheated. If a heavy bar is used 
with a small flame, the metal does not melt sufficiently to carry on the seam, and 
the seam chills during the lost time period while the fldme is melting the lead. 
Fusing the flller is done over the sheet of course, and the time interval between 
fusing the burning bar and depositing it on the sheet must be carefully gaged. 

K. Magnesium Alloys*—The chief methods employed are gas welding, electric 
resistance seam and spot welding, and electric resistance butt welding. The mag* 
nesium sheet alloys have good oxy-acetylene welding characteristics. Cast, extruded 
or forged fittings to be welded into magnesium sheet structures should be of the same 
alloy composition as the magnesium sheet. 

The approximate compositions of the standard wrought magnesium alloys, suit¬ 
able for welding, are as follows: 


No. 

A1 

Mn 

Zn 

Mg 

1 

4.0 

04 


Balance 

2 

3.0 

0.4 

1.6 


3 


1 5 


•• 

4 

6 5 

0.3 

0.75 


5 

6.8 

0.3 

1.25 

II 


In the extruded form the first two alloys above are also readily oxy-acetylene 
welded. The third alloy is weldable only In relatively short seams. The gas welding 
of other extrusion alloys, while possible to a limited extent, is at present not 
recommended. 

Gas Welding—The oxy-acetylene flame offers a protection to the molten metal 
due to the formation of a protective atmosphere. Welding magnesium alloys with 
the oxy-hydrogen flame requires considerably more skill and is therefore not recom¬ 
mended. The procedure, so far as the manipulation of the flame is concerned, is 
similar to that employed for aluminum and other metals. It has frequently been 
found that magnesium parts can be welded more rapidly than aluminum, due to their 
lower heat capacity. Holding the flame sideways at an angle of 30-45® to the 
work will produce the best results. When welding thin sheet, this angle should 
not exceed about 30® to keep the flame from burning holes in the sheet. 

The welding rod should in general be of the approximate composition of the 
work to be welded. The size of welding rod should bear a relation to the thickness 
of sections for which they are to be used as follows: % in. rod should be used for 
thicknesses up to 0.060 in.; A in, rod for thicknesses from 0.050-0.110 in.; % in. rod 
for thicknesses from 0.100-0.220 in., and A in. rod for thicknesses of 0.200 in. and 
over. 

After welding traces of welding flux should be carefully removed from the 
unused portion of the welding rod. Strips cut from sheet may be used instead of 
welding rod if no rod is available. Welded seams made with strip, however, are 
less uniform than seams made with rod. 

A special welding flux supplied by the producers of the alloys is advisable for 
welding magnesium. The flux is applied to the welding rod and to the parts to be 
welded. As the welding flux must be completely removed after welding, only butt 
welding is permissible. Lap welds or any type.of weld that may produce pockets 
or corners where flux might become entrapped must be avoided. Illustrations of 
this type are shown in Pig. 1. Instead, the joints should be designed as shown 
in Pig. 2. 

The pieces to be welded must first be carefully fitted. Oil or grease should be 
removed from the areas to be welded with naphtha, gasoline, carbon tetrachloride or 


*By H. Menklng, American Magnesium Corp., Cleveland. 
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hot alkaline cleaners. The edges of sheet to be welded and the adjacent part of the 
sheet surface (about % in. wide) should then be carefully cleaned and brightened 
by wire brushing^ filing, or scraping. The joints to be welded require different 
preparation depending on sheet thickness, in accordance with Pig. 3. Sheet of thin 



Fiff.l 



Fig^B Fig:3 


Fig:4 




Fig-, 5 


gages (up to 0.040 in.) is flanged about % in. as shown in 
Pig. 3, and the flange is welded down into a plain butt. For 
heavier gages, from 0.125 in. and greater, it is advisable to 
notch the edges with a cold chisel to facilitate penetration of 
the weld. The notches should be about A in. deep and A in. 
apart. 

Castings or extrusions can be welded to sheet if their 
section is reduced by filing to the approximate thickness of 
the sheet to which they are to be joined. Sections of slightly 
different thickness may at times be welded to each other if 
the heavier section is preheated, so that both edges of the 
seam will begin to melt and flow at the same time. Rivets of 
aluminum alloys, when used in magnesium construction, must 
not be welded over as this results in a brittle alloy of imcer- 
tain composition. 

Welding Procedure—After fitting and cleaning the pieces 
to be welded, they should be preheated with the torch to 
about 500-600''F. and the flux applied to the sheet edges and to the rod. The seams 
should next be tacked at intervals of from in., depending on the type of 

work. A distance of 1-2 in. is then completely welded on each end of the w^d in 
order to minimize warping in the subsequent welding of the seam. Any sheet which 
tends to warp during tacking should then be straightened out with a wooden 
hammer while it is hot. After reheating the sheet and covering the tacked spots 
with flux, the entire seam should be completed and the sheet again straightened 
with a wooden hammer. 

In order to obtain a smooth weld, it is desirable to keep the welding wire in the 
molten pool of metal and not remove it any oftener than necessary. To accomplish 
this, sufficient flux should be applied to the work and to the welding wire before 
welding so as to avoid the necessity of frequently renewing the flux on the welding 
wire. If any portions of the weld should begin to oxidize, the work must be stopped 
and the oxidized portion carefully scraped or filed out. The cross section of a proper 
weld is shown in Pig. 4. Welds with cross sections as shown in Pig. 5 should be 
avoided. 



Weld Cleaning—After welding, the flux must be carefully removed with hot 
water and a wire brush. The welded part should then be given the chromium 
pickle or dichromating treatment. This treatment is applied by dipping for about 
1 min. in a solution made according to the following formula: 


Sodium dlchromate (Na 3 Cra 07 . 2 Ha 0 ). 1.5 lb. 

Concentrated nitric acid (sp.gr. =: 1.42)... 1.5 pints 

Water.to make Igal. 


The welded article is then allowed to drain, rinsed in cold running water and 
placed for at least 2 hrs. in a container with hot water containing about 0.5% 
sodium dichromate. Finally the part should be carefully dried, preferably with a 
heated air blast. Lacquering of the completed seam is an excellent precaution and 
insures stability. 
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Electric Resistance Welding-—Spot, seam or butt welded joints are used to an 
increasing extent in magnesium structures. They combine high strength with econ¬ 
omy in operation. The absence of any welding flux Insures stability without any 
special precautions. 

Magnesium sheet and extrusion alloys spot weld satisfactorily. The different 
alloys of sheet and extrusion alloys may be spot welded to each other, although 
the use of the same alloy is preferred. Magnesium sheet may also be spot welded 
to magnesium alloy castings of not more than about M in. wall thickness. 

Ordinary copper is unsatisfactory for electrodes as the high pressure employed 
distorts the contacting surface. This deformation can be avoided by using one of the 
special hard high conductivity, copper-base alloys made for this purpose. The tips 
of the electrode should be kept clean by frequent dressing to obtain uniform results 
and to avoid a rough surface of the spot and alloying of the tip material with 
the sheet. 

Both the surfaces to be welded and those contacting the electrodes should be 
cleaned of oil and dirt and brightened with sandpaper, emery cloth, or by wire 
brushing before welding is started. 

After welding, the spots should be wire brushed and dichromated. The two 
hour period of immersing in hot water, as applied on gas welds, may be dispensed 
with, as no welding flux is used in spot welding. 

Electric seam welds may be used on all sheet alloys and most of the extrusion 
alloys. For seam welding, equipment with the same general characteristics as 
described for spot welds is required, the main difference being that the electrodes 
are power driven rollers. Electronic timing equipment is used to provide interrupted 
power impulses. Electric seam welds may be of the continuous or the intermittent 
type. The continuous seam weld which is really a succession of overlapping spot 
welds will produce gas tight joints. The intermittent seam weld produces joints 
similar to spot welds, but at lower cost since the operation is faster and fully 
automatic. Recommendations given under spot welding for cleaning of the electrodes 
and the magnesium parts to be welded also apply to seam welding. 

Successful resistance butt welds may be made in extruded sections of the 
standard magnesium extrusion alloys (6.5% Al, 0.75% Zn, 0.3% Mn alloy and 4% 
Al-0.4% Mn alloy) and tensile strengths of about 26,000-43,000 psi. with 3-8% 
elongation, depending on the size and shape of the welded section, are obtained. 
Best results are obtained with a combination of flash and push welding in which, 
after the initial melting, the ends to be welded are rammed together by a prede¬ 
termined amount controlled by a cam. Straight push welding in which the pressure 
is exerted by air or by hand is not recommended. The amount of current used is 
considerably lower than that used for aluminum. Many sizes of bars and various 
shapes ranging from 0.080-1 in. in thickness and from 0.150 in. to 1.0 sq. in. in cross 
section have been successfully welded by this method. 

Welding of Castings—Minor defects in magnesium alloy castings such as sand 
holes may be repaired by oxy-acetylene welding provided that the casting is not 
to be highly stressed in service. To prevent cracking, the casting to be repaired 
should be heated to about 600®P. For more complicated castings, slow heating in 
an oven to avoid cracking is essential and the rate of heating should not exceed 
100®F. per hour. Simple castings only may be heated with a gas flame. Immediately 
after welding, the casting should be put back in the oven to insure slow cooling. 
The rate of cooling should not exceed 100°F. per hour to avoid cracking. 

The portions to be welded must be cleaned with a chisel or file and the outside 
oxide layer removed with a wire brush or scraper. The edges should be beveled or 
notched unless the wall is extremely thin (about % in.). On walls of in. thickness 
or more, beveling both sides as shown in Fig. 3 is recommended. If a larger sized 
groove is to be welded, a suitable cast plate with beveled edges should be provided 
and fitted to the groove with % in. play and welded in place. 

The flux is brushed on the edges to be welded and on the welding rod. Because 
the density of the molten magnesium is close to that of the flux, care should be 
taken to prevent the freezing of any flux in the body of the weld. Blowing through 
the pool of molten metal with the flame after welding, will help to bring entrapped 
particles of flux to the surface. 

After cooling down, the repaired portions should be thoroughly cleaned by 
scrubbing with hot water and a wire brush to remove all traces of flux. The built-up 
portion of the seam should then be ground down or machined off and again 
scrubbed with hot water and a wire brush. The casting should then be “dichro¬ 
mated,*' rinsed in cold water and kept in boiling water with 0.5% sodium dichromate 
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for 2 hr. Following this the casting should be placed in a steam chamber or above 
a container with boiling water for 24 hr., which treatment will bring out any traces 
of flux which may have escaped the cleaning. Castings showing flux spots on the 
weld after this period should not be returned to service but again put through the 
above washing, brushing and dipping treatment. 

Welding castings requires more skill and care than welding magnesium sheet 
and extrusions as the sections are heavier, making the elimination of flux inclusions 
more difficult. However, by carefully following the above recommendations, good 
results can be obtained in repairing surface defects in lightly stressed castings. 
Highly stressed castings should not be welded. The strength of welded seams in 
castings of % in. wall thickness is about 21,000 psi. with an elongation of 1-2%. 
Heat treating the welds is at present not recommended. 

Stress Relieving—In the fabrication of welded members, varying degrees of stress 
may be set up within the metal adjacent to the welds, depending upon the size and 
thickness of the adjoining sections, the number of welds, their location, and the 
welding procedure. Members subjected to stress may be given a suitable heat treat¬ 
ment. usually in the form of a low temperature annealing (below the critical point). 

This form of heat treatment, which is commonly referred to as “stress reliev¬ 
ing”. removes the greater part of the stresses set up by the welding operations. It 
involves heating the welded members to a temperature of from 1100-1200®P. 

This “stress relief” treatment consists of heating the welded part uniformly to 
a temperature of at least 1100®F., holding it at that temperature for one hour for 
each Inch of thickness of the thickest part welded, and then slowly cooling it in the 
furnace down to at least 200'*F., after which it may be cooled in the air. It is not 
advisable to raise the temperature at a rate of over 125°P. per hour and the maxi¬ 
mum temperature should not exceed 1200°F. The parts should be so leaded in the 
furnace as to be free from deformation. 

In this connection it is of interest to note the requirements of the Am. Soc. 
Mech. Engrs. Unfired Pressure Vessel Code for stress relief of welded structures, 
which reads as follows: 

All fusion welded vessels constructed in accordance with Par. U-68 (Class 1), shall be stress 
relieved. Vessels constructed in accordance with Par. U-69 (Class 2). shall be stress relieved 
where both the wall thickness Is greater than 0.58 In., and the shell diameter less than 20 In., 
and for other wall thicknesses and shell diameters, where the ratio of the diameter to the cube of 
the shell thickness is less than 100. 

Where stress relieving is required it shall be done by heating uniformly to at least llOO^P., 
and up to 1200''P. or higher, if this can be done without distortion. The structure or parts of the 
structure shall be brought slowly up to the specified temperature and held at that temperature for 
a period of time proportioned on the basis of at least one hour per inch of thickness and shall 
be allowed to cool slowly in a still atmosphere. 

The structure shall be stress relieved by any of the following methods. 

(1) Heating the complete vessel as a unit. 

(2) Heating a complete section of the vessel (head or course) containing the part or parts to 
be stress relieved before attachment to other sections of the vessel. 

(3) In cases where the vessel is stress relieved m sections, stress relieving the final girth 
joints by heating uniformly a circumferential band having a minimum width of six times 
the plate thickness on each side of the welded seam in such a manner that the entire 
band shall be brought up to the temperature and held for the time specified above for 
Stress relieving. 

(4) Nozzles or welded attachments for which stress relief is required, may be locally stress 
relieved by heating a circular area around the nozzle or attachment provided any part 
ol the welded edge thereof is not less than 12t (t = thickness of plate) from the nearest 
adjacent welded joint or other element that would tend to restrict the free expansive move¬ 
ment of the heated area. The outside dimensions of this annular ring to be heated shall 
be at least 6t away from the outermost weld but not less than 5 in., and the entire area 
shall be heated simultaneously. 

Bronze Welding-—The term bronze welding is understood by the welding operator 
to refer to the Joining of the high melting point metals, such as cast iron, nickel, 
and copper, by the use of bronze weld metal. Actually, the word “bronze” is not 
correct, as the alloys are in some cases brasses. For many welding applications, 
bronze welding offers advantages of speed, economy, and ability to do jobs which 
might otherwise be difficult or impossible. 

Bronze welding is essentially an application of the oxy-acetylene process in 
which the Joints produced are not true fusion welds, as the base metal is not melted, 
although a molecular union is evidently formed between the deposited metal and 
the base metal as explained below. Bronze forms a strong bond with metal sur¬ 
faces which have been heated to the proper temperature and treated with a suita¬ 
ble flux. A properly made bronze weld is quite comparable in strength to a true 
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fusion weld. The heat required for the preparation of the edges to be joined and the 
melting of the welding rod is supplied by the oxy-acetylene flame. Because of the 
lower melting point of the rods used for bronze welding as compared with that of 
the material to be joined and the fact that the parts to be joined are required to 
be brought up only to a temperature where tinning and amalgamation with the 
bronze takes place, a much lower welding temperature is required in, for instance, 
the bronze welding of steel than in the making of a steel fusion weld. 

Bronze welding with the electric arc may be accomplished by using a carbon 
arc and bronze or Monel metal flller rod, the arc being directed on the flller metal. 
Ferrous metals may be welded with bronze or Monel metal electrodes with the 
metallic arc process, although in this case, fusion of the base metal results. It 
should be noted, however, that the depth of fusion is not great. 

Physical Nature of the Bronze Base Metal Bond—The character of the bronze 
base metal bond, which produces an adherence of bronze to base metal, in the case 
of cast iron, stronger than the base metal, has been investigated. It has been found 
that three distinct forces act to maintain adherence of the bronze to the base metal. 

(1) Tinning —A clean metal surface will receive a thin film of a molten metal 
of low surface tension. The bond thus produced depends on the action of molecular 
forces at the bronze base metal interface. 

(2) Alloying—\ diffusion of the bronze constituents, copper, zinc, tin, and 
others into the base metal, and a corresponding diffusion of base metal constituents 
into the bronze takes place in a narrow zone at the bronze base metal interface. The 
base metal crystals, at the interface, when examined under the microscope, show 
that there is a diffusion of the bronze constituents into the crystal grains, and an 
alloying of the bronze metals with the base metal. 

(3) Intergranular Penetration—The action of the molten bronze on the base 
metal surface opens up the crystal grain structure of the base metal surface and 
allows the bronze to penetrate the base metal along the grain boundaries. This 
alloying and Intergranular penetration effect accounts for the great strength of 
the bronze base metal bond, which can be produced without surface fusion of the 
base metal. 

Bronze Welding Bods—The bronze welding rod should tin readily when used 
with a suitable flux. It should be capable of building up a deposited metal that is 
practically free from defects due to slag inclusions, or blowholes. The fumes from 
zinc or other ingredients of the bronze should be kept at a minimum since they may 
interfere with the operator. 

In general, the rods have a copper-zinc ratio of 60 to 40 and contain additions 
of tin, iron, manganese, or silicon, which improve the flowing qualities, deoxidize 
the weld metal, decrease the tendency to fume, and increase the hardness of the 
deposited metal for greater wear resistance. 

For use with the arc process, a phosphor bronze or Monel electrode may be 
used. When heavily coated electrodes are used, the coating aids in promoting easy 
flow of metal. 

Physical Properties of Bronze Welds—When the usual copper-zinc-tin rod is 
used for welding steel, a tensile strength of about 41,000 psi. on unreinforced coupons 
can be readily obtained. The fracture is usually through the weld metal and shows 
some porosity, although the general quality of the metal is good. When the manga¬ 
nese bronze rods are used, the strength may be somewhat greater, averaging about 
46,000 psi., but the porosity in the metal is somewhat increased. 

Typical Bronze Welding Test Data (Oxy-Acetylene) 


--Psl.-. % 

Yield Ultidiate Elongation Bend 

Type of Coupon Alloy Point Strength 2 in. Test Brinell 


All weld metal Copper-tin-zinc . 13.500 46,500 25.0 . 68>72 

As deposited Manganese bronze. 17,000 48.000 8.0 . 74-79 

Bronze welded Copper-tln-zinc . 40,000 41,000* .... 10-12 . 

Steel coupons Manganese bronze. 41,000 46,500* .... 10-12 . 

*A11 average of 5 coupons. Reinforcement removed from all specimens. 


Advantages—There are several advantages for bronze welding. Because of 
the lower temperature at which the bronze can be added to the base metal, there is 
an Increase in speed of making the Joint, and less heat is required than to make a 
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true fusion weld. Metallurgically the bronzes have a characteristic of yielding 
readily as they cool until the temperature is below 500°F., and there is an appreciable 
yielding under reasonably low stresses even at atmospheric temperature. This 
yielding as a single operation does not weaken the deposited bronze metal. There¬ 
fore, locked up stresses are reduced materially in a casting that has been welded 
with bronze. 

Bronze welding should not be used where the finished work is to be subjected 
to temperatures above SOO^F. It has also been learned that bronze should not be 
used where relatively high stresses such as 15,000 psi.* may be applied to the finished 
work with such rapidity as to cause fatigue of the metal. Inasmuch as iron castings 
are seldom subject to stresses in excess of 5,000 psi., this effect can never be an 
important one in the bronze welding of cast iron. This same comment can be made 
with regard to bronze welding of malleable iron. 

Inspection and Testing of Welds—Large installations of equipment fabricated by 
fusion welding are generally made under some form of purchaser inspection. In 
some welding applications, the inspection is called upon to conform to some code 
of construction requirements, and tests are specified to govern the qualification of 
the welding operator or the quality of the welding performed. 

The tests that have been devised include destructive tests and nondestructive 
tests. Only the destructive tests are definitely quantitative, as the nondestructive 
tests are indicative of quality only, and some of these are indicative only to a 
limited extent. The destructive tests embrace the following: Tensile, bend, specific 
gravity, nick-break tests, impact, and hardness tests. The nondestructive tests that 
have been used on welded Joints embrace the visual, the stethoscope. X-ray, and 
gamma ray tests; electric resistance and magnetic tests have been developed and 
are being used successfully in many instances. The hydrostatic proof test is a form 
of nondestructive test that is used for pressure vessels and closed containers. 

Visual inspection of fusion welding while in process is also possible, although 
not generally specified directly. For this the fusion welded Joint offers the peculiar 
advantage in that the inside of the Joint may be observed while it is being made. 
Visual inspection requires a careful observer, properly trained, but it is valuable 
in studying procedure. The inspector watches the rod or electrode and observes 
how it melts down, notes the fusion and penetration and listens to the sound of the 
arc, or observes the flame adjustment of the torch. All of these items properly 
studied and understood will give a skilled inspector considerable Information regard¬ 
ing the quality of the weld under observation. 

Tensile Test —^The tensile specimen of the Joint is usually taken transversely 
with the weld in the center of the specimen, which conforms to the AJS.TJil. 

standard for fiat plate ten¬ 
sile specimens. Fig. 7. The 
weld reinforcement may be 
removed or not, depending 
on the information sought. 

It is customary to ob¬ 
tain from the tension test 
the yield point and elonga¬ 
tion. For high quality welds 
the yield point will be that 
of the base metal and the 
elongation will be of little 
value, particularly when 
the weld is stronger than 
the plate. The ductility of 
the weld metal in such 
cases is best obtained by 
means of the free bend 
test. 

In order to obtain the 
tensile strength, yield 
point, elongation, and re¬ 
duction of area of the weld metal, all weld metal specimens are taken lon^tudinally 
from the weld. The specimen can be taken only from welds in plate % in. thick or 
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more. Smaller proportionate specimens can be taken from welds in thinner plate, 
a % in. diameter specimen with 1.5 in. gage length may be used. The all weld 
metal tension test piece gives reliable data as to the physical properties of the weld 
metal, and is required by the Am. Soc. Mech. Engrs. Code and by the Am. Welding 
Soc. Specifications for filler metal. 

For evaluation of fillet 
welds a tension test is com¬ 
monly applied to a specimen 
formed by fillet welding two 
splice bars to opposite sides 
of two butted test bars, the 
fillet welds being made 
either longitudinally or 
transversely along the edges 
of the splice bars; in either 
case the resulting failure of 
the fillet weld is a shear 
failure and the stress is re¬ 
corded in pounds per lineal 
inch, which for any average 
size of fillet, serves as a 
ready means of comparison. 

In the case of thin wall 
welded tubing it is of course 
impossible to obtain the 
regulation tensile test speci¬ 
mens and a drift test (Pig. 

8) has been devised to de¬ 
termine the strength of the 
weld. This simple test con¬ 
sists of forcing a tapered 
hardened steel drift into the end of the longitudinally welded tube. It may be driven 
by a hammer, or forced in with a press, which method is more desirable since it 
eliminates the factor of shock. The tube end is gradually expanded until failure 
occurs by splitting, usually outside the welded area, showing the weld to be stronger 

than the base metal and to 
have adequate toughness 
and ductility. The distance 
the drift is forced into the 
tube may be taken as a 
measure of the ductility of 
the welded tube. Since this 
test stretches the welded 
joint, its action is quite 
similar to that of the ten¬ 
sile test. 

If a short length of 
welded tubing is placed 
axially in a compression 
machine and loaded, it will 
collapse like a bellows, and 
in so doing will be sub¬ 
jected to shear, tensile, and 
bending stresses. This qual¬ 
itative test for ductility 
affords a good evaluation of the flanging qualities of the welded tube. Of course, a 
simple flanging operation will be an adequate test of the ability of the welded tube 
to withstand flanging operations, but this test is not so severe as the crush test. 

The hydrostatic test to destruction which is applied in some instances to pres¬ 
sure vessels and closed containers to determine their ultimate strength, as well 
as also the character of their failure, is an extension of the tensile test. It is a form 
of test, however, that can be applied only in connection with design studies and 
research and it is not necessarily a test of the welded Joint, as the vessel may 
rupture at a place apart from the weld. This test is intrinsically a test of the entire 




Pig. 8—^Drlft and compression tests for welded tubing. 
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structure and will reveal the weakest part or place, whether it be the weld or the 
solid metal. 

Bend Test—Since the tensile test in flat specimens gives no quantitative meas¬ 
urement as to the ductility of the welded joint, the free bend test was devised to 
furnish this much needed information. The free bend tests yield quantitative data 
independent of the thickness of the specimen provided the width is at least three 
times the thickness. However, the Am. Soc. Mech. Engrs. Code calls for a width one 
and one-half times the thickness. 

Fig. 9 shows the design of the bend specimen and the method of preparation. 
After the initial bends are made, the specimen is placed as a strut in a vise or press 
and bent until failure occurs on the outside bent surface between the gage marks. 
Corner cracks are not considered failures. Any failure on the surface is not con¬ 
sidered as such until its greater dimension is A in. or more. The elongation of the 
outside fibers is measured directly with a flexible scale or it can be calculated from 

the curvature by the formula lyil where t is the thickness and R the radius to the 

an 

neutral plane. The ductility can also be measured by means of a bend extensome- 
ter. However, direct measurement is the more satisfactory. For specimens H In. 
or more in thickness, a heavy press or tensile testing machine is desirable. 

Root break and side bend 
tests are new forms of the 
bend test that have been in¬ 
troduced to reveal lack of 
soundness in welded joints, 
but they have not as yet met 
with general acceptance. The 
root break test is applied bj 
bending the specimen back¬ 
ward, so as to stretch the 
bottom of the vee of a single 
vee weld; it is particularly 
effective in revealing lack of 
penetration and soundness at 
the bottom of the vee. The 
side bend test is applied by 
bending a thin specimen 
taken transversely across the 
welded joint so that the 
length of the weld is perpendicular to the plane of the specimen; this test, which is 
said to be particularly effective in revealing lack of side wall fusion in the vee or 

groove, is a new one that has been introduced and 
recommended by the United States Navy Dept., as 
superior to the widely used nick-break test. 

Specific Gravity Tcsf—This test is made to 
insure freedom from fine porosity and is carried 
out on a solid cylinder of the weld metal % in. dia. 
X 2 in. long. The weight of the specimen and its 
volume in metric units are carefully determined, 
and the weight in grams divided by the volume in 
cubic centimeters gives the specific gravity. For 
highest class weld metal a specific gravity of 7.80 
is required. 

Nick^Break Test —^This test consists of ruptur¬ 
ing, with a sudden blow, a specimen notched in the weld. It is a homogeneity 
test and indicates the soundness of the weld by showing on the fractured surface 
(1) whether complete penetration has been obtained; (2) the presence of oxide or 
slag inclusions; and (3) the degree of porosity, which should not exceed six gas 
pockets or holes per square inch of fractured surface. The maximum dimensions 
of any defect should not exceed A in. 

The materials required to make the test are a vise or anvil in or against which 
the specimen is clamped; a heavy hammer for applying the blow, and a specimen 
whose width is IV^t plus % in., slotted at the edges with a hacksaw for a depth not 
greater than M in. No machining is required on the specimen. With material % in. 
or greater in thickness, the specimen may be laid on supports about 6 in. apart and 
fractured by a power hammer, or falling weight of sufficient intensity to cause 




Fig. 10—^Nick-break test. 
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sudden fracture. Examination of the fractured surface will reveal the presence of 
porosity, oxide, or lack of fusion. 

Although the test is extremely simple, it is severe and only good quality weld 
metal and welding will pass the test. It constitutes one of the requirements for the 
qualification of welders in the Am. Soc. Mech. Engrs. Unflred Pressure Vessel Code 
for Class II Vessels. The specimen is shown in Pig. 10. 

For fillet welds, a test equivalent to the nick-break test is applied to a so-called 
fillet weld break specimen (Fig. 11). This specimen is formed by fillet welding one 
flat plate or bar at right angle to another, in such a manner that by application of 
pressure or a blow to one edge of the specimen the fillet weld may be opened up at 
its root. The resulting fracture in the weld reveals any lack of penetration or 
soundness. , 

Impact Teste—The Izod and the Charpy impact tests are generally used. These 
tests are carried out by fracturing a notched specimen with a swinging pendulum 
and measuring the energy absorbed in breaking the test piece. The tests are 
described elsewhere in this Handbook. 

.It is customary in testing the impact strength of welds to take at least three 
specimens, placing the notch at the bottom of the weld in one; at the side in another, 
and at the top in the third, and taking the average of the three results as the impact 
value in ft-lb. 

Hardness Teste—The hardness test is used considerably in the laboratory but 
has not been used to any great extent in the field for weld testing, except for deter¬ 
mining the hardness of built up rail ends. The machines more generally used 
for hardness testing of welds are the Brinell, Rockwell, and scleroscope. A descrip¬ 
tion of these instruments and the hardness test are given elsewhere in this Hand¬ 
book. 

Stethoscope—The object of the stethoscopic test is to determine by means of 
the sound a weld gives off when tapped with a hammer, whether the metal is sound 
or contains defects, such as lack of fusion or cracks. Just as a sound bell gives off 
a clear ringing note and a cracked bell a reedy note, so good weld metal gives a good 
ringing sound and a poor weld a flat sound or note. 

In order to readily identify the sound an ordinary physician's stethoscope is 
used, the extra precaution being taken of protecting the end with rubber to avoid 
any extraneous sounds resulting from scraping the stethoscope on the metal. 

The stethoscopic test has 
been applied successfully to 
pressure vessels, locomotive 
staybolts, and welded struc¬ 
tures. See Fig. 12. 

X~Ray — Metals can be 
X-rayed and their internal 
defects made visible on photo¬ 
graphic films. In this way all 
types of defects such as cracks, 
slag, blowholes, and lack of 
fusion can be detected. Gen¬ 
erally the method consists of 
placing the X-ray tube on one 
side and the film on the other 
of the piece being tested. After 
an exposure ranging from a 
fraction of a minute to fifteen minutes, depending on the power of the tube and the 
thickness of the metal, the film is developed and examined for defects in the weld. 

This method has found wide industrial use and is recognized as the foremost 
nondestructive test. It is one of the requirements of the Am. Soc. Mech. Engrs. 
Code for Class I welded pressure vessels. 

Gamma Ray Tests —Gamma ray tests are similar in method to X-ray tests. 
The gamma ray emanating from radium penetrates metals rapidly and is more 
applicable to heavy sections which would require unusually long exposure by X-rays. 
It has been successfully applied to heavy castings such as are used in ship construc¬ 
tion. On heavy work overnight exposures are employed. 

In application several large castings may be arranged radially around a capsula, 
containing radium at the center. The films for recording the results are placed on 
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the opposite side of the casting from the radium. Before attempting the use of 
radium for gamma ray testing, it is essential that the operator be familiar with the 
properties of radium, and that the necessary precautions be taken to protect those 
handling it. 

Codes and Specifications—Specifications covering construction projects in many 
fields, are including fusion welding as an acceptable means of fabrication in a 
majority of cases. On important projects, furthermore, a good many specifications 
include the manner in which the welding must be carried out and the result which 
must be obtained. The following extracts and resumes of codes and specifications 
are given therefore, for the purpose of indicating in general the manner in which 
various applications of fusion welding are being covered: 

A,S.M.E. Boiler Construction Code —The W(»lding rules in the various sections of this Code were 
Initially adopted by the Am. Soe. Mech. Engrs. Boiler Code Committee in 1931. Those in the 
power boiler section were so drawn as to apply solely to shells and drums and there are no 
provisions In that section as yet for welding applied to carry stress In furnace construction, water 
legs, stays, or braces. Those in the heating boiler section permit welding in all parts of the 
boiler structure without restriction. The welding rules in the unflred pressure vessel section are 
so drawn as to provide for three definite classes of vessels according to the treatment of the 
welds and the tests applied. The welding rules in the miniature boiler sections are similar to the 
so-called Class 2 rules of the Unflred Pressure Vessel Code. 

There have recently been added in the unflred pressure vessel section a comprehensive 
set of rules for vessels subject to external pressure and Jacketed vessels which provide for both 
welded construction and welded attachment of reinforcing rings and flanges. Both the power 
boiler and the unflred pressure vessel sections have recently been amplifled to provide for welded 
attachment of nozzles, domes, flanges, and flat heads. 

Copies of the several sections of this Code may be obtained from the office of the Secretary 
of the Am. Soe. of Mech. Engrs., 29 West 39th St., New York. * 

A.PJ.-A.S.M.E. Unflred Pressure Vessel Code—As a result of the exemption In the Am. 
Soe. Mech Engrs. Unflred Pressure Vessel Code of vessels for use with petroleum liquids and gases, 
a Joint committee of the two above organizations has recently prepared a specialized pressure 
vessel code to meet the needs of the petroleum Industry. This new Code is worthy of mention 
as it has been so drawn as to provide adequately for the improved processes and methods of 
petroleum refining which Involve extremely high pressures and temperatures, with attendant 
rapid corrosion rates. These rules are drawn up at considerable variance with the corresponding 
rules in the Am. Soc. Mech. Engrs. Unflred Pressure Vessel Code, both as to detail requirements 
and the scope of construction and repair work covered. Considerably lower factors of safety are 
here provided for, due to the stringent inspection requirements which form an integral part 
thereof. 

Copies of this Code are available at the office of the Secretary of the Am. Soc. of Mech. 
Engrs., 29 West 39th St., New York. 

U. S. Department of Navigation and Steamboat Inspection— Marine Boiler Construction 
Rules of this Federal Department, which has been in existence for nearly sixty years, have recently 
been revised so as to provide for welded construction and repair of both boilers and pressure 
vessels. The new Code is divided into two sections, one embracing specifications for the materials 
and the working stresses allowed, and the other pertaining to the design, construction, installation, 
inspection, and repair of boiler, pressure vessels, and piping systems; the construction rules of 
the latter part bear a close similarity to the corresponding rules in the Am. Soc. Mech. Engrs. 
Boiler Code. 

The welding rules in this new Code cover the shells and drums of power boilers, three classes 
of pressure vessels, and the various types of piping and pipe fittings. The welding rules for this 
Code are somewhat more stringent and restrictive than the corresponding requirements in the 
Am. Soc. Mech. Engrs. Boiler Code on account of the particularly hazardous conditions encoun¬ 
tered on shipboard. They include the new rules for welded attachment of nozzles, domes, flanges, 
and flat heads which are incorporated in the Am. Soc. Mech. Engrs. Boiler Code. 

Copies of this new Code are obtainable from the office of the Bureau of Navigation and 
Steamboat Inspection, Department of Commerce. Washington, D. C. 

U. S. Navy Department —Specifications for Arc Welding and Specifications for Welded Boiler 
Drums can be obtained upon application to the Bureau of Engineering, U. S. Navy Department, 
Washington, D. C. 

National Board Rules for Repair of Boilers by Fusion Welding —^These rules have been formu¬ 
lated by the National Bureau of Casualty and Surety Underwriters in co-operation with the 
National Board of Boiler and Pressure Vessel Inspectors, to indicate the extent to which fusion 
welding is acceptable to the authorities for steam boiler repairs. These rules have been reviewed 
by the Am. Soc. Mech. Engrs. Boiler Code Committee and pronounced consistent with the power 
boiler rules in the Am. Soc. Mech. Engrs. Boiler Code. They embrace such applications as welding 
in staybolted surfaces, welding cracks in circumferential seams of boiler shells, welding cracks 
in tube ligaments, closure of openings in shells or drums by welded patch plates, safe ending of 
boiler tubes and welding of cracks and fractures in cast iron heating boilers. 

Copies of these rules may be obtained upon application to the National Bureau of Casualty 
and Surety Underwriters. No. 1 Park Ave., New York. 

A.S.A, Pressure Piping Code —^The recent issuance of this Code under the sponsorship of the 
Am. Soc. of Mech. Engrs. has filled a long-felt want in the field of pressure piping. This Code 
embraces construction requirements for all classes of piping, which include steam and power 
piping, gas and air piping, oil piping, and piping for district heating purposes, one section is 
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devoted to fabricating details under which there Is a subdivision covering welding and welded 
fabrication. 

Copies of the new Code may be obtained upon application from the office of the Secretary of 
the Am. Soe. of Mech. Engrs., 29 West 39th St., New Yerk. 

Manual of Heating and Piping Contractors* National Association —This Is a Handbook cover¬ 
ing welded pipe fabrication that has been prepared by this Association for the benefit of archi¬ 
tects, consulting engineers, and the piping contractors who are in need of fundamental data on 
the, subject. It contains instructional material for the use of fabricating contractors In training 
pipe fitters and apprentices to perform welding and is not written in the form of a Code. It con¬ 
tains much Important fabricating data and wlU serve as a valuable guide in both design and con¬ 
struction work. 

This Manual can be obtained from the office of the Heating, Piping and Air Conditioning 
Contractors’ National Association, 1250 Sixth Ave., New York. 

Rules for Fusion Welding of Gravity Tanks, Tank Risers, and Towers—This is a set of rules 
that was prepared by a Joint committee of the International Acetylene Association and the Am 
Welding Soc. to provide for the fusion welding of the above essential parts of sprinkler fire pro¬ 
tection systems. This work was undertaken at the specific request of the National Board of Fire 
Underwriters, which is frequently confronted with the question of welded construction. 

Copies of these rules may be obtained upon application to the office of the Secretary of the 
International Acetylene Association, 30 East 42nd St.. New York. 

Rules for Welded Construction of Oil Storage Tanks —This is a proposed Code that is receiving 
the joint consideration of the Am. Welding Soc. and the American Petroleum Institute. It applies 
to the large above-ground bulk storage tanks that are used by the petroleum companies. The 
American Petroleum Institute has issued a tentative draft of a proposed Code, but the code under 
consideration by the Am. Welding Soc. has not as yet been issued. 

For information concerning the tentative draft of the American Petroleum Institute application 
should be made to the office of the Secretary, 50 West 50th St., New York. 

Rules for the Fusion Welding of Marine Buoys—This is a Code that has been drafted by the 
Joint activity of the International Acetylene Association and the Am. Welding Soc. for the benefit 
of tfhe U. S. Bureau of Lighthouses. The scope of the work is to cover not only the plain buoys 
which require welded shell fabrication but also to the light, bell, and whistle buoys which require 
elements of structural steel work in addition. This Code has not as yet been issued. 

A.W.S. Building Code —^The latest edition of this Code was issued In 1934 by the Am. Welding 
Soc. for the guidance of erectors in applying fusion welding and gas cutting. 

Information concerning the Code can be obtained upon application to the office of the Secre¬ 
tary of the Am Welding Soc., 33 West 39th St., New York. 

Specification for the Design, Construction, Alteration, and Repair of Railway and Highway 
Bridges —^This Code Issued by the Am. Welding Soc., 33 West 39th St., New York, has for its pur¬ 
pose to codify all applications of fusion welding to the construction, maintenance, and repair of 
steel bridges for both railway and highway usage. 

Tentative Code for Fusion Welding and Flame Cutting in Machinery Construction—This Code 
was issued in 1935 by the Am. Welding Soc. The purpose is to draft rules for machinery construc¬ 
tion that will be comparable to those now effective for fusion welding and gas cutting in building 
construction. 

Qualification Tests for Welding Operators —^These rules are general In character, having been 
prepared by the International Acetylene Association to cover the average conditions encountered 
in welding shop applications and provide for the testing of operators with the least possible time 
and expense. The tests cover a wide range of materials and types of fabrication. 

These rules have been issued in pamphlet form and can be obtained upon application to the 
office of the Secretary of the International Acetylene Association, 30 East 42nd St.. New York. 

Specifications for Filler Metal —The Am. Welding Soc. has, after a number of years of study 
and investigation, adopted as a tentative standard a set of Specifications for Filler Metal to be 
used In making fusion welded Joints. These rules depart from the original thought of require¬ 
ments pertaining to chemical composition and depend solely on the physical properties that are 
obtainable therefrom when deposited in the welded Joint. 

These Specifications were published in the Aug., 1933, issue of the Am Welding Soc. Journal 
and can be obtained in pamphlet form upon application to the Secretary of the Am. Welding 
Soc., 33 West 39th St., New York. 

A,S,T.M. Specifications for Steel Suitable for Fusion Welding —In recognition of the remarkable 
recent advance In the art of fusion welding, the A.S.T.M. has recently Issued Specifications 
A 151-33 to list the classes of steel that are suitable for fusion welding. These Specifications refer 
to twenty established A.S.T.M. Specifications for rolled plate material, pipe and tubing, and wire 
which are known to be weldable with satisfactory results under ordinary commercial practices, 
provided the carbon content does not exceed 0.35%. 

Copies of this Specification can be obtained from the office of the Secretary of the A.S.T.M., 
260 South Broad St., Philadelphia. 

Safe Practices in Fusion Welding—The question of Safe Practices in Fusion 
Welding is an important one, as there are inherent hazards in certain applications, 
no matter what the process of welding may be. Special attention will be devoted 
to the application hazards, as it is not the purpose here to enumerate the safety 
precautions that must be observed in connection with handling the different welding 
processes. The latter have been ably and comprehensively covered in the safety 
pamphlet on Gas and Electric Welding, issued by the National Safety Council as 
Safe Practices Pamphlet No. 23. This pamphlet embraces much valuable Informa- 
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tion concerning the fundamentals of gas welding and cutting, thermit welding, and 
electric welding, and it should be consulted by everyone who has charge of fusion 
welding operations. 

In all cases, operators of welding equipment have the advantage of the safe 
operating instructions that are furnished with all fusion welding equipment and 
should be conversant therewith. As a rule, welding equipment is so constituted that 
it is quite convenient to observe the usual precautions for safety, but in the appll« 
cation of the process Involved, there are certain conditions and operations that may 
endanger the operator if the possibility is not anticipated and avoided. Some of 
these hazards will be enumerated. 

Eye Protection —An important hazard in welding applications is that of Injury 
to the eyes, from the heat and glare of the flame or arc, and from particles of hot 
metal that may fly up from the work. Properly colored lenses fitted in goggles 
will protect the eyes from the gas flame, but in the case of electric arc welding the 
intensity of the ultra-violet and infra-red rays is such that it is necessary for all 
persons exposed to use shields or helmets that will protect not only the eyes but the 
skin also. In the case of goggles, the lens should be selected with considerable care 
in order to obtain the desired visability together with adequate eye protection; the 
exterior surfaces of these lenses may be to advantage protected from flying sparks 
by superimposing a clear glass lens over each. In the case of lens for use with the 
electric arc, the selection must be based on laboratory tests, as their transmission 
of ultra-violet and infra-red radiation cannot be determined by visual inspection; 
proper eye protection requires more than mere reduction of the glare. Goggle frames 
should be of noncombustible material and preferably a nonconductor of heat; if of 
metal they should be padded. The frames should have vent holes in the cups to 
provide ventilation back of the lenses. 

Special precautions must be taken to protect other workers or passers-by from 
the harmful rays given off from arc welding operations. It is preferable to locate 
these Jobs in special rooms. If this is impracticable, the operations should be 
screened or enclosed not only to prevent workers or passers-by from looking directly 
at the arc, but also to protect them from reflected rays as much as possible. Further 
protection against reflected rays is frequently provided by applying paint to the 
screen or enclosure and to other nearby surfaces. Zinc oxide combined with lamp 
black to produce a bluish gray color is satisfactory. 

Clothing-—The welding operator should have some protection from the heat of 
welding, particularly when working on heavy work and for long periods of time. 
In such case fire-resisting gauntlet gloves and aprons will serve as a protection 
against the radiated heat. Woolen clothing is to be preferred to cotton, as it is 
not so readily ignited and it protects the operator from changes in temperature. It 
is recommended that operators on arc welding wear only fireproofed outer clothing. 

There have been instances when the operator's clothing has been set on fire by 
sparks of molten metal which lodge in rolled-up sleeves, and in pockets of clothing. 
Operators should be warned to keep sleeves buttoned around the wrist and their 
collars buttoned to prevent lodgment of sparks. Some suggest that it is advisable 
to eliminate pockets in front of overalls and aprons. A sheet iron screen in front of 
the worker's legs will provide further protection against sparks and molten metal in 
gas cutting. 

Electric Installatiovr—When installing and operating electric equipment, the 
provisions of the National Electrical Safety Code should be followed. The voltage 
is in most cases so low that there is little danger from shock from the welding 
circuit, but still the usual precautions should be taken. There are, however, some 
types of equipment that have a high voltage under open circuit conditions and 
these should be properly guarded. 

Fire Protection—Where welding or cutting has to be done in the vicinity of 
combustible material, special precautions should be taken to make certain that 
sparks or hot slag from the welding or cutting operations do not reach combustible 
material and thus start a fire. 

Cutting or welding work which Can be transported should be removed to a 
safe location in a sprinklered or noncombustible building. If the work cannot be 
moved, exposed combustible material should if possible be moved a safe distance 
away, say 30 or 40 ft. Wherever there are floor openings or cracks in the flooring, 
it is also advisable to make certain that there are no highly combustible materials 
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on the floor below, where they would be exposed to sparks which might drop 
through the floor. 

The sparks and hot slag should be watched to see that they do not come in 
. contact with combustible material, do not lodge in floor cracks, and do not drop 
through holes to the floor below. Sheet metal guards or asbestos curtains should 
be used where needed; make sure that the guards and curtains are adequate. 
Because hot slag may roll along the floor for considerable distance, it is important 
when using asbestos blankets as a curtain that no openings exist where the cur¬ 
tain meets the floor. Avoid the use of tarpaulins as experience has shown that 
they do not provide adequate protection. 

Extra men should be stationed with small hose, chemical extinguishers, or Are 
palls nearby when the nature of the work requires that blowpipes be used near 
wooden construction or in locations where the combustible material cannot be 
removed. In sprinklered buildings, maintain sprinkler protection without interrup¬ 
tion while cutting blowpipes are being used. A man should be kept at the scene 
of the work for a half hour after completion to make sure that sparks have not 
started smoldering fires. 

Dusty and gassy atmospheres in certain mines, mills, industrial plants, and 
plants spraying lacquers and the like reqidre extra precautions to avoid explosions 
or fires from electric sparks, matches, and’ open fires. Welding or cutting in such 
suspicious places should therefore be done only when proper precautions have been 
taken and only after the responsible official in charge has inspected the situation 
and has personally given instructions to proceed. 

VentfZafion-—When working in a confined space, be sure of proper and adequate 
ventilation, by natural means or by an air fan or blower. Oxygen should never 
be fed from a cylinder into a confined space as it is unsafe to do so. Welding 
or cutting in confined spaces Is a job requiring special precautions. The operator 
should wear special clothing—preferably fireproofed, but certainly of wool. 

When the operator is working in a confined space, always have a helper present 
outside of the confined space to close the cylinder valves or help in other cases of 
emergency. All equipment should be tested for leaks before taking it into such 
places, and when work is interrupted for any reason it should be brought out. 

Welding on brass, bronze, or galvanized iron should be conducted in well 
ventilated locations and operators should be supplied with suitable respirators to 
prevent the inhalation of zinc fumes, particularly if the welding job is of any 
considerable duration. In the event of the workman experiencing any nausea after 
he has been welding brass, bronze, or galvanized iron, he should drink milk copiously. 
Where flame cutting has to be done on metal that has been surface coated with 
lead paint, the operator should be provided with a gas mask which will supply him 
fresh air uncontaminated with lead fumes. 

Special Precautions—No welding or cutting should be done on used drums, 
barrels, tanks, or other containers until they have been cleaned so thoroughly as 
to make absolutely certain that no flammable materials are present. Where steam 
is available, this may be used to remove materials which are easily volatile. Wash¬ 
ing with strong caustic soda solution will remove heavier oils. Even after thorough 
cleansing, the container should whei;ever possible be filled with water before any 
welding, cutting, or other hot work operation is performed. In practically every 
case it will be found possible to place the container in such a position that it can 
be kept filled with water to within a few inches of the point where welding or 
cutting is to be done. In doing this, care should be taken to make sure that 
there is a vent or opening to provide for the release of heated air from inside 
the container. This can usually be done by opening the bung, hand hole, or other 
fitting which is above the water level. _ 

Where alterations or repairs are being carried out on large containers TEal 
have held flammable substances, periodic examination of the air contents of the 
vessels should be made from time to time wherever possible, by means of a gas 
detector where such an instrument is available. Although the vessel may have been 
steamed and flushed with soda there may still be traces of oil or grease under 
seams and the heat of the welding or cutting operations ,may cause such oil or 
grease to give ofl flammable vapor to the extent that an explosive mixture may 
be formed inside of the tank. If possible, keep a supply of carbon dioxide in the 
vessels while under the process of repair. The use of carbon tetrachloride for this 
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purpose is not recommended as carbon tetrachloride gives oft a poisonous vapor 
when heated. 

A Jacketed vessel, tank or container should never be welded until after every 
possible precaution has been taken to vent the confined air sufficiently. A metal 
part which is suspiciously light is hollow inside, and should be drilled before 
heating. Otherwise it will act like a bomb. 

Gas cutting should be used with judgment and care as to the effect upon the 
structure. No important structural member should be cut while it is under load, 
except where the removal of the part will not redube the strength of the part. 
Also great caution should be used in cutting holes in or removing portions from 
structural members unless the design provides therefor without weakening. If 
gas cutting is used to remove rivets, great care should be used in removing the 
head, to avoid reducing the thickness of the base metal at the rivet hole. In 
cutting away any important or heavy member of a machine or structure, caution 
should be exercised to make sure that the severed part will not fall and cause 
damage to adjacent equipment. If the part is likely to fall and injure the operator 
or other workmen, care should be taken to properly support it while it is being 
cut. One of the common errors in cutting is to allow a part to fall on the operator’s 
feet. 

Health Protection—If painted or lead coated materials are cut or welded, the 
lead volatilizes and may be breathed into the operator’s lungs, causing lead poison¬ 
ing. In a similar way “zinc chills” may result from breathing the fumes when 
welding zinc, brass, bronze, or galvanized metal. • 

Under such conditions, ventilation must be depended on to protect the oper¬ 
ators; or better yet, the operators should be required to wear special gas masks or 
fresh air masks. 

Special care must be exercised when welding or cutting operations are carried 
on in confined and poorly ventilated Spaces, such as in tanks, compartments, and 
holds of vessels. Artificial ventilation may be necessary to replace the oxygen 
consumed from the air and the operators should be under close observation by 
an outside attendant so help can be rendered immediately in an emergency. 
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Industrial Heating Furnaces 

By M. H. Mawhinney* 

Introduction—This article covers the'electric and fuel fired furnaces for heat 
treating pm^oses, operating at all temperatures up to about 2400°P. It does not 
include meltfcg furnaces, or electric furnaces of the arc type or the induction type. 

Principlei^ of Combustion—The combustion of fuel (solid, liquid, or gaseous) 
consists of the rapid oxidation of the combustible portion of the fuel to produce 
heat. The theoretical heat energy available depends upon the net calorific value 
of the combustible content, and the temperature produced depends upon the nature 
of the gaseous products to be heated by this available heat energy. Wien the com¬ 
bustible elements (usually C and Ha) are combined with the theoretically correct 
amount of air, the resulting products of combustion are confined to CO2 and N» 
from the air, and water wapor. Excess O 2 in the fiue gases serves as a measure 
of the air-fuel mixture on the lean side (too much air) and CO in the flue gases 
indicates the richness (too much fuel) of the fuel mixture. 

Fuels are generally sold on the basis of the higher heating value in B.t.u., 
which is the gross chemical energy, while the net useful energy is the lower heat¬ 
ing value, after the heat necessary to convert the water in the flue gases to vapor 
has been subtracted. 

For most fuels (exclusive of producer gas and blast furnace gas) the amount 
of air required for combustion is about 1 cu.ft. for each 100 B.t.u. of lower heating 
value. Table 1 shows the physical characteristics of the principal fuels used in 
heating furnaces. 

Fuels for Heat Treating—Where metallurgical requirements are rigid the most 
suitable combustible fuels are natural gas, liquefied petroleum gas, artificial gas, 
and oil. Of these fuels, the gases are the most satisfactory for temperature con¬ 
trol and the maintenance of the proper atmosphere in the furnace, but equally 
good results are obtained with oil by care in furnace design and careful super¬ 
vision of operation. 

For rougher forms of heating (forging, forming, and rolling) the remaining 
fuels may be utilized, although the specifications on this class of heating are be¬ 
coming more exacting, and considerable care and supervision is required to meet 
the requirements with fuels which do not lend themselves to consistently automatic 
control. 

Methods of Heat Application—Methods of firing furnaces heated with com¬ 
bustible fuels include: 

1 . Recirculation system is used for low temperatures (usually under 1100*F.) where gas or 
oil is burned in a separate chamber and the resulting products of combustion are circulated 
through the furnace by a fan. 

2. Indirect firing is used for aU temperatures up to 1900*F., where combustion chambers are 
located below (underfired), at the side of (side fired), or above (overfired) the heating charge, 
and separated from the heating chamber by suitable baffles. (While indirect firing is more com¬ 
mon at temperatures below 1900*P. it is possible to design a gas fired furnace so that it will oper¬ 
ate satisfactorily from 1000-1900*F. and still have the firing direct into the furnace oven.) 

3. Direct fired is used for temperatures above IgOO^F. where the burners fire directly into 
the heating chamber, usually above the charge. 

Burner Systems for Heating Furnaces—The various types of burners commonly 
used on heating furnaces are given in Table II. 

The use of stacks in connection with heating furnaces is being gradually 
discontinued, because modem burners do not require stack draft, and because the 
usual failure to control the draft by proper damper operation results in large 
quantities of excess air in the furnace at low fuel rates. 

Types of Electric Furnaces—Electric furnaces (resistor type is here considered) 
are ordinarily limited to those applications for which temperatures do not exceed 
1900®F., because the life of the metal resistor elements is uneconomical above that 
temperature. Exceptions are the furnaces employing carbon resistor elements in 
granulated and bar forms at temperatures up to 2300®P., and furnaces containing 
protective atmospheres which have been successfully operated with metallic heating 
elements at 2100®F. for brazing. 


^Consulting Engineer. Salem. Ohio. 
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The metallic heating elements commonly used are of heat resisting alloy in 
either rolled or cast form. In the rolled form the alloy wire or fiat strip is looped 
on refractory or metal hangers to form a radiating grid on the sidewalls, roof, or 
bottom of the furnace. The cast alloy is cast in grids made up of similar loops 
of various cross sections, and the grid hung or supported on hangers and guides 
provided in the refractory lining of the furnace. 

The disposition of the heating elements in the furnace is one of the principal 
considerations in the uniform transfer of heat to the heating charge. At the usual 
heat treating temperatures, from 85-95% of the heat in a furnace (electric or fuel 
fired) is transferred by radiation (the remainder by convection) and the radiating 
elements must be placed with consideration of the heat requirements. It is for 
this reason that more element area is provided adjacent to doors and other open¬ 
ings, where the heat requirement is relatively great. 

Table n 

Burners for Heat Treating Furnaces 


^, A pproximate - - 

Pressure/Sq.ln. 


Fuel 

Designation 

Fuel 

Air 

Comments 

Oil and tar 

Steam atomizing 
Low pressure 

10-40 lb. 
10-40 lb. 

%-4 os. 

8-16 08. 

Steam at 60 lb. min. 

40-50% induced air 

Producer gas 

Mixing type 

2 in. water 

4 08.-8 lb. 

Scrapers or steam Jets for 
cleaning tar and soot 

Blast furnace gas 

Proportioning 

3 os. 

8-16 os. 

Automatic air-gas mixing 

Natural and 
artificial 
clean gases 

[Blast type, or 
nozzle mixing 
Proportioning 

High Pressure 
[Luminous or radiant 

4-8 08. 

3 OS. 

10-25 lb. 

3-8 os. 

3-16 os. 

8-16 os. 
Atmosphere 
3-8 OS. 

[Separate air and gas control, 
j automatic mixing, all air 
[ Insplrated. 

Highly luminous flame 


Characteristics of Electric Heaf—Electric heat offers the following principal 
advantages over furnaces heated by the combustion of fuel: 

1. Quietness and cleanliness ol operation. 

2. Consistency of operation and freedom from personal element resulting from adjustment of 
fuel. After initial adjustment, the electric furnace requires no further regulation of heat input. 

3. Uniformity of temperature in those applications for which electric heat is applicable (cer¬ 
tain applications, such as large masses and rough heating at high rates, are difficult with radiant 
electric heat). 

4. Use of protective atmospheres without the necessity for muffles. 

The principal disadvantages, in comparison with fuel fired furnaces are: 
(1) High B.t.u. cost of electricity; (2) less flexibility of adjustment where heat 
requirements fluctuate rapidly; and (3) slow heating up from a cold condition. 

Design Data—It has been mentioned that the location of the elements is 
important in obtaining uniform furnace temperatures. Of equal importance is 
the current density carried on the elements. If the element area is too small, with 
consequent high release of energy in watts per square inch of element, the element 
temperature will exceed the furnace temperature to such an extent that local over¬ 
heating of the charge adjacent to elements must result. This is particularly true 
at low temperatures of about 1000®P., where for best uniformity the energy liberation 
must be kept down to from 6-8 watts per sq. in. As the temperature is increased, 
higher rates are permissible, so that at 1500°F. the rate may be 10-12 watts per sq. in. 
Beyond 1500°P. the rate must again decrease on account of element failure, and at 
2000*^F., the rate of liberation should not exceed 8 watts per sq. in. 

Where possible, electric furnaces are connected across the line which saves 
the expense of transformers, but frequently the elements based on line voltage are 
too light for satisfactory life and transformers are necessary. 

Muffles—Where a perfectly consistent atmosphere must be maintained (as for 
bright annealing of metals), the leakage through joints prevents the use of refrac¬ 
tory muffles, so metal muffles of heat resisting alloy (cast or rolled forms) must 
be used. The construction and maintenance of such muffles in any size is a mechan¬ 
ical problem involving a great many difiaculties from warpage, due to uneven expan¬ 
sion and contraction. 
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The use of muffles decreases the heating capacity of a furnace about 20%, 
as compared to an open furnace, and the fuel consumption Is increased by the 
necessity for higher temperatures outside the muffle and consequently greater radia¬ 
tion losses. 

Pot Furnaces—Pot furnaces are frequently used in heat treating, and although 
costly and troublesome because of the necessity for pot replacement and losses of 
liquid heating medium, they have the advantages of no oxidation of heated mate¬ 
rials, rapid and uniform heating, and ability to treat only a portion of a piece with¬ 
out affecting the remainder. Heat treating salts and lead are commonly used as 
the heating media. 

The capacity of a salt pot for operation at ISOO'^F. in lb. of steel heated per hour 
is about 3/10 times the weight of salt in the pot. The usual consumption of lead 
is about ^ lb. per 100 lb. of steel treated and about 1 lb. of charcoal is used per hour 
for covering each square foot of lead bath. The average consumption of salts is about 
% lb. per 100 lb. steel at 1200°F. average bath temperature and about 7/10 lb. at 
ISOO^^F. 

Material Handling in Furnaces—The selection of the best method of handling 
material through furnaces involves difficult problems. The following rules should 
always be followed; 

1. A furnace U a heat treating machine and the method of conveying the material must not 
compromise the heating characteristics of the furnace. 

2. The advantages of simplicity in design of hot conveyors should not be overlooked In a 
desire to save labor. 

3. In the selection of conveying means, those which will damage the material under consid¬ 
eration must first be eliminated. Examples are the scratching of nonferrous metals, damage to 
threaded parts, sagging and denting of tubular products. Conveying means which interfere 
with the circulation of heat where precision of heat treatment is necessary, must also be eliminated. 

The various methods of hkndllng for industrial heating include; 

Bafc/i—The batch methods consist of the stationary hearth, solid bottom; sta¬ 
tionary hearth, roller bottom; car bottom; and removable furnace covers and pits. 

Semicontinuous—The semicontinuous method consists of a stationary hearth 
or car bottom furnaces in conjunction with handling forks or special cranes to 
reduce the time between charges to several minutes. 

Continuous—The continuous methods consist of the pusher, direct or on pans 
or shoes; tunnel kilns, with cars; chain conveyor and moving fingers; walking 
beam; roller hearth; rotary hearth; rotating retorts; and miscellaneous special 
types. 

Furnace Materials—For estimating comparative operating costs of different 
designs, it is safe to assume that firebrick linings will last for 2 yr. at tempera¬ 
tures below 1900°F., and for 1 yr. above 2000°F. This does not apply to door Jambs, 
piers and bridgewalls, which will require additional patching. The life of metal 
parts when properly designed for stress, and for usual furnace conditions will be 
approximately as follows: 


Cast Iron Alloy 


Below MOOT. 6 years 

1700*P. 12 months 3 years 

1800*P. 5 months 2 years 

1900*P. 1 month IH years 

2000^F.. * . not used % year 


Commonly used alloy analyses in the design of furnace parts include; 


Furnace Temp., Below IMO^P. Pumace Temp., Above 1400*P. 


Nickel, % Chromium, % Nickel, % Chromium. % 


20 68 . 18 

8 60 . 12 

18 38 18 

28 36 16 

18 30 10 

12 . 28 

11 . 25 


26 

18 

8 
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Determination of Furnace Size*—The size of furnace required depends upon 
the amount of material to be heated per hour, the heating time required, the size 
of the pieces to be heated, and the amount of heat which can be liberated without 
I excessive damage to the furnace. The efficiency and refractory life obtained, depend 
^ upon the correctness of the furnace size. 

The heating time in the furnace depends upon the nature of the heating 
process. For the simple case of thorough heating, the time required may be esti¬ 
mated from such rules as 5 min. for each % in. of thickness of flat plates of steel 
(heated from one side) and 20 min. per In. of diameter or round steel bars. These 
rules apply when the furnace temperature is above 1400‘’F. At SOO^'F. the time is 
increased about 100%, and below 800**F., it may require as much as three times as 
long to heat thoroughly as it does above 1400‘*F. The time required for heating varies 
also with the material to be heated. Brass requires about one-half as long as steel to 
heat and copper 40% as long. The above rules represent the minimum time in 
which the material will conduct heat to its interior and therefore, will not be greatly 
affected by variations in the difference between the furnace temperature and that 
of the material. The rules also assume that the material is fully exposed to the 
heat of the furnace. Piling of material in a furnace lengthens the heating time, 
which cannot be expressed numerically, but must be determined by actual trial. 
In addition to simple heating, there is frequently additional time required for 
holding at temperature. 

The weight of material In the furnace at any time is the product of weight 
of material discharged per hour, multiplied by the heating time in hours. Knowing 
the weight and sizes of pieces involved, the area of the furnace can then be fixed. 
The width and length of the furnace to produce this hearth area are fixed by the 
method of firing to be used and by the method of handling material. 

The life of a furnace at a given temperature depends upon the rate of heating, 
which may be expressed in pounds per square foot of hearth area per hour. The 
maximum allowable rate of heating steel is about 35 lb. per sq. ft. per hr. for under¬ 
fired and overfired furnaces, 70 lb. for sidefired furnaces, and 100 lb. for direct fired 
furnaces. These are upper limits which should not be exceeded if long life of the 
furnace refractories is expected. The above rates are for heating mild steel, and 
may be about twice as great when heating brass, 2V^ times as great for copper, 
and 0.7 times as great for alloy steels. These maximum allowable rates should be 
used only for checking the calculation of size, because some shapes and sizes of 
pieces cannot be properly heated when piled in such a manner as to produce these 
rates. 

Calculating Furnace Size—It a furnace is required to heat 20 pieces per hour 
weighing 30 lb. each and requiring a heating time of % hr., the furnace must be 
large enough to hold x 20 = 10 pieces. If each piece requires an area of 2 sq. ft., 
the area of the hearth will be 2 x 10 = 20 sq. ft. for a single layer of pieces in 
the furnace. If the furnace is of the batch type, a size of 4 ft. wide x 5 ft. deep 
would probably be about right for convenient handling. Checking the rate of heat¬ 
ing (20 pieces per hr. x 30 lb.) per 20 sq. ft. = 30 lb. per sq. ft. per hr. For this 
rate, an underfired furnace would be satisfactory, while for other methods of firing 
a smaller furnace could be used, if, the pieces could be more densely piled without 
seriously interfering with the circulation in the furnace. 

The allowable rate of heating, expressed in pounds of steel per square foot of 
hearth area per hour, varies according to temperature. At tempering temperatures 
of about lOOO^^F., the usual rate is about 25 lb. per sq. ft. per hr., compared to the 
allowable rate of 30 lb., given above for heat treating at 1500-1600*’F. By means of 
fans for air circulation, this rate may be increased to 35 lb. in an electric furnace. At 
heat treating temperatures of 1500-1600°F., air circulation will not Increase the rate 
of heating sufficiently to be worth while, because the amount of heat transferred 
by convection is small. 

Economy of Furnaces—The heat input to a heating furnace is distributed in 
various ways, depending upon the type of furnace. Ordinarily, the heat balance 
includes useful heat to material; heat to conveyors, shoes, or pans; radiation and ab¬ 
sorption to the furnace lining; radiation through openings; sensible heat in waste 


*yroin. Combustion Furnace Section, by M. H. Mawhinney, Mark's Mechanical Engineers* Hand 
book. Third Edition, McQraw-Hill Co. 
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gases of fuel furnaces; and heat In unburned fuel in waste gases of fuel fired 
furnaces. Miscellaneous additional items include heat to water cooled parts, radia¬ 
tion from cars in car bottom furnaces when the car is out of the furnace, or 
conduction by metal parts extending out of a furnace.* 

It is quite customary to line electric furnaces with a greater quantity of insu¬ 
lation than is used in fuel fired furnaces, on account of the higher cost of electric 
current per heat unit. However, because of the absence of waste gases in electric 
furnaces, this smaller amount of radiation appears as a greater per cent of the 
heat input. 

Table III gives the average fuel economies for typical heating furnaces, ex¬ 
pressed in B.t.u. per lb. of material heated in fuel furnaces, and in kw-hr. per ton 
for electric furnaces. The values given represent good operation at efficient rates 
of production, and are for operation without recuperators or other heat saving 
devices. To obtain the fuel consumption, divide the economy In B.t.u. per lb. by 
the lower heating value of the fuel under consideration from Table I. The values 
of Table III are typical figures and will vary for different furnaces. 

Table HI 

Fuel Economies for Heating Furnaces 


Operation 

Average 
Temp., *P. 

Average Economy 
Good Operation 

Fuel Electric 

B.t.u kw-hr. 

per lb. per ton 

Tempering—Batch type. 

. 1000 

700 

120 

Chain conveyor . 


500 

110 

Hardening, annealing, normalizing. 

Batch tvpe . 

. 1500-1700 

1250 

300 

Rotary hearth . 

.... 

850 

210 

Pusher, direct . 


900 

225 

Pusher, pans . 


1400 

340 

Chain conveyor . 


1000 

245 

Car type . 


1200 

290 

Roller hearth, steel sheet. 


850 


Box anneal, sheets. 


1300 

... 

Carburizing in boxes. 

Batch type . 


1500* 

400* 

Pusher, straight . 


1200* 

325* 

Pusher, counterflow recuperative.. 


750• 

150^ 

Enameling: 

Batch, sanitary 3 coats.. 

1750 

2150 

... 

Continuous, flat ware. 

Ground coat . 

. 1500 -1650 

2500 

320 

Finish coat . 


1750 

220 

Lead pots . 

. 1500 

1500 

225 

Heating for forming. 

Batch . 

. 1900 

1750 


Continuous pusher . 


1600 


Plate reheating . 

. 1800 

1800 


Forging: .. 

Batch . 

. 2200 

2800 

500 

Continuous, pusher . 


1400 


Rotary hearth . 


1600 


Wire patenting . 

. 1850 

1500 


Heating for rolling. 

. 2400 

.... 


Batch, 4-6 doors. 


1800 


Continuous pusher . 


900 


Soaking pits for hot ingots. 

2400 

600 


Copper billet heating. 

1700 

500 


Annealing brass and copper. 

Pan type batch. 

1000-1200 

400 


Continuous, pans . 


350 

lio 

Continuous, chain . 


350 

110 

Continuous, counterflow . 


160 

50 

Heat treating aluminum: 

Continuous, forging . 

. 880 


140 

Pit type—^21 hr. heating. 

. 960 

... 

265 

Car type . 

. 975 

... 

200 

* Economies for carburizing furnaces are fuel per gross weight. Including boxes and compound. 

The values will vary with depth of case. 


*The method of calculating these various losses may be found in Industrial Heating Furnaces, 
by W. Trinks, and Practical Industrial Furnace Design, by M. H. Mawhinney, both published by 
John Wiley Ss Sons, Inc. 
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Furnace Atmospheres—The knowledge of this subject is at present in a stage 
of such rapid evolution, that it is difficult to express definite conclusions without 
fear of contradiction. Interest in the possibilities of atmosphere control for reduc¬ 
tion and elimination of scale oxidation has been awakened by a recent flood of 
discoveries. This research has included, principally, the action of the several con¬ 
stituents of combustion gases on hot steel and methods of bright heating of ferrous 
and nonferrous metals without oxidation by the use of specially prepared gases 
introduced into electric or muffle furnaces. Several years will be required to digest 
and assort the amount of data recently published on these subjects. 

Atmosphere in Fuel Furnaces—It has been generally understood for many years 
that the principal constituents of combustion gases are COs, nitrogen, water vapor, 
and CO or Ot. The proportions depend upon the degree of mixing and the relative 
quantities of fuel and air Introduced into the burners. Several simultaneous publi¬ 
cations in 1930 brought to general notice the fact that H 2 also exists in flue gases 
in quantity about equal to that of the CO content. 

Since tliat time, extensive research has been carried on to determine the effects 
of fmnace atmospheres, and a summary of the principal conclusions can be found 
under the heading “Furnace Atmospheres and Steel,“ by Clair Upthegrove in the 
American Gas Association Monthly for May, 1933. 

In general, it has been found that the scaling, or oxidizing gases in a furnace 
atmosphere are CO2, water vapor, and O2, while the reducing constituents are 
CO, Ha, and unburned hydrocarbons from the fuel. The scaling action of the 
atmosphere at any temperature and for any time of contact depends upon the rela¬ 
tive proportions of these gases in the atmosphere. The so-called neutral atmosphere, 
where theoretically correct quantity of air is introduced with the fuel, resulting in a 
complete absence of O2 or CO in the atmosphere, is a scaling atmosphere because the 
proportions of CO* and water vapor are high. To reduce the scaling of carbon steel 
to 50% of that resulting with this atmosphere, requires the excess of fuel neces¬ 
sary to give about 2% CO in the flue gases at 1700®F., and about 14% CO at 2300*F. 
To eliminate scale in a combustion furnace is practically impossible. Sulphur in 
the fuel also increases the amount of scaling of steel. 

In addition to scaling, the atmospheres of fuel furnaces frequently decarburize. 
Moist H* and water vapor are principally responsible, and where decarburization 
must be avoided, an oxidizing furnace atmosphere, with excess air, is the best 
method. Such an atmosphere is lower in CO* content, and in addition, the scale 
caused by such an atmosphere will inhibit decarburization. 

Atmosphere in Electric or Muffle Furnaces—The atmosphere in these furnaces 
is normally air from the atmosphere which forms a heavy free scale on steel at 
all temperatures above about 1200*’F., the amount of scale depending upon the tem¬ 
perature. 

So far it has been found impractical to operate direct fired fuel furnaces with 
sufficient CO and H* content to offset the scaling action of water vapor and CO*, 
so the developments in bright heating have been confined to electric and muffle 
furnaces. This is accomplished by maintaining a truly neutral atmosphere in the 
furnace or muffle, so that no oxidizing reaction between steel and atmosphere takes 
place. Such atmospheres include H* from electrolytic dissociation of water, dis¬ 
sociated ammonia, and mixed gases obtained from partial combvistion of hydro¬ 
carbon gases. By the use of specially prepared gases, the carbon content of the 
steel can also be controlled. 

Automatic Control of Atmosphere —^The automatic control of atmosphere in fuel 
furnaces involves the control of fuel-air ratio and the control of furnace pressure. 
The methods of fuel-air control commonly used for fuel fired heat treating fur¬ 
naces include the following: 

1 . The method of manual adjustment of fuel and air valves for high and low settings is 
used for two pipe burner systems, oil or gas fuel, and with two position control. 

2. Proportioning valves depend upon constant ratio of fuel and air orifices at all settings and 
are used for two pipe burner systems, oil or gas, with two or three position and proportioning 
(multiposition) control. 

3. High pressure gas burners or injectors, where gas automatically Injects a constant ratio 
of air and fiow of gas only is controlled; used with all kinds of control. 

4. Low pressure proportioning systems for gas, where gas is reduced to aero pressure and 
air automatically inspirates a constant ratio of gas and flow of air only is controlled; used with 
all kinds of control. 
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With fixed fuel-air ratio, automatic pressure control is necessary to maintain 
constant furnace atmosphere on account of the variation at fuel rates. Unless 
a constant pressure is maintained at all times in the furnace, air will enter the 
furnace and cause an oxidizing condition. The pressure is a function of the open¬ 
ings in the furnace and the fuel rate. Therefore, to maintain pressure, the open¬ 
ings must automatically adjust themselves to the rate of fuel flow. 

Comparative Costs of Fuels—In comparing the cost of operation, the major 
items for consideration are: 1. Charges on the investment; 2. labor; 3. main¬ 
tenance; and 4. fuel. The first three items depend largely upon the construction 
of the furnace and the type of conveyor or other mechanism involved for han¬ 
dling. A true comparison of fuel cost must include a consideration of the per¬ 
centage of heat lost in the flue gases. For example, all of the heat liberated in 
an electric furnace at all temperatures goes to heating the metal, the furnace lining, 
radiation through openings, and such losses. In contrast, a fuel fired furnace 
involves an additional loss in the flue gases leaving the furnace. 

Table IV gives the amounts of various fuels which equal 1 kw-hr. of electric 
heat at different temperatures, after correcting for flue gas losses. The compara¬ 
tive cost is also shown in the table based on assumed fuel costs which are ^ven. 
The B.t.u. equivalent of 1 kw-hr. used in this table is 3415. 

Table IV 

Comparison of Fuels 



Furnace 
Temp., ‘P. 

Net 
B.t.U. 
per Unit 

Cost per 
Unit, Cents 

Units 
Equivalent 
to 1 kw-hr. 

Cost 

Equivalent 
to 1 kw-hr 
Cents 

Electricity . 


3415 

1.0 

1.0 

1.0 

Bituminous coal, lb. 


14000 

0.25 

0.204 

0.074 


1500 



0.338 

0.085 


2000 



0.397 

0.100 

Fuel oU. gal. 

. 1000 

140000 

5.0 

0.029 

0.145 


1500 



0.034 

0.170 


2000 



0.040 

0.200 

Natural gas. cu.ft. 

. 1000 

1020 

0.04 

4 03 

0.161 


1500 



4.63 

0.185 


2000 



5.45 

0.218 

Artificial gas. cu.ft. 


475 

0.08 

865 

0.692 


1500 



9.96 

0.798 


2000 



11.70 

0.935 

Butane. cu.ft.. 

. 1000 

3020 

0.10 

1.38 

0.262 


1500 



1.50 

0.302 


2000 



1.87 

0 355 

Coke oven gas. cu.ft. 

. 1000 

510 

0.01 

8.06 

0.081 


1500 



9.26 

0.093 


2000 



10.90 

0.109 

Producer gas. cu.ft. 

. 1000 

150 

0.003 

30.3 

0.091 


1500 



37.3 

0.112 


2000 



46.9 

0.141 

Blast furnace gas, cu.ft.. 

. 1000 

90 

0.0023 

57.0 

0.131 


1500 



79.4 

0.183 


2000 



126.5 

0.290 


The figures in Table IV afford a comparison of the cost of heating with various 
fuels, assuming the same furnace construction in all cases. In actual practice, more 
Insulation is used on electric furnaces than on fuel furnaces, so that the relative 
cost of electricity with respect to other fuels is slightly less than is indicated by 
the table. 

The cost of fuels is a guide in their selection, but should never be used alone 
to determine the best fi\el for any given conditions. The relative convenience and 
cost of preparation must be carefully studied. Of even more importance Is the 
kind of heating possible with various fuels, including accuracy of control, and 
nature of surface obtainable. The fundamental purpose of a furnace is to prop¬ 
erly heat a given material, and frequently the savings from the use of a cheap fuel 
are quickly lost in the cost of material spoiled by improper heating. 

Fuel to Heat Cold Fomaoe—It is often desirable to know the quantity of fuel 
required to heat a furnace from cold to operating temperature. This may h% cal¬ 
culated from the data in Table V. These values are based on the usual practice 
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Of firing hard at the start and cutting down the fuel rate as the furnace comes 
up to temperature. 

Table V 

Rate of heat liberation (B.t.u. fired per sq. ft. of interior per hr.) required to 
heat firebrick lined furnace to temperature in given time. 


Hours to Final 

Temp., Ready -Operating Temp., "P.- 

for Operation 1000 1500 2000 


2 . 6000 12000 

4 4200 6800 13500 

6 3300 5100 8000 

8 2700 4300 6000 

10 2200 3800 5200 

12 1800 3300 4800 

14 1600 3000 4500 


Furnaces lined with the so-called “light refractories”, which are made to com¬ 
bine a part of the advantages of both firebrick and insulating brick, will heat up 
in about one-half the time required for firebrick, with the same rate of heat input. 

The following illustrates the use of Table V for calculating the quantity of 
fuel oil required to heat a firebrick furnace with 1000 sq. ft. interior area, from 
cold to 1500"F. in 4 hr. 

4 hr. X 6800 X 1000 

-= 194 gal. oil 

^ 140,000 B.t.u. / gal. 

Operation of Oil and Gas Burners—There are several fundamental facts which 
should be kept clearly in mind when lighting furnaces equipped with oil or gas 
burners. For all fuel fired furnaces, observe the following rules: 

1. open all doors before lighting the furnace. 

2. When lighting oil burners or gas burners of the blast (two pipe) type, turn the air on 
first, then the fuel. 

3. When lighting gas burners of the low pressure proportional mixing type, always open the 
gas supply valve wide; all regulation of fuel is by the air flow and the ratio adjusting screw on 
the mixer. 

4. When shutting off an oil burner, or a gas burner of any type, always shut off the fuel first. 

Due to the rapid ignition of most gaseous fuels, there is generally little difli- 
culty in keeping gas burners lighted. With oil burners, however, care must be 
taken when lighting. When the finely divided atomized oil strikes cold surfaces 
in the furnace, condensation takes place and separated carbon burning with insuffi¬ 
cient air causes dense smoke. Small quantities of oil with excess air should be 
burned until the burner block becomes red hot to assist in the vaporization of 
the oil and to maintain ignition. A baffle in the form of a steel bar inserted from 
the outside and projecting in front of the burner will assist in lighting most oil 
burners, because it keeps the velocity of the atomized oil below that of ignition, 
and affords the mixture an opportunity to light before passing through the fur¬ 
nace chamber. 

When lighting a furnace involving several burners, it is best to properly light 
one or two at a time, rather than to attempt to light all burners at once. The 
reason is that unburned combustion gases constitute an effective fire extinguisher 
and several improperly adjusted burners will interfere with the lighting of others. 

A new furnace after construction should be slowly dried out with gradually 
increasing temperature to avoid spalling and cracking. This process should take 
two or three days, while the moisture hi the brick and clay is slowly converted to 
steam and released without damage to the brick structure. In heating a large 
furnace to 2000®P., a good schedule of drying is as follows, although a considerable 
variation can be made: 10 hr. below 500°P.; 8 hr. below 1000®P.; 8 hr. below 1500®P.; 
and 8 hr. below 2000°P.^ giving a total time of 34 hr. 

After the furnace has been heated to temperature and the doors closed, the 
total Hue area should be partially closed until a pressure of about 0.01 in. water 
exists in all parts of the furnace. Temperature uniformity in the furnace may be 
reguiated by closing the proper flues when regulating to the proper pressure. In 
general, the flues at hotter portions of the furnace should be closed to force more 
gas and heat toward flues left open in the colder portions of the furnace. 
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Liquefied Petroleum Gases 

By George B. Benz* 

Introduction—Liquefied petroleum gases for industrial use are available in two 
commercial grades, propane and butane. Commercial propane consists, essentially 
of propane and propylene, with very small aipounts of ethane, butanes and buty¬ 
lenes. Commercial butane consists, essentially of butanes and butylenes, with small 
amounts of propane and propylenes. These fuels are manufactured at natural 
gasoline plants and refineries. 

Properties of Liquefied Petroleum Gases—^Liquefled petroleum gases and natural 
gas have similar combustion characteristics. Natural gas is composed principally 
of the paraffin hydrocarbons, methane and ethane. Liquefied petroleum gases are 
likewise composed principally of paraffin hydrocarbons. However, where obtained 
from refineries, olefin hydrocarbons are also present. Some of the most important 
and useful properties of commercial grades of propane and butane are shown in* 
Table I. Table II shows comparative data for typical industrial gases and propane 
and butane. 


Table I 

Average Properties of Liquefied Petroleum Gas Products 



Commercial Commercial 
Propane Butane 

Pure 

Propane 

Pure 

Normal 

Butane 

Vapor Pressure psi. 

at 70“P. 

122 

31 

108 

17 

at 90“P. 

165 

49 

148 

30 

at lOO-F. 

190 

59 

172 

38 

at lOS-P. 

204 

65 

184 

42 

at 130“P. 

282 

97 

257 

67 

8p.gr. of Liquid (60V«0-P.). 

0.511 

0 582 

0.509 

0.584 

Initial Boiling Point at 14.7 psi. Abs., T. 

-51 

15 

-44.1 

30.9 

Weight per gal. of Liquid at eO“P., lb. 

4.26 

4 84 

4.239 

4.864 

Mean Coefficient of Thermal Expansion, Liquid: 

0- 50-P. 

0.00145 

0.00104 

0 00143 

0.00096 

60-100»P. 

0.00184 

0.00122 

0 00180 

0.00113 

Dew Point at 14.7 psi. Abs, T. 

-45 

24 

-44.1 

30 9 

Specific Heat of Liquid. B.t.u./lb./^F. at eO^P.... 

0.587 

0.549 

0.596 

0.556 

Cu.ft. of gas at 60^F., 30''Hg per gal. of Liquid at 
60’P . 

36 18 

31 46 

36.81 

rd 

30.81 

Specific Volume of Gas. cu.ft./lb. at 60"P., 30"Hg.. 

8 50 

6.50 

8.451 

6.333 

Specific Heat of Gas, B.t.u./lb./“P. at 6(FP. (Cp). 

0.401 

0.382 

0 410 

0.388 

Sp gr. of Gas iAir:=l» at 60°F., 30"Hg. 

1.53 

2.01 

1.546 

2 053 

Ignition Temperature in Air. **F. 

920-1020 

900-1000 

920-1020 

900-1000 

Max. Flame Temperature in Air, . 

3725 

3725 

3725 

3735 

Gas in Air for Max. Flame Temp, % . 

4.2-4 4 

3.3-3.4 

4.05-4.3 

3.15-3.4 

Max. Rate of Flame Propagation in 25 mm. Tube: 

Cm. per sec. 

85.9 

87.1 

82 0 

82.0 

In. per sec. 

33.8 

34.3 

32.0 

32.0 

Limits of Inflammability in Air, % Gas in Gas- 
Air Mixture: 

At Lower Limit, %. 

2.4 

1.0 

24 

1.9 

At max. Rate of Flame Propagation, % . 

4.7-4 9 

3.7-3.9 

4.6-4.8 

3.6-3.8 

At Upper Limit, % . 

9.6 

8.6 

9.5 

8.5 

Required for Complete Combination: 

Cu.ft. Og per cu ft. Gas. 

4.9 

6.3 

5.0 

6.5 

Cu.ft. Air per cu-ft. Gas. 

23.4 

30.0 

23.9 

31.1 

Lb. Oa per lb. Gas. 

3 59 

3 54 

3.631 

3.581 

Lb. Air per lb. Gas. 

15.52 

15.3 

15.71 

15.49 

Products of Complete Combustion: 

Cu ft. COg per cu.ft. Gas. 

3.0 

3.9 

3.0 

4.0 

Cu.ft. HgO per cu.ft. Gas. 

3.8 

4.6 

4.0 

5.0 

Cu.ft. Na per cu.ft. Gas... 

18.5 

23.7 

18.9 

24.6 

Lb. COa per lb. Gas. 

3.0 

3.1 

2.996 

3.030 

Lb. HaO per lb. Gas. 

1.5 

1.5 

1.635 

1.551 

Lb. Na per lb. Gas. 

11.9 

11.8 

12.08 

11.91 

Ultimate COa, % by Volume. 

13.9 

14.1 

13.9 

14.1 

Latent Heat of Vaporization at Bolling Point: 

B.t.u. per lb. 

184 

167 

183 

165 

B.t.u. per gal. 

784 

808 

776 

803 

Total Heating Values (After Vaporization): 

B.t.u. per cu.ft. 

2537 

3261 

2566.3 

3368.7 

B.t.u. per lb. 

21570 

21180 

21688 

21334 

B.t.u. per gal. 

91800 

102600 

91935 

103769 


‘Engineer, Phllgas Department. Phillips Petroleum Co, Detroit. 
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Storage and Vaporization—Propane and butane are shipped in special pressure 
type tank cars, tank trucks, and in small cylinders. Tank cars and tank trucks 
are unloaded, by pump or pressure differential, into the plant storage system. Plant 
storage tanks are constructed by fusion welding, in accordance with Section VIII, 
A.S.MJ!. Unfired Pressure Vessel Code, and installed in accordance with rules and 
regulations of the National Board of Fire Underwriters, or other insurance or regu¬ 
latory body having Jurisdiction. Pressure type storage tanks are used, 80 lb. work¬ 
ing pressure for butane, and 200 lb. working pressure for propane. 

Propane and butane are piped about the plant as a gas, consequently require 
vaporization or gasification prior to distribution. This is accomplished by supply¬ 
ing the latent heat of vaporization and releasing the pressure. Vaporization is auto¬ 
matic, and in accordance with the plant fuel demand. In most propane installa¬ 
tions, the gas is withdrawn from the vapor space above the liquid in the storage 
tank and passed into the plant piping, after passing through suitable regulators. 
When the fuel requirements are large, or when butane is used, a separate vaporizer 
is employed. 


Table II 

Composition and Combustion Characteristics of Various Fuel Gases 


Constituents Bitumi- 
of Oases nous 

Shown, % by Producer 
Volume. Oas^ 

Oil Gas 
Protero 
1920^ 

Coke 

Oven 

Gas^ 

Natural 
Gas. Oil 
City, Pa.i 

Carbu¬ 
reted Blue 
Water 
Oas^ 

Blue 

Water 

Qas^ 

Industrial Industrial 
Propane^ Butane< 

CO . 

27.0 

6.8 

6.3 

... 

33.4 

42.8 


* • • 

CO* . 

4.5 

1.0 

1.8 

... 

3.9 

3.0 

* •. 

... 

H, . 

14.0 

59.2 

53.0 

... 

34.6 

49.9 



N* . 

60.9 

2.7 

-3.4 

1.10 

7.9 

3.3 



O* . 

0.6 

0.1 

0.2 

... 

0.9 

0.5 



cm . 

3.0 

29.4 

31.6 

67.60 

10.4 

0.5 



CaH* . 

... 

... 

•«. 

31.30 

. •. 


2.6 


CiHi . 

.. . 

3.8 

2.7 

• • • 

6.7 

... 

... 


CaH* . 

... 

. •. 





19.0 

... 

OsHa . 


... 





76.0 

5.0 

C«He . 


1.0 

1.6 


2.2 


•.. 

... 

CiH* . 

. - f 

t t e 

- ^ t 

♦ • ♦ 



1.5 

49.6 

C 4 H 10 -N . 


... 


... 

... 


... 

28.4 

C 4 H 10 -I 8 O .... 


... 


... 



1.50 

16.5 

CsHu-Iso .... 

... 

.,, 

« • « 

«.. 


,. 

«.. 

0.5 

8 p.Gr.(Alr-l). 

0.86 

0.35 

0.42 

0.71 

0.65 

0.53 

1.93 

2.01 

B.t.u. per 

Cu.Pt.Or.... 

190 

575 

588 

1232 

536 

308 

2737 

3261 

Gross 

Products of 

Combustion 

Per Cu. Pt. 
of Gas. 

CO* . 

0 35 

0.47 

0.91 

1.30 

0.74 

0 46 

3 0 

3.9 

HaO . 

0.19 

1 21 

1.25 

2.29 

0.75 

0.51 

3 8 

4 6 

Na . 

1.49 

3.91 

< 4.13 

0.26 

3.54 

1.82 

18.5 

23.7 

Total (dry).. 

1.84 

4.38 

4.64 

10.56 

4.28 

2.28 

21.5 

27 6 

Ultimate 

COa, % .... 
Gross B.t.u. 

19.0 

10.7 

11.0 

12.3 

17 2 

22 3 

13.9 

14 1 

per Cu.Pt. of 

Mixture .... 

67.0 

97.2 

95.0 

97.1 

99.9 

94.5 

104 0 

105 2 


Flame T e m- 
perature Cor¬ 
rected for 


Dissociation, 


•F. 

Vol. Required 

3160 

3725 

3660 

3620 

3815 

3800 

3600 

3615 

in Cu.Ft. 

0 * . 

0.259 

1.026 

1.085 

2.446 

0.918 

0.473 

49 

6.3 

Na . 

0.981 

2.884 

4.105 

9.254 

3.45 

1.787 

18.5 

23.7 

Air . 

1.24 

4.91 

5.19 

11.70 

4.37 

2.26 

23.4 

30.0 


*A.O.A. Handbook **Combustion.’* 
^hiUlpo Petroleum Co. 


Undiluted propane gas is piped about the plant at either low or high pressure, 
the exact pressure being determined by the type of burner equipment. 

Undiluted butane gas may be piped about the plant at low pressure, provided 
the temperature does not fall below the dew, or condensation point. If high pressure 
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gas is required, butane must be diluted or partially mixed with air prior to distri¬ 
bution. Dilution with air lowers the dew point. 

Combustion Equipment—Table II shows that the rate of flame propagation 
(speed of combustion) of propane and butane is low, but comparable to that of 
natural gas. This *'slow burning” characteristic permits a lower air-gas mixture 
velocity through burner ports or nozzles without back firing, as well as allowing 
the operation of certain types of burner equipment with a lower manifold pressure, 
with corresponding greater range of ”tum up” and ”tipm down”. 

The comparative efficiency of various gaseous fuels is in direct relation to the 
available heat of the gas, all factors of furnace construction and operation being 
equal. The available heat of a fuel is the difference between the gross B.t.u. value 
and the amount of heat contained in the products of combustion at the temperature 
imder consideration. The available heat of both propane and butane is high, and 
is at 2000^F. approximately 50% of the gross B.t.u. value. Propane and butane contain 
no noncombustible constituents such as nitrogen, carbon dioxide, or water vapor. 

Tables I and n show important combustion data for propane and butane, the 
most important to the engineer being the products of combustion, ultimate COt, air 
required for combustion, rate of flame propagation, flame temperature and average 
composition. Propane and butane are generally used through the various types 
of air-gas combustion equipment and burners. 
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Fuel Oil 

By J. E. Hamilton,* R. T. Goodwinf and R. C. Brlerlyf 

Fuel oil, as the term is broadly used, covers a wide range of products ranging 
from those similar to kerosene down to fairly heavy residua. 

Grades of Fuel Oils—Standardization has led to a generally accepted division 
of fuel oil into five classes based on several physical properties. The Commercial 
Standard, (CS12-38), gives the property limits of the various grades as shown in 
Table I. 

The first three grades in Table I are the domestic heating oils. In general, 
Grades 1-3 are distillates and Grades 5 and 6 are residual products or blends of 
residua and distillate from the crude oil refining process. 

Industrial fuel oil. unless purchased under a service contract containing definite 
performance provisions, may meet all the specification tests, but may differ from 
previous deliveries. The product being manufactured may be contaminated, furnace 
refractories may fail much more rapidly than before, smoke problems may be 
increased, or fouling may develop in some part of the oil handling systems. Any 
of these things, and others, may happen due to changes in the oil which are not 
apparent in the tests which have been developed. 

Properties of Fuel Oils—The characteristics of fuel oil which are of interest are: 


Physical characteristics: 

1. Viscosity 

2. Gravity 

3. Flash point 

4. Fire point 

5. Physical impurities 

(a) Water 

(b) Grit and fibrous materials 

(c) Solid bodies 

6. Pour point 


Chemical characteristics: 

1. Composition 

2. Heat value 

3. Uniformity 

4. Stability 

5. Acidity 

6. Impurities, such as sulphur 


Viscosity—Viscosity is that property of fuel oil which determines its resistance 
to flow. It is measured by an instrument, the viscosimeter, which in all its different 
types comprises a means for determining the time in which a measured quantity 
of oil at a Standard temperature goes through a tube of standard dimensions. The 
instrument commonly used in the United States is the Saybolt of which there are 
three instruments of different flow tube dimensions. The Saybolt Universal vis¬ 
cosimeter is usable for most lubricating oils and for fuel oils in the upper range of 
the domestic heating types. In practice, the Saybolt Universal viscosimeter is used 
up to flow period of between 500-1000 sec., at which point the Purol viscosimeter is 
applicable. Since viscosity varies with temperature, the principal requirement of any 
viscosity test is maintenance of the oil under test at specified temperature. Most 
tests are made at the following standardized temperatures: Saybolt Universal, 32®P. 
and 100®F.; and Purol. 77**^ and 122“P. 

The principal direct effects of viscosity on utilization are in handling the fuel 
oil and in atomizing at the burners. Viscasity alone being considered, the only upper 
limit for practical utilization is the ability of the equipment to raise the temperature 
of the oil to a point where it will flow and atomize. Any lower viscosity limit is 
acceptable except that better construction of Joints and seams is needed to prevent 
leakage with the extremely fluid types. 

The upper limit must be determined by the location and facilities of the plant. 
In general, it can be stated that Grade 5 fuel oil is satisfactory for use in almost 
any system where the temperature between the tanks and the preheaters can be 
maintained above 32°P. and in the preheaters can be raised to at least 125°P. 
Grade 6 fuel oil can be used in any system where the temperature before the pre¬ 
heater can be maintained above 100 ®P. and after the preheater can be delivered 
to the burner at a temperature of 240“P. Por fuel oil of viscosity above the upper 
limit of Grade & the system should be so designed that the temperature before the 
preheater can be maintained sufficiently high to prevent the viscosity exceeding 


^’Lieutenant Commander, United States Navy, and fLieutenant Commander, United States Navy 
Reserve. 

The statements, opinions and conclusions here published are those of the authors and in no 
way express the official opinion of the Navy Department. 
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500 Saybolt-Furol-Seconds and after the preheater to permit reducing the viscosity 
to at least 200 Saybolt-Universal-Seconds. 

Gravity—GrsLvity of fuel oil Is measured by an arbitrary scale which is related 
to the specific gravity. In the United States the scale used is that known as AP.I. 
(American Petroleum Institute) which is based on specific gravity using the moduli: 

141.5 

For oils lighter than water, A.P.I. =-= 131.5 

8p.gr. 

145 

For oils heavier than water, A.P.X. = 146- 

«p.gr. 

Gravity is measured by hydrometers graduated to the AP.I. scale. Since the hydrom¬ 
eter reading is dependent upon displacement of oil whose gravity is being measured, 
the weight of the oil displaced will vary with the coefficient of expansion of the oil. 
Gravity is ordinarily measured at whatever temperature the oil may happen to be, 
coincidentally measuring that temperature, and then correcting the gravity to a 
standard temperature of 60®F. by the use of tables published by the United States 
Bureau of Standards. 

At present fuel oils of the industrial grades are obtainable at gravities ranging 
from 3 or 4 AP.I. (1.021 spgr.) to 25 or 30 A.P.I. (0.876 sp.gr.). The heavier the oil 
the greater its B.t.u. content, per unit volume; hence, since oil is commonly sold on 
a volumetric basis, it is highly advantageous to obtain oil of the lowest gravity 
(highest sp.gr.) if it has other acceptable characteristics. 

Flash Point—Flash point is the temperature at which the oil first emits suffi¬ 
cient gas to cause a momentary, nonsustained flame when subjected to standard 
flame. Standardized instruments for measuring flash point are either the closed 
cup type or the open cup type. In general the open cup readings are about 20-30° 
higher than the closed cup which is the instrument usually used for specification 
tests. The temperature of the oil to be tested is raised in the instrument until the 
first nonsustained flame appears when a lighted taper having a flame of standard 
size is applied near the surface. Flash points may vary from slightly above atmos¬ 
pheric temperatures to well above 200 °F. For kerosene and domestic heating oils 
many states have laws limiting flash points to not less than some figure which 
possibly averages around 100°F. Fire due to low flash point must be initiated by a 
flame. For fuel oils above the domestic range normal limits have always been 
either 150 or 175°F. as a minimum. It is considered that a minimum limit of 150°F. 
is entirely satisfactory. 

Fire Point —Fire point is measured by increasing the temperature above the flash 
point until a sustained flame of at least 30 sec. duration is initially produced. Fire 
point has never been specified for fuel oil. Its only possible connection with utili¬ 
zation is in its relationship to the ease of starting a fuel oil fire. Practical methods 
of starting fire are such that any fuel oil can be ignited and once Ignition has 
taken place it will continue. There is no benefit to be derived from further consid¬ 
eration of fire point. 

Water as an Impurity—Water can enter fuel oil either through condensation 
or contamination. This can occur either before or after the oil is delivered to the 
storage system. It was previously accepted as satisfactory to test water by gravi¬ 
tational separation. Acceleration of operation was obtained by use of a centrifuge 
with a standard radius, speed of rotation, and sample test tube. This method was 
undoubtedly satisfactory for fuel oils of the straight run types where the water 
was Interspersed through the body of the oil as free water and where the oil has a 
sp.gr. of less than 0.95. For close determination the method is wholly unsuitable for 
many cracked oils or for a majority of oils whose gravities are close to or less 
than that of water. For any oil a true determination of water content can be 
obtained by a distillation test. 

It is possible for water to be present in very minute globules up to as much as 
5% if highly emulsified. It is very Improbable that a purchaser need protect him¬ 
self against any limits beyond about 5%. Up to this amount water might be present 
without being readily discernible. 

Water reduces the fuel value of the oil, not only by the lesser volume of actual 
oil out also by the furnace loss in vaporizing the water. It is customary in specifica¬ 
tions not to exceed 1% of water at the contract price and not to exceed 2% with 
a price adjustment for the water in excess of 1%. 
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Grit and Fibrous Materials as Impurities-^lt is possible for fuel oil to pick up 
gritty and fibrous materials during the refining process. All such foreign material 
can be removed by straining. There are no standard methods of test for determining 
the presence of these materials, but their possibility should be obviated by installing 
at some point in the system an adequate strainer to remove all sizeable foreign 
bodies. 

Solid Bodies as ImpuritiesSolid bodies in the fuel oil may be of a mineral 
nature which became entrained in the same manner as grit, or they may be particlea 
of carbon formed in the oil during the refining process. Protection against non- 
combustible Impurities may be obtained by a crucible burning test where combustion 
is carried to completion and the increase in weight of the crucible after burning 
represents the weight of the noncombustibles in the sample. The test is difficult 
to control. 

Pour Point—Pour point is the lowest temperature at which oil will flow or pour. 
It is a fimction of temperature. Pour point is measured by reducing the temper¬ 
ature of a small quantity of the oil in a test tube until it will no longer fiow. Pour 
points run from well below zero to in the order of 80 ®P., or higher, pour point of 
straight run residual oil will run considerably higher than those which are residua 
of cracking processes. 

In practice large bodies of oil do not congeal at as high a temperature as will 
a small sample of the oil in a test tube. There is practically no need for specifying 
any pour point limitation where the oil in storage will not be subjected to tem¬ 
perature below freezing. Where storage tanks of fuel oil are exposed to atmospheric 
temperatures in the winter, it would be advisable to have a maximum pour point 
limit about 10% higher than the expected minimum temperature of the oil. 

Chemical Composition—The two principal constituents of fuel oils are hydrogen 
from 8-20% by weight and carbon from 80-92% by weight on a water-free basis. 
Other elements, which are impurities in the pure hydrocarbons, may be present. 
Sulphur which may be in amounts from a trace to nearly 5% is the most common 
Impurity. Other possible constituents, rarely present in amounts over 0.5%, are 
the halogens, metals, and salts. 

It is possible that some additional impurities may enter the fuel oil as a con¬ 
taminating residue from the refining process. Some refineries use ammonia, lime, 
sulphuric acid and probably other reagents in different phases of treatment which 
may be added to the residual fuel oil. 

Since the thermal value of hydrogen oxidation is greater than that of carbon^ 
the more valuable fuel per lb. is that with the higher percentage of hydrogen. 
However, since United States practice has been standardized on volumetric units for 
sale of fuel oil, the advantage is reversed as has been mentioned above because 
the high-hydrogen oils are lighter. For practical purposes, the carbon-hydrogen ratio 
is sufficiently well established by the sp.gr. measurement (which increases with the 
percentage of carbon) that hydrogen content may be neglected. 

When heating steel in an open chamber, it should be remembered that hydrogen 
bums to H;,0 and gives a harsh cutting fiame. 

Heat Value—Heat value is a measure of the amount of energy which is obtain¬ 
able from the oil when burned. There have been a number of empirical formulae 
developed for determining the calorific value by using other measurable char¬ 
acteristics. Inchley’s formula based on the ultimate analysis is: 

B.t.U. per lb. = 13,500 O plus 60,890 H. 

The Naval Boiler Laboratory formula is: 

B.t.U. per lb. = 17,751 plus 53.4 x the AP.I. gravity at 60®F. 

Either of the above formulae will give results close enough for practical purposes. 
The more accurate method is by measurement in a bomb calorimeter. 

Uni/ormifj^—Fuel oil which is a residual product from the same process will be 
practically homogeneous throughout except for the slight deposition of sludge set¬ 
tling in storage. The sludge may be greater with some cracked residues than with 
normal straight run residue. It should offer no difficulties in service if the suction 
line on the storage tank is so arranged that the suction is above the sludge line. 

It is possible to blend a viscous residue with a low viscosity distillate and obtain 
a very unsatisfactory product although theoretically, they should be exactly correct 
as to viscosity. The reason appears to be that there is such a thing as incompati¬ 
bility between some residues and some distillates. Except in cases of incompatibility. 
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any blend properly made will remain uniform indefinitely, that is, there is no 
tendency for the two constituents to separate once they have been well blended. 

Stability—Th\s term as here used applies to the freedom from chemical change 
of the fuel oil due to conditions of pressure, temperature, or age, either in storage 
or in the system until burned. For a straight run product there is little probability 
that any chemical change will occur in practice. Maximum temperatures attained 
prior to ignition are several hundred degrees below cracking temperature. In storage 
at moderate temperatures it would take an extremely long time to cause any of the 
chemical changes which are accelerated by heat. However, for cracked fuel oils 
it has been found that, even though the oil has been subjected to cracking tem¬ 
peratures, it is not necessarily stable at temperatures encountered in the fuel oil 
system. It is not definitely known whether this change is a chemical or a physical 
dbange. 

Acidity—The normal opacity of fuel oil makes the litmus or other color reaction 
change inapplicable. It is possible by setting up a suitable arrangement to run dis¬ 
tilled water through the oil (known as washing) and then test the recovered water 
lor acidity. This test should reveal any extreme acid condition. 

Sulphur OB an Impurity—S\jAph\xr in a fuel oil is probably rarely present in 
the free state. It is normally present in the form of hydrogen sulphide or other 
sulphur derivatives. Any fuel oil whose content of hydrogen sulphide is apparent 
from the odor on delivery should be rejected. 

Sulphur present in any form will, after combustion, be present as sulphur 
dioxide. Sulphur dioxide in the gases of combustion will cause no difficulty until 
it is cooled below the boiling point of water. If the gases of combustion are released 
to the atmosphere at temperatures well above 212**F. so that they disperse before 
condensation, no destructive concentration of sulphurous or sulphuric acid can be 
encountered. The greatest difficulty is due to pockets in the combustion or flue 
spaces where gases of combustion may collect and condense. Since such spaces 
will also collect soot, the sulphur dioxide dissolved by the condensate will form 
sulphurous or sulphuric acid which will be absorbed by the soot and is highly 
corrosive to contiguous metal. Proper design or frequent thorough cleaning will 
minimize this difficulty. 

If the equipment for heat treating of metals is so designed that the gases of 
combustion themselves impinge directly upon the metal being treated it is possible 
that sulphur contamination will occur. Also, it is detrimental to a number of alloys, 
especially heat and corrosion resisting alloys of the high nickel-chromium type and 
to Chromel-Alumel thermocouples. Sulphur may be present in fuel oil in quantities 
as high as 5%, but such a percentage is rare. As fuel, this reduces the heat value 
slightly. Where the heating equipment requires direct contact between the gases 
of combustion of the fuel oil and the product, it is recommended that a sulphur 
limit of 0.5% be specified. 

Equipment—^Where the location of a plant is favorable to the use of fuel oil, 
the equipment should be made, or modified, to fit all probable kinds of fuel oil. 
This should certainly be done in installing new equipment. In most cases old equip¬ 
ment can be modified to permit utilization of any possible fuel oil without serious 
difficulties. 

Fuel Storage System —If local regulations will permit, the fuel storage system 
should be located at a reasonably high elevation above the furnaces. The total 
tankage should be divided into four tanks or four subbatteries of tanks so that one 
can at all times be in use, one standby for use, one empty, cleaned and awaiting 
delivery, and one being cleaned. It is advisable to receive fuel oil only into clean 
tanks and not to mix it with any oil remaining from previous deliveries. 

All fuel oil tanks should be equipped with steam heating coils of sufficient out¬ 
side surface to maintain the oil in the tank at a temperature of at least 80 °F., 
using saturated steam at whatever pressure may be available. For plants located 
where extreme winter weather conditions may be encountered, a saving in fuel will 
probably compensate for insulation on the tanks. 

Each tank should have a pipe connection at the lowest point in the tank for 
use in cleaning or draining water and sediment. 

Fuel Supply <Sysfem-~Connections to the tanks should be so made that suction 
in the tank will be above the sludge line. All connections should be so manifolded 
that any tank can be separately connected. In calculating the pipe size, allow a 
considerable mai'gin to reduce flow restrictions. In calculating flow losses, each 
fitting and 90® bend may be equivalent to from *^0-100 feet of piping. Properly 
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designed fittings, welded into the pipe, will reduce these figures considerably. A 
double basket or similar strainer should be installed on the discharge side of the 
pump. However, strainers are also installed on the intake side of the pump. 

Pumps of the screw type are successfully used even in cases where there Is not 
a positive pressure on the supply side. A priming pump is used in these qases. 
Motor driven geared pumps are commonly used. These are of the positive displace¬ 
ment type and the excess oil is returned to the tank through a relief valve set at 
the desired operating pressure. Any pump, if properly designed, will handle fuel 
oil if its viscosity (either before or after heating) is riot greater than 700 Saybolt- 
Purol-Seconds. 

In the event of fire or fuel oil system breakage, the supply line entering each 
building should be provided with a quick closing valve operable from either inside 
or outside the building. 

Burning Eguipmcnf—The fire installation consists of the service pump, fuel oil 
preheaters, air registers, atomizers (commonly called burners), and fans or other 
draft forcing apparatus. 

Fuel oil atomizers are of four general types: Mechanical pressure, mechanical 
centrifugal, air, and steam. The amount of work performed by an atomizer is 
definite and can be calculated in ft.-lb. 

Mechanical pressure atomizers require high pressure piping systems and pre¬ 
heaters. Preheaters are usually operated on exhaust steam. They reduce the vis¬ 
cosity of the fuel oil to a point where droplets of fuel oil can be forced by pressure 
through the passages of the sprayer plate or tip and plug which forms the working 
portion of the device. The small passages in the sprayer plate or tip and plug 
are more apt to be clogged by sediment than the relatively larger ones of other 
type atomizers. 

Centrifugal atomizers form mist-like fogs of fuel oil by means of a cup rotating 
at high speed together with a blast of air passing aroimd its periphery. Moving 
parts tend to increase upkeep, and they occupy considerable space on the furnace, 
principally because air Intermixing registers are required. 

Steam and air atomizers are similar in construction. In both cases, the oil 
drooling at low pressure from an orifice is caught by a blast of air and steam and 
shattered into'the form of finely divided particles, principally by impact. All air 
and steam atomizers may be subdivided into two principal types: The outside mix¬ 
ing and the inside mixing. Oil, in the former case, is reduced to fine particles 
outside the metal portions of the atomizer itself, and in the latter case, air or steam 
surrounds and entrains the oil particles, carrying them through an orifice which 
may be designed in such a manner that practically any shape of flame can be 
obtained. Thus, the use of a circular orifice will provide a conical flame; a horizontal 
slot, a '*fish tail’’ flame. 

The best type of atomizer to be used depends upon conditions existent in the 
plant. 

Air Mixing—It is necessary that the atomized oil be thoroughly mixed with air 
in sufficient quantities for complete combustion. The oil and air mixture must be 
intimate; this is a fimction of the air register operating in conjunction with the 
atomizer. The air may be drawn into the furnace through the register or apertures 
either by the natural or forced draft. 

On heat treating and drop forging furnaces and furnaces of this type, the air 
tot combustion is usually supplied through the burner without the use of air registers. 

The design of the combustion space should provide a “target” wall or baffle 
for the flame to play on so that it will not Impinge directly on the metal being 
heated or the brickwork. The furnace dimensions should be sufficient to allow full 
combustion of the oil in the furnace. With cracked fuel oils these dimensions must 
be greater than for straight run oil. For additional information on Industrial heat¬ 
ing furnaces and types of burners see page 262. 



280 


PROPERTIES OP REFRACTORIES 


Gen. 5906 


Properties of Refractories 

The properties of commercial refractory materials may differ because of impur¬ 
ities, location of the source of raw materials, bonding materials, and manufactur¬ 
ing processes. As the readers’ interest may be with both the commercial and pure 
refractories. Tables I, II, and III give the chemical and physical properties of the 
commercial, and Table IV of the pure refractories. 
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^The fusion point of refractories is sometimes given in terms of cone numbers (P.C.E.) but as this is adding another temperature scale to evaluate 
this property, the Fahrenheit scale is recommended in engineering work. 













PROPERTIES OF REFRACTORIES 




s 


et 

•S 

I 

H 

1 


^14 

4) 

H 



S 


<s 


* Prof., Mass. Institute of Technology, Cambridge, Mass. 

iThe figures on electrical resistivity are approximate because slight amounts of impurities greatly Infiuence them. The thermal conductivity values 
not exact as there are considerable variations in the published results. 


















































Table IV 

Properties of Pore Refractory Materials’ 
By S. M. Phelpst 
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Pyrometry* 


Pyrometry deals with the measurement of all temperatures above about 050*F. 
The principal methods of pyrometry are the thermoelectric, the optical, and the 
radiation methods. The thermoelectric and the total-radiation methods can easily 
be extended to temperatures below 

Thermoelectric Pyrometry—Thermoelectric pyrometers may be satisfactorily used 
for measuring temperatures up to about 3000*'F. 

Principle of the Thermoelectric Pyrometer —^In 1821 Seebeck discovered that If 
two dissimilar wires are Joined together at both ends and one junction is heated, 
an electromotive force (emf.) or voltage is generated in the circuit. This phenome¬ 
non is called the thermoelectric effect. The discovery led to the development of the 
thermoelectric pyrometer, a simple form of which is illustrated by Fig. 1. It consists 
of a millivoltmeter connected to two wires of different metals, the other ends of 
which are joined together and placed in a furnace. The two wires of different metals 
joined together at one end constitute the thermocouple, one wire being the positive 
element and the other the negative element. The millivoltmeter is an instrument 
to measure the emf. or voltage generated. 

Some thermocouples consist of two elements in the form of wires while others 
consist of a wire element within a tubular element. 

In the thermoelectric circuit shown in Pig. 1 there are three junctions as 
follows: The junction of the two wires inside the furnace, often called the “hot 
junction,” now generally referred to as the “measuring junction”; and the two jimc- 
tions between the elements of the thermocouple and the copper wires connecting 
them to the millivoltmeter, A and At. Although there are two such junctions in 
the arrangement shown in Pig. 1, the pair is commonly treated as a unit and often 
called the “cold junction.” now more generally referred to as the “reference junc¬ 
tion.” Since we are concerned altogether with high temperatures, we shall adhere 
to the terms, “hot” and “cold,” as they can lead to no misunderstanding. 

At each of these junctions an emf. is generated which varies with the tempera¬ 
ture of the junction, and the algebraic sum of these three emf.*s is the emf. measured 
by the millivoltmeter. If the temperature of the cold junction pair is maintained 
constant, then the result^int emf. as measured by the millivoltmeter varies only with 
the temperature of the hot junction. 

Thermocouple Materials—The number of metals and alloys suitable for com¬ 
mercial use in thermocouples is rather limited for they must be resistant to oxida¬ 
tion, recrystallization, melting, and contamination at high temperatures; they 
must develop an emf. high enough to be measured without the use of delicate 
apparatus; and finally, they must be reproducible and readily obtainable in uniform 
quality. 

The different combinations of materials in common commercial use for thermo¬ 
couples are: Platinum vs. the alloy 87% platinum plus 13% rhodium; platinum vs. the 
alloy 90% platinum plus 10% rhodium; “Chromel” vs. “Alumel”; iron vs. “con- 
stantan”; and copper vs. “constantan.” The last three pairs are commonly referred 
to as “base metal couples.” 

The useful life of a thermocouple depends not only on the maximum tempera¬ 
ture to which it will be subjected, but also on the atmospheric conditions to which 
it will be exposed. 

Platinum vs. platinum-rhodium thermocouples may be used up to a tempera¬ 
ture of 3000®F., but they are easily contaminated and must be suitably protected at 
all times. Continuous subjection to temperatures above 2800^F. is not recommended. 

There is no completely satisfactory material for long service in reducing gases. 
Stainless steel (Iron-chromium-nickel alloy) is being used to a limited extent paired 
with Chromel, but the couple has not been standardized by the instrument com¬ 
panies. 

The Chromel-Alumel thermocouple will generally be more satisfactory than the 
Iron-constantan in oxidizing atmospheres at 1200-2200''P. Chromel-Alumel may be 


*The article on thermoelectric pyrometers was originally prepared by a Subcommittee on 
Pyrometry consisting of Klrtland Marsh, Chairman; R. P. Brown, F. A. Faust, 8. C. Horn, W. T. 
Morgan and C. O. Fairchild. The article on optical and radiation pyrometry was originally pre¬ 
pared by P. H. Dike. All of the material on pyrometry has been revised for this Edition by a 
Subcommittee consisting of R. B. Sosman, Chairman; P. H. Dike, W. Q. Martin, F. W. Paine. 
W. F. Roeser and H. T. Wensel. 
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used intermittently up to a temperature of 2400*'F. Its emf. is subject to change 
when the wires are exposed to a reducing atmosphere. 

The iron-constantan thermocouple is not recommended for continuous use in 
air at temperatures above 1400At this temperature, No. 8 gage wire of either 
element of the couple will last about 1000 hr. in air. The couple will generally have 
a longer life and be more satisfactory than Chromel-Alumel in a reducing atmos¬ 
phere up to 1800®P. 

The copper-constantan thermocouple is satisfactory for continuous use up to 
700®P. and for intermittent use up to 1000®F. 

The life of any base metal thermocouple will be relatively short when exposed 
continuously to temperatures above 2200 ®P. Alternately reducing and oxidizing con¬ 
ditions are especially detrimental to any base metal thermocouple. 

Construction of Couples—The hot 
Jimctions of all thermocouples should be 
welded except in the case of base metal 
thermocouples for use at comparatively 
low temperatures (below 1000®P.), when 
the hot^ junction may be silver soldered. 

Borax is a satisfactory flux for silver 
soldering any base metal thermocouples 
or for welding iron-constantan. Fluorspar 
is better for Chromel-Alumel thermocou¬ 
ples. Plenty of flux should be used. 

Use an oxy-gas or oxy-hydrogen 
flame and no flux for welding plati¬ 
num thermocouples. Greater mechanical 
strength at the hot Junctions of base 
metal thermocouples can be obtained by 
twisting the two wires together for about 
two turns before making the weld. 

When base metal thermocouples have 
burned out or have become so contaminated that they give too low readings, destroy 
them so that they can not be used again by mistake. 

When platinum thermocouples have become contaminated and give incorrect 
readings, it is often possible to do something toward their restoration by annealing 
with an electric current in air and cleaning with fused borax. Silicon, calcium, 
magnesium, and perhaps other elements, can be removed in this way. but iron can 
never be completely removed. The necessary equipment and procedure for recondi¬ 
tioning platinum thermocouples is described in Bureau of Standards Technologic 
Paper No. 170. It has recently been found that movement of the rhodium in the 
alloy is responsible for some of the change, and there is no remedy for this type 
of deterioration. 

Cold Junctions—Every thermoelectric pyrometer is calibrated for a particular 
cold Junction temperature, generally 0®P., 32®P., or 75®F. During subsequent use 
the cold Junction need not necessarily be maintained at that particular temperature 
as long as the actual temperature is known, for it is possible to compensate for the 
difference between the actual cold Junction temperature and that for which the 
instrument was calibrated. 

It is generally more practical to compensate instrumentally for different cold 
Junction temperatures than to maintain them at the particular temperature for 
which the pyrometer was calibrated. However, it is highly desirable to eliminate 
frequent variations in the cold Junction temperature. 

Extension Leads—Unless the two wires forming the thermocouple are long the 
cold Junctions will be so close to the furnace that they will be subject to extensive 
temperature variations. As it is desirable to locate the measuring instrument some 
distance away from the furnace, and as it is often impractical to make the thermo¬ 
couple long enough to reach to the instrument, lead wires or ^'extension leads’* are 
used to connect ^e thermocouple to the instrument. 

If in Fig. 1 the leads are of copper, the cold Junction is close to the furnace at 
A. If, on the other hand, the extension leads consist of a pair of wires of the same 
material as the thermocouple, or of some less expensive pair of materials having 
the same thermoelectric characteristics as the thermocouple pair, the cold Junction 
will be located not at the furnace but at the binding posts of the instrument, B, 
a position of more constant temperature. 
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Pig. 1—Simple thermoelectric pyrometer cir¬ 
cuit. 

Pig. 2—Thermoelectric pyrometer with the 
cold Junction In a well in the ground. 
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The extension leads of base metal thermocouples are usually made of the same 
materials as the thermocouple wires, but in the case of platinum-platiniim-rhodlum 
thermocouples a copper lead is connected to the platinum-rhodimn wire and a 
special copper-nickel lead to the platinum wire. Although the temperature-emf. 
relation of the copper, copper-nickel extension lead wire is practically the same as 
that of platiniun-platlnum-rhodium thermocouples, the individual lead wires 
are not identical thermoelectrically with the thermocouple wires to which they are 
attached and, therefore, the two Junctions where the leads are attached to the ther¬ 
mocouple should be kept at the same temperature. This means that special care 
must be taken that this pair of junctions is not heated unsymmetrically. Such 
precautions are unnecessary in the case of base metal thermocouples where each 
lead and thermocouple wire to which it is attached are the same material. For 
similar reasons, the point of connection between the extension leads and thermo¬ 
couple should be limited in temperature to 200®P. 

Extension leads for a thermocouple of one pair of materials should not be used 
with a thermocouple of a different pair of materials. 

The positive and negative lead wires, identified by color of insulation or other¬ 
wise, must always be connected respectively to the positive and negative elements 
of the thermocouple. If in doubt as to the identity of the positive and negative 
wires of extension leads, test them with a millivoltmeter or potentiometer. It is 
possible to have the extension leads wrongly connected to the thermocouple and 
also wrongly connected to the instrument, in which case the instrument will read 
up-scale, yet read wrong. An up-scale reading is no guarantee of correctness in the 
set-up. A safe way to connect the circuit is first to connect the leads alone to the 
instrument, twist the other end of the leads together and heat with a match. The 
instrument should read up-scale. Then connect the leads to the thermocouple, let 
the lead terminals cool, and heat the couple Junction. The instrument must again 
read up-scale; if it reads down, reverse leads at the couple, not at the instnunent. 

There are a few simple methods of using extension leads to remove the cold 
Junction to a position of constant temperature and for making one cold Junction 
serve several thermocouples. 

The arrangement shown in Fig. 1 with extension leads to remove the cold Junc¬ 
tion to the indicator, is the simplest, but the cold Junction is still subject to the 
variations in room temperature, which will Introduce errors in the reading unless 
the indicator is equipped with an automatic cold Junction compensator. 

Fig. 2 shows extension leads used to locate the cold Junction in a well in the 
ground. This is a construction now seldom used but it serves to Illustrate con¬ 
veniently the character of the thermocouple circuit. The cold Junction well consists 
of a piece of pipe with a pointed plug welded into one end to aid in driving it into 
the ground. If the well is 8 ft. deep or more and located away from steam and 
water lines, sewers, and furnace flues, the temperature at the bottom will be prac¬ 
tically constant from day to day even though it may change a little with the season 
of the year. 

In any pyrometer system the thermocouple and leads must be kept dry. The 
cooler temperature at the bottom of a cold Junction well may cause moisture to 
condense in the pipe so that it is advisable to use an intier pipe in the well. The 
inner pipe should be capped or welded closed at the bottom end and the top end 
sealed with parafOin or compound. 

The arrangement shown in Pig. 2 can be easily understood by considering a 
closed thermoelectric circuit without any measuring instrument. The positive and 
negative elements of the couple and the positive and negative extension leads are 
Joined together at the hot and cold Junctions respectively, and then, at any point 
along its length, the positive lead is cut so that the instrument can be connected in 
series with the two Junctions. It should be noted that although both wires con¬ 
nected to the Instrument are of the positive material, the one connected to the posi¬ 
tive binding post on the instrument is connected to the positive element of the 
thermocouple and the one connected to the negative binding post leads ultimately 
to the negative element of the thermocouple. The same emf. reading would be 
obtained if we were to cut the negative lead for insertion of the instrument. 

Cold Junction Compensation—If the cold Junction temperature is not main¬ 
tained constant, but is allowed to take the temperature of the air, as it is in most 
P 3 n:ometer Installations, correction or compensation must be made for this fluctu¬ 
ating temperature. 

If the measuring instrument (see later paragraphs for description) has no 
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manual or automatic device for compensating for the cold Junction temperature, the 
correction can be made with the aid of tables of emf. vs. temperature for the ther- 
mocwpleLWhich is being used. It is incorrect simply to add an air temperature cor- 
j iy| B K to^the reading of the instrument without knowing the temperature-emf. curve. 

a miUivoltmeter having no automatic cold Junction compensation but with 
lasme reading in degrees, variations in the cold Junction temperature can be com¬ 
pensated for by making the zero or open circuit position of the instrument pointer 
on the scale agree with the actual cold Junction temperature. This can be done by 
means of the **zero adjustment" provided. This adjustment should be checked at 
frequent intervals because the cold Junction temperature may have changed, or the 
zero setting of the pointer may have been accidentally disturbed. 

With a miUivoltmeter equipped with an automatic cold Junction compensator, 
the zero position of the pointer should agree with a specified temperature on the 
scale or with the actual cold Junction temperature, depending upon whether the 
compensator is electrically operated or is mechanically operated as in the case of 
the bimetallic spring, "Breguet Spiral," on the moving coil. In either case, follow 
the manufacturer’s instructions. 

With a potentiometer, a manually operated or an automatic cold Junction com¬ 
pensator is generally provided. If it is manually operated, the dial should be acUusted 
to agree with the actual cold Jimction temperature at frequent intervals. 

The temperature sensitive element of the compensator and the cold Junction of 
the thermocouple should be kept close together and so shielded or wrapped that the 
temperatm'e of the one will always be the same as that of the other. The reader is 
referred to the manufacturers for detailed descriptions of the different types of 
compensators in common use. 

Fig. 3 illustrates the use 
of extension leads when a 
number of thermocouples are 
connected to 9k distant instru¬ 
ment equipped with an auto¬ 
matic cold Junction compen¬ 
sator. Instead of extending 
the extension leads from each 
thermocouple all the way to 
the instnunent, they are ex¬ 
tended only to a centrally 
located common zone box and 
a single auxiliary couple is 
extended from the common 
zone box to the temperature 
sensitive element of the auto¬ 
matic cold Junction compen¬ 
sator. The cold junction for 
the system is at B, 

This arrangement is solely 
for the purpose of reducing 
the amoimt of extension leads 
required and is advantageous only when it results in a reduction in the total cost of 
installation. 

Relation of Emf. and Temperature—Until recent years, each manufacturer of 
thermoelectric psrrometers had his own source for thermocouple alloys and his own 
curve for the relation of emf. to temperatiire. The platinum metal thermocouples 
were the first to be standardized, and tables of emf. vs. temperature for both the 
10% rhodium and the 13% rhodium couple have been accurately determined by the 
National Bureau of Standards. These tables are now accepted as standard by most 
if not all of the manufacturers of pyrometers in the United States. 

Next came Chromel-Alumel. These two materials are trade marked nickel alloys. 
Their composition and properties are capable of being kept under good technical 
control. The Bureau of Standards, having found that the alloys can be reproduced 
to specifications, has published a standard table which is now in general use by the 
pyrometer manufacturers. 

Iron-constantan and copper-constantan are not yet standardized. Constantan 
is no longer a trade marked name, but applies to a limited range of copper-nickel 
alloys containing a little manganese. Pure iron is difficult to make, and the .wire 
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Fig. 3—Connections between several thermocouples and a 
distant instrument equipped with an automatic cold junction 
compensator. 
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actually used is about 99.9% iron with small amounts of various elements which 
influence its thermal emf. There Is no difficulty about getting reproducible pure 
copper, but a minor complication arises from the fact that slightly different con- 
stantan alloys have been used with copper and with iron. Recent studies at the 
Bureau of Standards on the constantan group of thermocouple alloys have shown 
that the L. H. Adams* table for copper-constantan represents reproducible matexial, 
and that this same constantan can be combined with a low metalloid iron wire to 
give an emf. curve reproducible to 0.8%. Certain pyrometer manufacturers use 
constantan alloys that depart from this curve by several per cent, but they use other 
trade names for their couples so no confusion is likely to result. 

Table I contains the accepted data for the platinum alloy and Chromel-Alumel 
couples, together with those data for constantan couples which the Bureau of Stand¬ 
ards considers most representative of materials readily available. At the head of 
each column, in naming the couple, the positive element is named first. 


Table I 

Representative Tables of Emf. vs. Temperature for the Principal Commercial 
Thermocouple Combinations. Emf. Is in Millivolts. Cold Junction, 32^F. 


Temp. 

"P. 

90 Pt, 10 Rh 
vs. 

Platinum® 

87 Pt, 13 Rh 
vs. 

Platinum® 

Chromel 

vs. 

Alumel^ 

Iron 

vs. 

Constantan® 

Copper 

vs. 

Constantan® 

32 

0 

0 

0 

0 

0 

100 

0.221 

0.220 

1.52 

2.00 

1.52 

200 

0.594 

0.596 

3.82 

5.03 

3 97 

300 

1.016 

1.030 

6.09 

8.12 

6.64 

400 

1.473 

1.503 

8.31 

11.24 

9.52 

500 

1.956 

2.012 

10.56 

14.35 

12.57 

600 

2.457 

2.546 

12.85 

17.43 

15.77 

700 

2 975 

3.102 

15.18 

20.48 

19.00 

800 

3 505 

3.675 

17.52 

23.53 

22.53 

900 

4.044 

4.263 

19.88 

26.59 

26.06 

1000 

4.594 

4.867 

22.25 

29.70 

29.67 

1100 

5.155 

5.486 

24.62 

82.88 


1200 

5.725 

6 122 

26.98 

36.17 

.... 

1300 

6.307 

6.773 

29.33 

39.58 

.... 

1400 

6 898 

7.438 

31.65 

43.12 

.... 

1500 

7.500 

8.118 

33.94 

46.74 

.... 

1600 

8.112 

8 810 

36.20 

50.39 

.... 

1700 

8 734 

9.518 

38.43 

63.87 

.... 

1800 

9.365 

10.237 

40 62 

57.16 

.... 

1900 

10.006 

10.970 

42.77 

»•.. 

.... 

2000 

10.657 

11.720 

44.89 


.... 

2100 

11.315 

12.478 

46.97 

.... 

.... 

2200 

11.977 

13.242 

49.01 

•.«• 

.... 

2300 

12.642 

14.010 

51.00 

.... 


2400 

13.305 

14.777 

52.95 

.... 

.... 

2500 

13.968 

15.543 

54.85 



2600 

14.629 

16.308 




2700 

15.288 

17.073 


.... 


2800 

15.943 

17.833 



.... 

2900 

16.596 

18.588 


.... 


3000 

17.246 

19.342 




■Bur. 

(1938). 

Standards RP 630 (1933). 

^Bur. Standards 

RP 767 

(1935). cBur. Standards RP 1080 


Other Thermocouples—Many other combinations have been used in thermo¬ 
electric pyrometry, but none has attained the general acceptance of those listed in 
Table I. The use of iron-chromlum-nickel alloys has already been mentioned. 
Molybdenum vs. tungsten is useful at very high temperatures in hydrogen or vacuum. 
Graphite vs. tungsten and graphite vs. silicon carbide have been given some trials 
in open hearth steel furnaces and ladles.’ 

Protection Tubes—One of the reasons why certain materials have come Inta 
common use for thermocouples is that they are reasonably stable thermoelectrically 
when heated in a clean oxidizing atmosphere. The standards of performance which 
are generally accepted for the various combinations of thermocouple materials are 
based upon their performance in air. Although it has not been shown that a reduc¬ 
ing atmosphere, in itself, necessarily contaminates or alters the thermoelectric prop¬ 
erties of thermocouple materials, it is nevertheless generally observed that exposure 


^See O. ,R. Pltterer, A New Thermocouple for the Determination of Temperaturee Up to at 
Least 1800°C., Trans., A.X.M.B.. 1933, T. 106, p. 290. 
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Of thermocouples to such atmospheres is accompanied by contamination or change 
in the chemical composition which seriously alfers their thermoelectric properties. 
In order, then, to obtain the best performance of thermocouples, it appears necessary 
to maintain them in an atmosphere having essentially the same composition as air. 
Consequently the selection of a proper protection tube» which will protect the ther¬ 
mocouple from vapors, fumes, or furnace gases, is sometimes as important as the 
selection of the thermocouple materials. 

Contamination results from causes such as the following: 

(1) Metals (solid, liquid, or vapor) coming into contact with the thermocouple 
materials and altering their chemical composition. 

(2) Furnace gases and fumes coming Into contact with the thermocouple mate¬ 
rials. Sulphur and sulphur compounds are particularly deleterious. 

(3) Materials normally stable in an oxidizing atmosphere coming into contact 
with the thermocouple material in a reducing atmosphere. One common cause of 
contamination, which is serious in the case of rare metal thermocouples, is the 
reduction of silica (usually present in insulating and ceramic protection tubes) to 
silicon which readily combines with the thermocouple materials. 

(4) Preferential oxidation and reduction of base metal alloys when these are 
exposed alternately to oxidizing and reducing atmospheres. This results in a gradual 
change in chemical composition, because all the elements which comprise an alloy 
cannot be expected to oxidize and reduce at the same rates under all conditions. 

Many types of protection tube are required in order to meet all needs. In many 
cases, the conditions under which thermocouples are used are such that two tubes 
are required to provide the desired protection. For instance, a primary tube of 
porcelain or fused silica may be placed inside of a secondary tube of metal, silicon 
carbide, or fire clay. The primary tube of low volatility is intended to provide the 
imperviousness to gases at high temperatures, and the secondary tube provides the 
resistance to thermal and mechanical shocks and to corrosion. 

In thus providing protection for the thermocouple, however, one should not lose 
sight of the fact that a thermocouple can perform its function only when the con¬ 
ations of heat transfer are such that the measuring Junction will attain or at least 
approximate the temperature to be measured. When a tube of large cross section 
or more than one tube is used, particularly if the tubes have a high thermal con¬ 
ductivity, it should be carefully considered whether the depth of immersion is suffi¬ 
cient to Insure that the temperature of the thermocouple junction is reasonably 
close to the temperature to be measured. Short heavy tubes may cool the Junction 
so much that the indications are comparatively worthless. 

Platinum to platinum-rhodium thermocouples are particularly susceptible to 
contamination and should be protected by ceramic tubes which are impervious to 
gases and vapors at all operating temperatures. If furnace gases are not present, 
metal protection tubes are usually sufficient protection for base metal thermocouples. 
The oxide coatings on the thermocouple wires are fairly effective in protecting the 
wires from contamination by metallic vapors. Metal tubes which provide sufficient 
protection in an oxidizing atmosphere may be entirely unsatisfactory if large amounts 
of furnace gases are present. 

The primary ceramic tubes which meet most requirements of stability and Im¬ 
perviousness to gases are: Highly refractory porcelain, sometimes called “Silllman- 
ite” or “Mullite,” for temperatures up to 2800®F. Fused silica for temperatures up to 
1900®F. in an oxidizing atmosphere. Pjrrex glass for temperatures up to 1100®F. 

The secondary or metal tube most suitable for a particular application depends 
to a large extent upon the type of corrosion encountered. Nickel tubes are useful 
above 2100®F. Tubes of nonscaling alloys such as nickel-chromium and nickel- 
chromium-iron are suitable for many applications at temperatures up to 2000’’F. 
Tubes of iron and steel are suitable for numerous applications up to 1500®F. Calor- 
ized wrought iron is impervious to certain gases and meets certain needs up to 
1800*’F. Fire clay, silicon carbide, and graphite meet certain requirements of sec¬ 
ondary tubes at temperatures above the useful limit of metal tubes. 

Numerous other tsrpes of secondary tubes have been developed for specific pur¬ 
poses. Information regarding the best type of tube for any particular purpose is 
usually available from the pyrometer manufacturer. 

Insulators—Except at the hot Junction where the two wires should be welded 
together the two elements of a thermocouple must be electrically insulated from 
each other. Fire clay or porcelain beads and even asbestos for low temperatures, 
are satisfactory for base metal thermocouples. However, for platinum thermocouples, 
clean porcelain beads or tubing should be used. 
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The insulation on the thermocouples should be maintained intact because if 
the wires come in contact with each other another Junction may be formed which 
will cause the indicator to register some other temperature than the temperature 
of the hot Jxmction of the thermocouple. 

Terminal Heads—Terminal heads for thermocouples are not absolutely necessary 
because the leads can be soldered, brazed, or welded directly to the elements of the 
thermocouple, but they simplify installation and replacement of thermocouples, keep 
contaminating dirt and dust out of the protection tube and provide a good connec¬ 
tion between thermocouple and leads. It is recommended that they be used. 

Measuring Instruments—The instrument for measuring the emf. of the thermo¬ 
couple may be either indicating or recording. Either an indicating or a recordings 
instniment may also act as a controller. 

An indicating pyrometer simply shows the instantaneous temperature on a dial. 

A recording pyrometer produces a graphic record of the temperature on a moving 
sheet of paper graduated in minutes, hours, or days. Such a record serves to show 
whether the furnace has been maintained at the proper temperature at all times. 

A graphic record of the temperature is of particular value for manual control, in 
that it shows the trend or the rate of change in temperature and so enables the 
operator to anticipate conditions and to control the furnace more intelligently. 
Graphic charts hied away are often of value at some later date when a question 
arises as to the quality of materials produced on a certain day. 

Most indicators and recorders can be grouped in two general classifications: 

(1) millivoltmeters or deflection type instruments, and (2) those operating on the 
potentiometer principle. In addition, there are some that embody features of both ^ 
types. 

Millivoltmeters—A millivoltmeter consists of a coil of wire suspended between 
the poles of a permanent magnet so that the coil is free to move. A pomter is 
attached to the coil and moves over a scale graduated in millivolts or in degrees. 
The terminals of the thermocouple are attached to the terminals of the coil, and 
the emf. generated in the thermocouple circuit sends a current through the coil, 
causing it to deflect in the magnetic field. The magnitude of the deflection depends 
upon the current through the coil which in turn depends on the emf. generated by 
the thermocouple and the resistance of the circuit. 

Millivoltmeters are calibrated to indicate temperature correctly when connect^ 
to a thermocouple and leads of a certain total resistance. The indications of the 
instrument will change if the resistance of thermocouple plus leads is other than that 
specified on the instrument. In principle, inaccuracy in a millivoltmeter pyrometer 
due to changes in the thermocouple can be corrected, at least over a reasonable 
range near the critical operating temperature, by adjusting the resistance of the 
circuit, a simple method of adjustment which is possible only in the case of milli¬ 
voltmeter type instruments. Rheostats for this purpose are seldom provided, how¬ 
ever, and this method of correction is not recommended as a standard procedure. 

Since the design of a millivoltmeter is a compromise between sensitivity, rug¬ 
gedness, and resistance, no specific recommendations as to the proper value of inter¬ 
nal resistance can be made. However, it is safe to say that much less than 100 ohms 
will probably make the instrument subject to appreciable errors with change in tem¬ 
perature and that much over 600 ohms will probably require that the instrument be 
more delicate than is necessary. 

Potentiometers— A potentiometer, shown diagrammatically in Fig. 4, is a source 
of known values of emf. against 
which the unknown emf. from a 
thermocouple may be balanced. The 
primary source of the emf. may be 
a dry cell, a liquid primary cell, or 
a storage cell. The dry cell is the 
most used. 

The standard current to make 
the drop in emf. across the fixed re¬ 
sistance of the slide wire agree with 
the millivolt scale attached to it is 
obtained by adjusting the rheostat 
until the emf. drop across the 

standard cell coil is equal to the emf. of the standard cell, as Indicated by a zero 
deflection of the galvanometer with the switch on the staindard cell point. This 
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Fig. 4—Diagram of potentiometer circuit. 
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adjustment needs to be made at frequent intervals because the voltage of the dry 
cell or other current source constantly changes. 

The emf. from the thermocouple is then balanced against the emf. drop across 
a portion of the slide wire by adjusting the position of the movable contact until the 
galvanometer deflection is zero. 

The galvanometer, like the millivoltmeter, is essentially a movable coil between 
the poles of a magnet, but is usually capable of detecting smaller variations of cur¬ 
rent. It has no measuring function, such as the coil has in the millivoltmeter, but 
, acts solely by deflecting from its zero position. The measuring is all done by the 
moving contact on the slide wire. 

The standard cell is the source of known constant emf. It has practically no 
^^%irrent capacity so its terminals should never be connected together except through 
a resistance of several thousand ohms. A standard cell may be badly damaged if 
subjected to temperatures below O^F. or above 120®P. It imdergoes small permanent 
changes of the order of 0.01-0.1% at temperatures below 40*^., and it is therefore 
desirable not to expose it to temperatures below freezing. 

The reading of a potentiometer pyrometer is independent of the resistance of 
the thermocouple circuit except as an increase in the resistance will decrease the 
sensitivity of response of the galvanometer. The higher the resistance of the ther¬ 
mocouple circuit the greater is the change in emf. required to produce a perceptible 
deflection of the galvanometer. It is therefore advisable to keep the resistance of 
the thermocouple circuit or length of eji;tension leads within reasonable limits. This 
is particularly true in the case of a recording potentiometer where an appreciable 
0 deflection of the galvanometer pointer is required to operate the automatic balancing 
mechanism. 

Since only the response of the galvanometer is affected by a change in resistance 
of the thermocouple circuit, a potentiometer cannot be adjusted to correct for varia¬ 
tions from the standard emf. of a thermocouple by changing the resistance of the 
thermocouple circuit. By increasing or reducing the value of the standard current 
through the slide wire by the same percentage that the emf. generated by the ther¬ 
mocouple is above or below the standard emf. for that type of thermocouple, the 
reading of the potentiometer will be corrected for the discrepancy in the emf. This 
adjustment is practical only when the potentiometer is equipped with a scale to 
indicate the percentage deviation from the standard value of the current through 
the slide wire and is applicable only to a potentiometer connected to a single ther¬ 
mocouple. 

In general, it is advisable to replace the thermocouple rather than tamper with 
the indications of the Instrument. 

Portable Potentiometer—The adjusting mechanism for the moving contact of 
the slide wire of a potentiometer may be either manual or automatic. Manual adjust¬ 
ment is found in various types of portable indicating potentiometer. These instru¬ 
ments can be made rugged and are little subject to change in calibration and are, 
therefore, satisfactory for use with a standardized thermocouple for calibrating other 
thermoelectric pyrometers. Their cold junction compensation is always electrical, 
consisting of supplementary coils that can be connected in series with the slide wire, 
and the compensation adjustment is usually manual. For a particular type of ther¬ 
mocouple. such as the Chromel-Alumel, the compensation may also be made auto¬ 
matic, and consists then of supplementary coils of a metal whose resistance changes 
at the proper rate with the temperature of the instrument. 

The portable indicating potentiometer may be used with any type of thermo¬ 
couple if the main dial is calibrated in millivolts and if it is provided with a manu¬ 
ally operated cold Junction compensator calibrated in millivolts. 

The main dial and the compensator dial can be calibrated in degrees of tem¬ 
perature for a particular type of thermocouple but both dials should also be cali¬ 
brated in millivolts if the Instrument is to be more generally useful. 

Automatic Potentiometer—In the past 20 years there has been an extensive 
development of the automatic potentiometer. In this Instrument the galvanometer, 
on deflecting from zero, actuates a motor mechanism of some kind which adjusts 
the slide wire contact until the galvanometer deflection is again zero. In one group 
of instruments the galvanometer coll carries a pointer, like that of the millivoltme¬ 
ter, and this pointer interferes mechanically with a mechanism having a periodic 
motion. In another group the pointer is replaced by a mirror and a reflected beam 
of light which acts in various ways through a photoelectric cell as a medium. 

In most automatic potentiometers the standard current in the slide wire must 
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be adjusted manually with the aid of the standard cell. In a few types this adjust¬ 
ment, also, is made automatically at regular Intervals. One type records the 
actual value of the slide-wire current at fixed intervals, thus making the record 
complete even though the adjustment may have been neglected. In one type depen¬ 
dence is placed upon the constancy of characteristics of a small ammeter, in place 
of the standard emf. cell. 

Installation of Thermoelectric Pyrometers—Thermocouples—Locate the hot Junc¬ 
tions of the thermocouples where they will measure the desired temperature. Close 
up the openings around the protection tube to prevent hot gases from blowing out 
around the tenninal head and to keep cold air from being drawn in around the 
thermocouple. 

Make the opening in the furnace large enough so that a second thermocouple 
may be inserted alongside the furnace thermocouple for calibrating purposes but 
keep the extra space plugged up when not in actual use. 

Determine the proper depth of immersion and mark the thermocouple or pro¬ 
tection tube or both so that they can always be returned to the same position. It 
is well to have the thermocouple clamped in the protection tube and the protection 
tube clamped to the furnace so that the depth of immersion cannot be changed 
accidentally. 

Be sure that positive leads are always connected to positive leads or the positive 
element of the thermocouple, and negative to negative except at the hot Junction. 
If a positive lead has been erroneously connected to a negative, a thermo Junction 
will have been formed which will cause a deflection of the Instrument pointer when 
the Junction is heated. Any suspected splices or connections can be tested in this way. 

It is generally worth while, although not absolutely necessary, to install the 
leads from the thermocouple to the instrument in conduit. 

All connections in the thermocouple circuit, except where binding posts are pro¬ 
vided, should be soldered. Insist that the soldering be done with a soldering iron 
rather than with a torch. A poor joint made with an iron is generally apparent, 
whereas a torch made joint may appear to be good and still be poor. 

Because of the alloys used, some extension leads are difficult to solder, and It 
may be necessary to scrape and tin each individual strand in order to assure that all 
strands are well soldered together. All strands must be well soldered. 

Never use soldering acid as this may set up galvanic action and cause serious 
errors in the readings. Lump or powdered rosin or a solution of rosin in alcohol is 
the best for copper, but is not satisfactory for most extension lead material. A good 
soldering paste can be used if the joint is well washed with gasoline (or better, 
carbon tetrachloride which is noninflammable) after the soldering is completed. 

Disconnect all instruments before ringing out any circuits with a battery or 
magneto and bell, because the instruments are not built to stand even battery voltage. 

In a millivoltmeter installation, measure and record the resistance of each ther¬ 
mocouple circuit to make sure that it agrees with the manufacturer’s specifications. 
A comparison of these records with subsequent measurements may reveal the source 
of some trouble. 

Instruments—¥or the greatest return on the investment, locate the recorder 
where the furnace operator can observe it and make use of the information it gives. 

The principal enemies of the indicating and recording instruments are: (1) Dust, 
(2) vibration, (3) excessively high temperatures, (4) excessively low temperatures. 
The instrument should be mounted on a substantial support as free from vibration 
as possible and so located that it will not be mechanically damaged, nor subjected 
to currents of air, direct radiation from the sun or hot surfaces, or extreme varia¬ 
tions in temperature. A special pyrometer booth is often advisable. 

Measurement of Temperatures with Thermocouples—A thermocouple measures 
only the temperature of its hot junction. Since a thermocouple has appreciable 
mass, time is required for the temperature of the hot junction to change. In a fur¬ 
nace whose temperature is changing, a thermocouple will Indicate a temperature 
lower or higher than the actual temperature of the furnace depending on whether 
the latter is rising or falling. This is called temperature lag. The extent of such lag 
will depend upon the mass of the thermocouple and protection tube around it and 
upon the rate of change of furnace temperature. 

Heat may be conducted to or away from the hot Junction from a hotter or to a 
colder portion of the thermocouple and so cause the temperature of the hot Junc¬ 
tion to differ from that of the medium immediately around it. If the depth of 
immersion of the thermocouple in a furnace, that is, the length of that portion 
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Within the furnace chamber, is insufficient, heat will be conducted away from the 
hot junction and reduce its temperature below that of the medium around it. To 
correct such a condition, increase the depth of immersion of the thermocouple in 
its protection tube an inch or two at a time until the p 3 a'ometer shows no further 
increase in temperature. During this procedure the furnace temperature must be 
maintained constant by means of another stationary thermocouple, or otherwise, and 
efficient time must be allowed for the temperature of the hot junction of the ther- 
i^couple to reach equilibrium. The error in indication of furnace temperature by a 
thermocouple with insufficient depth of immersion will not necessarily be a constant 
erro»^but may vary from hour to hour and day to day and so cannot be determined 
and allowed for in subsequent readings. It is better to buy a thermocouple longer 
than necessary than to have too little depth of immersion. 

Flame in contact with the hot junction will cause the thermocouple to indicate 
a temperature higher than the average furnace temperature, and flame in contact 
with any part of the thermocouple may cause high readings and will certainly 
shorten its life. Contact with flame may frequently be avoided by inserting the 
thermocouple through a hole in the rear or a side wall rather than through the arch. 

The temperature of material in a furnace can sometimes be estimated by com¬ 
paring the brightness of the material with that of the hot end of the thermocouple. 
Have the hot end of the thermocouple as close to the work as possible and in such a 
position that both can be observed through a peek hole in the door. Be sure that 
neither work nor thermocouple are licked by any flame and that light from a hot 
flame-licked surface or combustion chamber does not cause either to appear hotter 
than it really is. When the work and hot junction are of equal brightness as closely 
as can be determined by eye, the temperature of the two will be the same to within 
possibly Hh lO^F., provided that both have dull absorbent surfaces which will not 
reflect light .from hotter walls or flame. 

Pyrometer Troubles—Pyrometer troubles can be divided into two classes, those 
external to and those within the instrument. 

The details of design of Instruments in use today are so varied that it is imprac¬ 
tical to attempt a discussion of possible troubles within the instruments themselves. 
Some instruments are sealed by the manufacturer and in case of trouble within the 
case of these Instruments they should be returned to the manufacturer for repair. 

Other instruments, particularly recording and some control instruments, require 
occasional cleaning or adjustment by the user and accordingly those parts are made 
accessible. A book of instructions is furnished by the manufacturer with such 
instruments, so in case of trouble, consult the instruction book and proceed as 
directed. If the trouble cannot be eliminated, consult the manufacturer. In some 
Instruments unit parts such as galvanometer systems and selector switches can be 
removed from the instrument and returned to the manufacturer, thus eliminating 
the necessity of returning the entire instrument. 

Troubles external to the instrument can generally be eliminated by the user if 
the cause of the difficulty can be located. The following paragraphs enumerate some 
of the troubles which may be encountered and tell how to locate them. 

I. Instrument Does Not Respond Properly to Change in Temperature of Ther¬ 
mocouple—(a) Burned Out Thermocouple —One element of the thermocouple may be 
completely oxidized or broken. This should be apparent from examination. 

(b) Broken Connectionr—A. wire may have come loose from a binding post or one 
of the leads may have broken at a soldered connection or elsewhere. The first should 
be apparent from a visual examination but the second may require that the instru¬ 
ment be disconnected and the circuit rung out with a battery or magneto and bell. 
If the circuit external to the Instrument is found to be complete and the thermo¬ 
couple in good condition there may be an open circuit in the instrument. This can 
be checked by applying an emf. from a potentiometer or another thermocouple to 
the binding posts of the instrument in question. Check all battery connections and 
sliding contacts. If the trouble is definitely located in the instrument, call in the 
manufacturer or return the instrument to him. 

(c) Faulty Selector Switchr—Jt a selector switch is used, the trouble may be in 
the switch in which cj^e the Instrument should respond properly when the thermo¬ 
couple leads are connected directly to the instrument. 

(d) Short Circttff—Make sure the leads or thermoelements have not become 
short circuited in the terminal head of the thermocouple. A short circuit may exist 
between the instrument and thermocouple. Disconnect the Instrument and thermo¬ 
couple and ring out the circuit which should be open 
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II. Instrument Reading Is Erratio^-The reading of the instrument may vary up 
and down the scale or if a selector switch is used the instrument may show one read¬ 
ing at one time and a different reading at another even though the furnace tem¬ 
perature has not changed. 

(a) Loose Connec^toTi—Make sure that all binding posts and other connections 
are tight, that all sliding contacts are clean, and that the thermoelements are not 
loose or broken at the weld or elsewhere. If the weld at the hot junction is sus¬ 
pected, pinch it with a pair of pliers while it is still hot and note if the instrument 
reading changes suddenly. The leads may be broken at some point and still make 
intermittent or poor contact, in which case pulling or shaking the leads may locate 
the defect. 

(b) Faulty Selector Switch—The switch contacts may be poor due to dirt or loose 
parts and this should be revealed by operating the switch. Tighten all parts, clean 
thoroughly, and if the contacts appear to have been greased supply a thin coating 
of fresh vaseline. If the switch is completely enclosed, not built for ready opening, 
a service man should be called or the instrument returned to the manufacturer. 

(c) Fault in Instrument—Test for an open circuit in the instrument as described 
in Section I (b). In the case of a millivoltmeter the instrument pointer may be 
dragging on the scale. Some part of the moving system, or in the case of a poten¬ 
tiometer some part of the galvanometer such as the coil or a fiber of insulation on 
the coil, may be making contact with some part of the instrument, or a loose piece 
of magnetic material on one of the magnet poles. Rap the instrument case sharply 
with the knuckles and note if the pointer Jumps to another position and remains 
there. It is sometimes possible to dislodge the obstruction by repeatedly causing the 
pointer to deflect clear across the scale. This can be done by intermittently con¬ 
necting the instrument to a potentiometer or to a thermocouple hot enough to cause 
full scale deflection. 

If the pivots of the moving coil of a millivoltmeter have become dull, there may 
be enough friction to cause the pointer to stop short of the actual temperature. 
Rapping the instrument case with the knuckles will generally cause the pointer to 
move to nearly the correct temperature. This trouble can only be corrected at the 
factory. 

III. Instrument Reads Low— Zero and Cold Junction Settings—Check the 
zero and cold junction settings as instructed by the manufacturer. If automatic cold 
Junction compensation is provided, check the setting and adjustment of the com¬ 
pensator. 

(b) Battery Current—It a battery is used in the measuring circuit, check the 
battery current. 

(c) Deteriorated Thermocouvle—The thermocouple may have deteriorated by 
oxidation or otherwise to such an extent that a lower than normal emf. is generated. 
Try a new thermocouple. 

(d) Wrong Thermocouple—It a thermocouple which generates an emf. other 
than that for which the instrument is calibrated is connected to the instrument, it 
will read incorrectly; that is, a Chromel-Alumel thermocouple connected to an 
instrument calibrated for iron-constantan thermocouples will produce low readings. 

(e) Increased Lead Resistance-Some of the individual wires in stranded leads 
may have broken or been poorly soldered or the thermocouple may be badly oxidized. 
Disconnect the instrument and measure the resistance of the external circuit. If it 
is materially higher than originally, replace the thermocouple and if still high look 
for trouble in the leads. 

(f) Short Circuit Through High Resistance—A short circuit may be through 
low resistance, as in the case of good electrical contact between the two elements of 
the thermocouple or it may be through high resistance as in the case of a poor elec¬ 
trical contact between the elements of the thermocouple or leads. If the first case, 
the instrument reading will be much lower than the actual temperature, while in 
the second case the reading may be only a little lower than the correct temperature. 
Examine the thermocouple and all readily accessible points where such a condition 
might exist. If this fails, disconnect the thermocouple and instrument and measure 
the resistance which should be infinitely high. If an ohm meter is not available, 
try ringing through from one lead to another with a magneto. 

A high resistance short circuit may be caused by dampness of the insulation on 
the leads. Moisture on some insulating materials may set up a galvanic action and 
cause the Instrument to read too high. The previous use of soldering acid may cause 
the same effect. 




296 


PYROMETRY 


(g) Fault in tJie Jnstrument^The calibration of the instrument may have 
changed. This can only be determined by a recalibration as described later. 

A high temperature around the Instrument would tend to make the instrument 
read low but generally not enough to be detected except by a recalibration. 

If dry batteries are used in or around the instrument, moisture on the paper 
k covers may cause a high or low reading. Note if the reading changes when the bat- 
Iterles are separated from each other and insulated from their support with a piece 
^of glass. 

IV. Instrument Reads High—-(a) Zero and Cold Junction Settings—See Section 
m (a). 

(b) Faulty Standard Cell—It the standard cell in a potentiometer has been 
damaged or has deteriorated, its voltage may be low and a low value of the standard 
current in the potentiometer circuit will result. This will cause the Instrument to 
read high. Try another standard cell. Never test a standard cell with a voltmeter. 

(c) Wrong Thermocouple-See Section in (d). A 13% alloy platinum-rhodium 
thermocouple connected to an instrument calibrated for 10% alloy platinum-rhodium 
thermocouples will produce a high reading. 

Becalibratlon of a Thermoelectric Pyrometer—Comparison Method—The most 
satisfactory method of checking the calibration of a thermoelectric pyrometer is by 
comparison with another thermoelectric pyrometer of known accuracy such as a 
portable indicating potentiometer and a calibrated thermocouple. It is well to have 
two calibrated thermocouples, one to be kept as a primary standard and used only 
for rechecklng the calibration of the second which is used for checking the calibra¬ 
tion of the furnace pyrometer. 

During the calibration, the hot junction of the standard thermocouple should 
be maintained in intimate contact with the hot Junction of the furnace thermo¬ 
couple in order to assure that they will be at the same temperature. In the case of 
base metal thermocouples, it is often advisable to bind them together with wire 
which will not contaminate the couples and will resist the furnace temperature. 
Insert both thermocouples in the same protection tube, making temporary use of a 
larger tube if necessary so that both will be equally lagged. Do not try to calibrate 
a thermocouple in one protection tube with a standard couple in another tube. If 
both thermocouples cannot be inserted in the one protection tube, use a larger 
diameter protection tube or insert them in the furnace without any protection tube. 
Remember that a Chromel-Alumel thermocouple should not be subjected to a reduc¬ 
ing atmosphere for any extended length of time. Platinum thermocouples should 
never be inserted in a furnace without a protection tube, not even during calibration. 

Have the furnace thermocouple at the same depth of immersion as in use, for 
if the thermocouple is contaminated the error in the reading may vary with the 
depth of immersion. 

During calibration, the furnace temperature should be maintained as nearly 
constant as possible, but it is generally better to have a gradual increase or decrease 
in temperature than to have the temperature rising and falling as is often the case 
in an automatically controlled furnace. Substitute manual control if possible, or else 
lag the thermocouples to such an extent that the fluctuations in furnace tempera¬ 
ture do not affect the temperature of the couples. 

After both thermocouples have come up to temperature equilibrium, comparison 
readings may be made. Take several readings on each instrument at intervals of 
several minutes to make sure that a steady state has been reached. 

If the instrument is found to be in error, it may be owing to one of the condi¬ 
tions mentioned under "‘Pyrometer Troubles,” Section HI. “Instrument Reads Low,” 
or Section IV. “Instrument Reads High.” All of these possibilities should be investi¬ 
gated before it is concluded that the calibration has changed. 

If it is deflnitely decided that the calibration has changed, the trouble may be 
in the thermocouple or in the Instrument. Try a new thermocouple and if that does 
not improve the situation the trouble is probably in the instrument, in which case 
it will have to be returned to the maker or a correction applied to the reading. 

The correction to be applied can be determined by calibration at several tem¬ 
peratures throughout the critical operating temperature range of the furnace. If 
this is not possible, determine the correction at one point by calibration and use a 
percentage correction at other temperatures, that is, if a correction of +10®P. at 
1000® hab been determined, use a correction of -fS® at 500® and a correction of 4-15® 
at 1600®. These corrections may not be quite correct but they will be better than 
none. 
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Calibration by the Freezing Point ikfet/iod.—This is the method used by the 
National Bureau of Standards and a few well equipped laboratories for making pri¬ 
mary calibrations of thermocouples. The proper procedure involves considerable 
technique and careful attention to details, and except in a few limited cases is not 
recommended for the majority of pyrometer users. Those interested in this method 
of calibration are referred to “Bureau of Standards Technologic Paper No. 170,” and 
to “Methods of Testing Thermocouples and Thermocouple Materials,” Bureau of 
Standards Research Paper, RP768, 1935. 

Automatic Temperature Controllers—It is beyoiid the scope of this article to 
discuss the application of automatic temperature control equipment or even to 
describe the many and varied mechanisms that have been applied to thermoelectric 
pyrometers to enable them to control as well as indicate and record temperature. 

An automatic temperature controller consists of: (1) A measuring instrument 
such as a millivoltmeter or potentiometer with its thermocouple; (2) an operating 
mechanism such as a chopper bar, contactor, or relay, including in some cases the 
driving motor; (3) a fuel valve, or for electric furnaces a device for altering the 
current. 

The principal types of controls in common use are: (1) On and off; (2) 2-posi- 
tion; (3) 3-position; (4) throttling (various kinds); (5) multiposition follow up; 
and (6) floating. This classiflcation of the various kinds of control is based on the 
manner in which the heat supply is automatically adjusted in response to the depar¬ 
ture of the temperature from the control point. The characteristic action of types 
1 and 2 is alternately to change the heat supply to high and low values as the tem¬ 
perature oscillates about the control point, with the result that the normal record is 
a wavy line if the recorder is sufiBciently sensitive to detect the changes. With the 
other types the heat supply is changed only when the departure from the control 
point has reached a definite value, depending upon the width of the so-called neu¬ 
tral zone of types 3 and 5, or the width of the dead zone or limit of sensitivity in 
types 4 and 6. 

On-and-Ojff Control—This type requires the least expensive equipment and is 
most generally used for electric furnaces. The results obtainable are satisfactory in 
most cases if the pyrometer is sensitive, if the lag is not too great, if only small 
oscillations of temperature are permissible, and if the “on” value of the power is not 
too great for the temperature selected. In many cases where only one nonadjustable 
source of power is available it is selected to be adequate for heating up and is too 
great for best results when the furnace is up to temperature. However, pyrometers 
are available that will control to a few degrees under such conditions. 

Two-Position Control—The same pyrometric equipment is used either for on- 
and-off or 2-position control. The only difference between the two types is that in 
2-position control the heat supply does not shut off completely when the tempera¬ 
ture is high. In the latter case, generally selected for gas or oil firing, the fuel valve 
and in some instances the air valve working with it are operated back and forth to 
adjusted high and low limits, selected according to variations in demand and heat 
supply which must be provided for. It is not necessary that the gas-air ratio of the 
valves be correct through the full range, but only at and near the limits selected. 
However, in this type it is sometimes dififtcult to maintain the furnace atmosphere 
within the narrow limits of composition required. 

Three-Position Control—This type of control can be applied only with equipment 
selected for this purpose and not with the on-off or 2-position controllers. The mini¬ 
mum required for electric heating is; Two voltages or two heating elements; two 
contactors; and possibly two relays. In these instances the third “position” is all 
power off. There are two principal advantages of this type over on-off control. If 
It is necessary to control at a temperature well below the maximum attainable with 
all power on, then an intermediate setting will improve control. For continuous 
processes, however, where a high heat is not essential for heating up, the 3-position 
is little better, if at all, than 2-position, in accuracy of control. In this type of con¬ 
trol the neutral zone is always fairly wide because if it is narrow the rising or falling 
temperature traverses it so rapidly that the effect is the same as 2-position control, 
and probably less accurate. 

Throttling Control—Equipment for this type of control for fuel fired furnaces 
consists in holding the valves at the setting required for the temperature selected, 
moving them only when the temperature changes and then only enough to stop the 
change and bring the temperature back to the control point without hunting. By 
hunting is meant oscillation of temperature with throttling control. Special equip- 
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ment is, of course, necessary, and is selected only when the apparatus has a large 
heat capacity or is so designed that the temperature of the thermocouple will lag 
seriously. 

Multiposition FoZZo20-l7p->This type of control can be described for the present 
^purpose as 3-position control with the limits fairly narrow and means for shifting 
neutral zone to take care of changes in heat supply or demand, and the principal 
justment has to do with the width of the neutral zone. Detailed instructions are 
enerally provided for this type of controller. 

Floating—‘This type of control is ap¬ 
plicable only where the lag is small and 
where the heat supply and demand never 
vary rapidly. Ordinarily no adjustments 
are required. When properly applied the 
accuracy obtainable is comparable with 
that of 2-position control with the two 
valves of heat set close together, but gen¬ 
erally lag is sufficient to noticeably de¬ 
crease the ability to maintain the correct 
temperature. 

Installing and Starting Up Con¬ 
trollers—It is important to mount the 
controllers in locations relatively free 
from vibration. Not only will the accur¬ 
acy of control generally be improved, but 
in some cases the wear on the control 
will be lessened. Vibration- 
available for all 

types. 

In the original installation of a con¬ 
troller it is important to test it as an 
indicator or recorder before connecting 
the power for the control circuits and to 
see that it is indicating correctly. Having 
done this the control circuit may be com¬ 
pleted and the power cautiously applied 
either by interposing a lamp or low 
capacity fuse temporarily in the circuit 
or by momentarily closing the power 
switch. It is now necessary to check the 
polarity of connections to see that heat 
is turned on for a low temperature and 
off for a high temperature, and with 
3-position control that the intermediate 
heat is applied when the control point 
is moved to coincide with the i^idicated 
temperature. So far the tests can be 
readily made without actually turning on 
the heat, but by observing the operation 
of relays, contactors, or valves, except 
with suppressed scale instruments, in 
which case it is necessary either to move 
the indicating pointer or carriage up to 
the control point or to stand by until 
the lowest temperature on the scale has 
been reached. In any case during the first 
heating up, it is important that the operator stand by until the temperature has 
reached the control setting to determine that the heat is properly turned off and 
that all signal and safety devices are correctly wired. It is not necessary to do all 
this checking at a high temperature, but it is nevertheless advisable to watch the 
controller until the desired temperature has been reached. 



Fig. S—Wlring diagrams for automatic control 
circuits. A. *‘On and off" controller for electric 
heater or solenoid valve, not for relay or con¬ 
tactor unless specified; B. 2-position controller 
with rheostat for small furnace; C. 2-position 
controller; D. 2-positien controller with 2 heat¬ 
ing units; E. 2-position controller with tapped 
transformer, “C’* always on “H” or **L”* 
F. Principle of 2-position controller and 3-wlrfe 
relay; G. Principle of 3-positlon controller 
connection; H. 3-position controller with re¬ 
versing motor with a 3-position and limit 
switches; I. 2-position controller and 3-wire 
relay, common line; J. 2-position controller with 
3-wlre relay, separate control line. 


Control Cirenii Wiring— Except in the simplest cases control circuits should be 
wired according to a diagram furnished by the manufacturer or carefully designed 
beforehand. While the circuits are not particularly complicated there are many dif¬ 
ferent arrangements, only a few of which will be described here. All of these circuit 
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have many features in common. It is general practice to mark one of the terminals 
with a C for ‘^common.” In the simplest case of on-off control there will be one 
other terminal marked L for "low** and when the temperature is low the controller 
closes a connection or contacts between C and L. These two terminals alone suffice 
not only for on-off control but 2-position control with a rheostat or double heaters 
in an electric furnace, or for the solenoid valve with adjustable limits. In many cases, 
however, a third terminal is required which is usually marked H for “high” and 
connection is made between C and H when the temperature is high. In some con¬ 
trollers, C is always connected to either L or H while In other controllers, C is dis¬ 
connected when the temperature is at the control point, in which case we have a 
3-position controller. However, for some types of circuits or controllers 3-position 
control requires the use of a fourth terminal which is usually marked N for ^'normal” 
and here contact is made between C and N when the temperature is within the 
neutral zone. 

In practically all control circuits the terminal C is connected permanently to 
the line or to the load or in case 3-wire relays are used, to one terminal of the 
relay coil as shown in the diagrams. Generally the control terminals are not con¬ 
nected to anything but switch or relay contacts within the instrument. The contacts 
are generally rated for not more than 250 volts and current capacity according to 
specifications. If there is any uncertainty about the contact capacity not more than 
50 or 100 watts should be risked. When relays are used between the controller and 
a magnetic contactor or motor valve it is preferable to use the 3-wire type some¬ 
times called “hold in,“ “mechanical latch," or “thermostat" relay, the opening of 
which requires that a contact be closed, for example, C-H. The wiring diagrams in 
Fig. 5 are typical and are given as an illustration, but should not be used in place 
of those furnished by the manufacturer excepting in the simpler cases unless such 
circuits are familiar. 

Optical and Radiation Pyrometry 

Introduction—Where a thermocouple cannot be used for the measm*ement of 
high temperatures, some form of optical or radiation pyrometer is usually employed. 

The temperature of a body can be determined with precision from a measure¬ 
ment of the radiant energy emitted, because this energy increases at a rate many 
times as great as the rate at which the temperature Increases. The total energy 
radiated increases at a rate four times that at which the temperature increases, 
while the spectral energy in the red portion of the spectrum Increases at a rate 
which at 1832®P. is 18 and at 3632®P. is about 10 times the rate at which the absolute 
temperature increases. (The words “spectral" and “total," when applied to radiant 
energy, mean respectively the energy of a particular wave length and the sum of 
the energy of all wave lengths.) Therefore, to attain a precision of 1% in the 
absolute temperature, the total energy radiated need be measured only to 4%, and 
the spectral energy radiated need be estimated only to 10 or 20%. With practice 
one can estimate the brightness of a furnace to about 25% with the unaided eye. 

Pyrometers in common use utilizing radiation may be divided into three classes. 
(1) If the indication of the instrument depends on the heating effect of all or a large 
part of the spectrum, it is known as a “total radiation pyrometer” or simply a 
“radiation pyrometer". (2) If the instrument utilizes a part of the spectrum through 
its effect on a photoelectric cell, it is a “photoelectric pyrometer”. (3) If it measures 
the brightness of an object at some one wave length, it is known as an “optical 
pyrometer". 

Fundamental Principles—The practice of optical, photoelectric, and radiation 
pyrometry is based upon well established physical laws which may be summarized 
as follows: 

All bodies emit radiant energy whose amount per unit area per unit time 
depends upon the temperature and suriace characteristics of the body. At absolute 
zero (—273.13°C.) no radiation takes place. 

Let E'Xr be the spectral energy per unit wave length radiated perpendicularly 
by unit area of a surface at temperature T 

Let AXr be the ratio of absorbed to incident radiant energy (absorptive power 
at temperature T for wave length X) 

Let R\r be the reflecting power for the same temperature and wave length. Then 
if the body is opaque so that the incident radiant energy is either absorbed or 
reflected (none transmitted) 

Akr + ISXr s 1 

Now E'Xr, AXr, and R\r will depend on the character of the surface, but in accord- 
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ance with Klrchhoff's law, for a given value of X and T, the ratio of E'\t to 
AXr is the same for all bodies (in the absence of fluorescence): 

E'Xr = AXt X a constant 

and since AXr cannot exceed unity, it is evident that a body which absorbs 100% 
of incident radiant energy of wave length X will radiate the maximum energy of 
that wave length obtainable from any (nonfluorescent) source at the temperature 
in question; this energy we will call EXr. Such a body is called a **black body’’ 
because we ordinarily designate the colors of bodies in terms of their appearance 
by reflected light* At temperatures below those at which it is self luminous, a "black 
body", as deflned above, appears perfectly black. For example, untreated lampblack, 
which absorbs 95% or more of any incident wave length, radiates about 95% as 
much energy as a black body. The ratio of the spectral energy radiated by a body to 
that of the same wave length radiated by a black body at the same temperature is 
called the "special emissivity”, often simply "emissivity", and is evidently equal to 
AXt. The corresponding ratio for total radiant energy is called the "total emissivity". 

The emissivity, both spectral and total, of lampblack is thus about 0.95 while 
that of a black body is unity. 

The spectral emissivity of most metals in the visible spectrum (excepting that 
of copper, silver, and gold which is about 0.1) is around 0.3. The oxides of the metals 
have relatively high emissivities, from 0.5 to nearly 1. 

The most perfect black body experimentally obtainable is a small opening in a 
hollow enclosure the walls of which are at a uniform temperature. The opening 
need not be particularly small relative to the area of the walls before it cannot 
be distinguished from a perfect black body by any measurements we can make. 
For example, the opening in one end of a hollow cylinder closed at the other end 
has an emissivity above 0.99 when the length is about 5 times the diameter even 
though the inner walls be of material of emissivity as low as 0.25. 

Furnaces, in general, are good black bodies when the temperature inside is 
uniform. Placed inside such a furnace and allowed to reach equilibrium, all materials 
appear equally bright and seem to radiate like a black body, since what they 
emit, AXEXr, and what they reflect, (1 — AX) EXr, combine to equal EXr, the amount 
that is radiated by a black body. When large errors are met with because of 
departures of a furnace from black body conditions, they usually arise from lack 
of uniformity of temperature within the furnace. Suppose a mass of cold mate¬ 
rial is to be inserted into a hot furnace. Before the mass has been heated any 
appreciable amount, the radiant energy coming from it will give a false indication 
of its temperature. If it reflects all or nearly all the light which falls on it, it will 
appear as bright as the furnace appeared previously, and an optical pyrometer 
will indicate it to be at the temperature of the furnace. On the other hand if the 
mass of material has emissivity of nearly 1 it will absorb all the light falling on it 
and consequently no light will be received from it until it has been heated to the 
point, about 1100®F., where it itself begins to emit light. This can be summed up 
by saying that an optical or radiation pyrometer calibrated to read correct when 
sighted upon a black body will read low when sighted upon an object whose tem¬ 
perature is above that of its immediate surroundings and will read high when sighted 
upon a body whose temperature is below that of Its immediate surroundings. 

Optical Pyrometry—^The Wien-Planck law is the basis for optical pyrometry 
and states that EXr, the energy of wave length X radiated per unit wave length per 
unit area by a black body at absolute temperature 7 is a definite function of X 
and T: C, 

EKr = C,X-» e”* "xT 

Cl and C 2 are constants and e is the base of natural logarithms. The law is accurate 
to 1% for all cases where X in microns multiplied by T in degrees C. exceeds 
3000. Thus for visible light it Is accurate within our errors of measurement for all 
temperatures below about 9000®F. 

An optical pyrometer is simply a photometer using a limited range of the 
visible spectrum (usually red) in which the brightness of the heated body at some 
one wave length (the "effective wave length" of the Instrument) is determined rela¬ 
tive to that of a standard source (a black body at the melting point of gold). It 
usually takes the form of a telescope, which is sighted upon the body whose tem¬ 
perature is to be measured, with means for observing simultaneously the light from 
a comparison source, and for bringing about a photometric match. The comparison 
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source must be calibrated in terms of a black body at the freezing point of gold 
(defined by International agreement as lOSS^'C.) either directly or by comparison 
with another pyrometer which has been previously so calibrated. 

In making settings with an optical pyrometer, the photometric match may be 
brought about either by varying the temperature of the comparison source (the 
filament of an electric lamp); or by varying the apparent brightness of the hot 
body or of the comparison source by means of various devices such as absorbing 
screens. To make the light approximately monochromatic there is in the eyepiece 
of the telescope a red glass filter which transmits only a narrow band of the visible 
spectrum. The value of X to be used in the equation is the “effective"' wave length of 
the light transmitted by the filter glass. 


Types of Optical Pyrometer—There are two general classes of optical pyrometers, 
as follows: 


(a) Variable Intensity Comparison Lamp Type—This type Includes those in 
which the brightness of the comparison light (an electric lamp) can be varied so as 
to match the apparent brightness of the light from the body under test, the bright¬ 
ness of the comparison lamp being at all times definitely related to the current 
which passes through it. This class of instrument is the one which is used in the 
realization of the International Temperature Scale above the gold point. It requires 
a precise means of controlling and measuring the filament current, the filament 
resistance, or the drop of potential through the filament. 

(b) Constant Intensity Comparison Lamp Type —^This type includes those 
pyrometers in which the comparison lamp filament is maintained at a constant 
brightness and the brightness of the light from the hot body is cut down to match 
it by means of an absorbing device such as a glass wedge or a polarizing prism 
interposed between the hot body and the comparison source. Usually an electric lamp 
is employed for the comparison source and requires means of standardizing the fila¬ 
ment current at only one value, so that the use of a long scale ammeter is unneces¬ 
sary, resulting in a more compact and lighter Instrument. The disadvantages are: 
(1) That all brightness matches must be made at the relatively low intensity corre¬ 
sponding to the lowest temperature to be measured with the instrument; and (2) 
the reading involves holding the lamp current at the standard value as well as 
manipulating the absorbing device. 




EYE 







SOURCE 


Fig. 6—Disappearing filament, variable current optical pyrometer. 


(a) Description 
of Variable Intensity 
Comparison Lamp 
Type—One type of 
optical pyrometer is 
shown in Pig. (5. The 
objective lens, L, is 
focused so as to form 
an image of the ob¬ 
ject, the temperature 
of which is being 
measured in the plane 

of the filament of a small tungsten filament lamp P. The eyepiece is focused upon 
the filament and the image, both being simultaneously in focus since they are in 
the same plane. A red glass filter is mounted in the eyepiece to transmit approxi¬ 
mately monochromatic light to the eye. In making an observation, the current 
through the lamp is adjusted by the rheostat until the tip or some other prede¬ 
termined part of the filament is of the same apparent brightness as the source 
viewed. When this condition is reached, the comparison portion of the filament is 
indistinguishable from the portion of the image of the hot body which it crosses. If 
the current is too large, it appears as a bright line, and if too small, as a dark 
line, across the image. The value of the current in the lamp at disappearance 
of filament is read by means of a milllammeter, and the corresponding temperature 
is read from a table. In order to avoid deterioration of the filament and blackening 
of the bulb, the lamp should not be operated at temperatures above 2700''F. For 
higher temperature readings, standardized absorption glasses are placed between the 
lamp and the objective, so as to diminish the Intensity of the light from the object 
under observation. 


A check of an instrument of this type should also Include a check of the mllliam- 
meter calibration. This is at least as Important as that of the lamp. 
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fb) Description of Constant Intensity Comparison Lamp Type—The principle 
of one of these pyrometers is shown in Fig. 7. It consists of a telescope with an 
objective lens, A, and an eyepiece, D, an electric lamp, C, and a glass wedge, B. The 
filament of the lamp is mounted at the focal point of the objective lens and a 
small section of the filament is viewed through the eyepiece. The observer sees this 
small section of the filament superimposed on the image of the source sighted upon. 

The filament operates at a definite brightness obtained by setting the current 
through the lamp to a standard value by means of a rheostat and milliammeter. A 
semicircular wedge of black absorbing glass, which can be rotated through any 
desired angle, is mounted at B. By varying the angular position of this wedge a 



Fig. 7—Disappearing filament, optical wedge type optical pyrometer. 


thicker or thinner portion is brought into the line of sight and the brightness of 
the image of the source viewed may be matched with the brightness of the section 
of the filament. A scale attached to the wedge is calibrated directly in degrees P. 
for both high and low range. The high range is secured by interposing a second, 
fixed, absorbing glass in the line of sight. A red filter glass is used in the eyepiece. 

Range and Accuracy of Optical Pyrometer-—The useful range of the optical 
pyrometer begins at about 1200-1500®P., since the radiation emitted by bodies at 
temperatures less than this is of low luminosity, and balances are difficult even in a 
darkened room. No upper limit can be set to the temperatures which can be read 
by means of an optical pyrometer. 

The National Bureau of Standards will certify the readings of a commercial type 
of disappearing filament variable current optical pyrometer to ± 9‘'P. up to 2550'‘P.; 
± 18*P. from 2550-3300®P.; and ± 36®P. from SSOO-SISO^P. Readings with the same 
instrument under practical shop conditions can be repeated by a practiced operator 
to about one third the limits given above. It does not necessarily follow that all 
types of optical psrrometers can be operated within the same limits of error. 

Precautions for Optical Pyrometer—In adopting the optical pyrometer for a 
particular use, the limitations imposed by the laws of radiation must be carefully 
considered. Under some conditions, the radiation emitted from a furnace or from 
an object within it is so nearly that of a black body that true temperatures are 
given by a measurement of its brightness. If, however, the temperature of the 
furnace walls differs considerably from that of an object within the furnace upon 
which the pyrometer is sighted, or if flames are present, or if bright daylight or 
artificial light may enter the furnace to be reflected back to the pyrometer, a 
considerable error may result. One method of reducing stray reflections in a heat 
treating furnace is to sight into a deep cavity in the metal being heated. Tem¬ 
peratures of closed furnaces can be read by the use of a refractory tube, closed 
at one end, and so placed that the pyrometer can be sighted through the open end 
upon the closed end, which is inserted in the furnace. The tube must be thoroughly 
burned out to remove any tendency to produce smoke before it can be used in making 
temperature readings. ^ 

Care should be taken not to sight through smoke or visible fumes. A considerable 
depth of clear, nonlmninous flame may be sighted through without introducing an 
important error, but it is safer to turn off the flame while reading, or to sight 
under it. 

When taking temperatures of bodies outside a furnace, black body conditions 
will not, in general, exist, unless a closed end tube or its' equivalent, such as a deep 
cavity in the body, is used. The radiation from surfaces of carbon and of a few 
oxides, in the solid condition, such as that of iron, approximate closely to that from 
a black body so that the optical pyrometer gives temperatures which are accurate 
for practical purposes on such surfaces in the open. The temperature of steel billets, 
or sheet, if free from loose scale can be measured successfully in the open with the 
optical pyrometer. 

The emissivity of molten metal surfaces free from oxide is low, and there is 
a characteristic emissivity for each material, which must be known and the corre¬ 
sponding correction applied to the apparent or brightness temperature to get true 
temperature. When it is merely desired to repeat conditions on a given material, 
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and there are no complicating factors such as the changeable film on cast iron 
(Table II), apparent temperature will serve as well as true temperature and the 
emissivity correction need not be known. Since liquid metal surfaces are good 
reflectors, readings should be made from such a position that reflections from flames, 
lights, or windows do not enter the pyrometer. Table II gives the corrections in ®P. 
to be applied to readings made with an optical pyrometer employing a red Alter 
glass transmitting a mean wave length of 0.65/i. 

Table II 

Optical Pyrometer Emissivity Corrections 
Readings made in red light of wave length 0.663/t. 

(To be added to observed temperature) 


Corrections In ®P. 


Observed 
Temp., "P. 

Molten 
Cast Iron* 

Molten** 

Cast Iron** 
and Stce! 

Solid 

Iron** 

Iron 

Oxide« 

Molten 

Copper** 

Solid 

Copper' 

1400 



90 

1 


214 

1500 



99 

2 


240 

1600 



112 

3 


267 

1700 



122 

5 


294 

1800 


.. 

133 

7 

263 


1900 



148 

9 

288 


2000 



162 

11 

311 


2100 

60 


175 

14 

342 


2200 

65 



18 

369 


2300 

70 

189 



402 


2400 

75 

202 



432 


2500 

80 

217 





2600 

86 

234 





2700 

93 

249 





2800 

' . 

266 





2900 


283 




... 


■Below transformation point in surface brightness. 

>*Wensel and Roeser. Temperature Measurements of Molten Cast Iron, Trans., A.F.A.. 1928, 
V. 36, p. 191. Based on emissivity of 0.40. 

<'Above transformation point in surface brightness. 

'’Computed from emissivity value 0 37. Burgess, Bur. of Standards, 1917* 

'•Bureau of Standards. Tech, Paper 170, 1921. 

^Computed from emissivity value 0.11. Bureau of Standards. Tech. Paper 170, 1921. 


A tapping or pouring stream of steel usually shows a set of bright streaks on a 
darker background. The dark surface is the flat or convex clean metal to which 
the emissivity of 0.40, on which the corrections in column 3 of Table II are based, 
is applicable. It is suspected that certain alloying elements, such as manganese, 
increase the emissivity above 0.40 and consequently lead to high readings of the 
temperature. 

Size of Object—In order to determine the disappearance of the filament sharply 
it has been found that the image of the hot body as seen in the telescope should 
be at least four times as wide as the image of the filament. In practice, using 
generally available instruments, the smallest object that can be sighted on with 
convenience and certainty must have a dia. of not less than 0.1 in. In principle, 
however, there is no objection to measuring the temperature of far smaller objects 
by the comparison of brightness. 

If it is desired to measure the temperature of a furnace in which black body 
conditions are approximated, the pyrometer may be sighted on an opening in the 
furnace from a position such that it receives direct radiation from the interior of 
the furnace. 

Calibration and Checking of Optical Pyrometer—The optical pyrometer is sent 
out by the maker with a calibration which should remain good over a period of 
years if the instrument is carefully used. But changes in calibration may occur, due 
to deterioration of the lamp filament, clouding of the bulb, pitting or scratching of 
the objective lens, or changes in the transmission of the absorbing screens if 
materials other than glass are used. To guard against such changes the instrument 
should be frequently checked. 

At temperatures below 2750*’F. checking and calibrating can be accomplished 
by direct comparison of the optical pyrometer reading with the simultaneous reading 
of the emf. of a standard thermocouple taken with a potentiometer. If points above 
this temperature are to be checked, the comparison should be made with the reading 
of a standard optical pyrometer In the manner described later. 
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To carry out the former method, the thermocouple is heated in a closed ftimaee 
which is free of smoke and incandescent flame, and at such a point in the furnace 
^at the portion of the thermocouple protecting tube immediately surrounding the 
measuring Junction of the thermocouple would be visible through a peep hole if the 
temperature were, nonuniform enough to make it visible. If the work is done in 
the laboratory, a tubular type electric furnace, not less than 24 in. long and 1.& 
in. or less in dia. should be used. The standard thermocouple in this case is inserted 
at one end of the furnace to such a depth as will bring the end of the thermocouple 
tube to the middle of the furnace, the other end of the furnace being left open 
so that the end of the thermocouple tube is in sight. 

After bringing the furnace up to the desired temperature, it should be held as 
nearly constant as possible, and, with the optical pyrometer sighted on the end of 
the thermocouple tube,, readings should be taken on each as nearly simultaneously 
as possible. Repeat readings until a definite relationship between optical pyrometer 
and thermocouple readings is established. When, as is usual, a range shifting device 
is a part of the optical pyrometer, there will, in general, be a considerable overlap 
between the ranges. In such a case it is well to check at a point lying within the 
overlap, so that the reading may be applied to each scale, and a check secured upon 
the accuracy of the range shifting medium. 

For checking at points beyond the range df a platinum platinum-rhodium 
thermocouple, the same procedure, as outlined above, may be followed, substituting 
a standard optical pyrometer and a fire clay target for the thermocouple. The fire 
clay target is mounted in the furnace in place of the thermocouple and the standard 
and unknown pyrometers alternately sighted into the same end of the furnace. 

A more convenient means of checking optical pyrometers up to about 3450®F. 
is by the use of a ribbon filament tungsten lamp. The filament should be at least 
% in. wide and long enough to ensme a uniform temperature over its central 
portion. A shallow notch in the filament midway of its length may be used to mark 
the point on which the pyrometer is to be focused. With a standard optical pyrom¬ 
eter focused on the flat filament the current through the latter is adjusted to produce 
the desired temperature in the flat filament, as read by the optical pyrometer. The 
pyrometer to be checked is now substituted for the standard Instrument and a 
reading made with it while the current in the fiat filament is held constant. While 
the tungsten filament is not a black body, if the two optical pyrometers compared 
are of the same type, employing the same band of the spectrum in each, the readings 
of both will depart from the true temperature of the filament by the same amount. 
The standard pyrometer having been originally calibrated to read in terms of 
black body temperature, the pyrometer being checked will be calibrated in the 
same terms. 

It will be noted that the methods of check Just described require the use of 
an optical pyrometer which is maintained as a standard and used only for checking 
purposes, and which may be identical in structure with the working pyrometers. 
Where no pyrometer is available for use as a standard, a reasonably accurate check 
may be obtained by the use of the fiat filament lamp alone, if the current values 
corresponding to certain fixed temperatures have once been determined, either by 
the user or by a testing laboratory. The fiat filament lamp can then be maintained 
as a standard source of tonperature. 

f 

Advantages and Disadvantages of the Optical Pyrometer—Some of the advan¬ 
tages of the optical pyrometer have been brought out in the preceding discussion. 
These include its utility for measuring high temperatures, and measurements, also 
at lower temperatures, on inaccessible bodies, moving bodies, small bodies whose 
temperature would be affected by the attachment of a thermocouple, and for occa¬ 
sional readings when the Installation of a thermocouple would not be economical 
or feasible. Other advantages are that no part of tiie instnunent is exposed to 
destructive heating effects, and that the indicated temperature is related directly 
to the temperature of the heated body under test and not to the temperature of 
some adjacent body (for example a thermocouple), which is assumed to be at the 
same temperature as the heated body imder test. 

The principal disadvantages are the ease with which errors may be introduced 
by absorbing screens of smoke or incandescent gases between the observer and the 
object under test, and the fact that with most instruments each reading is the 
result of a photometric match made by an individual observer, and affording an 
opportunity for dishonest or prejudiced readings, as well as accidental errors. 
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Errors introduced by uncertainty as to departure from black body conditions have 
been pointed out in the discussion of the instrument. 

Radiation Pyrometers—The Stefan-Boltzmann law states that the total radia¬ 
tion from a black body is proportional to the fourth power of its absolute tempera¬ 
ture, or since it is receiving radiation from its surroundings while emitting, its 
net loss of energy per unit area per unit time is proportional to the difference 
between the fourth power of its absolute temperature and the fourth power of the 
temperature of its surroundings. This law is the basis of total radiation pyrometry, 
and is expressed as follows: 

^ = if (r* - T.*) 

where E is the net energy lost by radiation per unit area per unit time; T is the 
absolute temperature of the black body; To is the absolute temperature of the 
surroundings; and if is a constant of proportionality. 

It is essential in the use of radiation pyrometers to collect the energy emitted 
from an area of the hot body which subtends a definite solid angle at the instrument, 
absorb this collected energy in a receiver, and measure the heating effect thus 
produced in the receiver. The receiver is commonly a blackened disk, on which 
there is formed an image of the source or of some intermediate opening, and to 
which aie attached the measuring junctions of one or more thermocouples. The cold 
junctions of these thermocouples are in the same enclosure with the disk, but not 
exposed to the focused radiation. When radiant energy is received from the source, 
the disk and its attached thermocouples are heated, their temperature rising until 
a state of equilibriiim is reached, when heat is lost by radiation, conduction, and 
convection to nearby parts of the instrument at exactly the same rate as it is 
received by radiation from the source. A temperature differential is thus established 
between the hot and cold junctions of the thermocouples, the magnitude of the 
difference being dependent on the rate at which radiant en^gy is sent out from 
the source. The rate at which radiant energy is emitted from the source is a 
function of its temperature. Hence, the emf. developed by the thermocouples in the 
pyrometer is definitely related to the temperature of the source. The junctions, 
however, are not heated to the temperature of the source, but to some much lower 
temperature, usually not exceeding 212°F., even when measuring the temperature of 
a source heated to 3600**^. or higher. No attempt is made to maintain the cold 
junctions of the thermocouples at a constant temperature, since the difference of 
temperature between hot and cold junctions for a given temperature of the source 
is practically independent of the temperature of the enclosure in which they are 
placed, over the range of surrounding temperatures to which the instrument may be 
subjected or about 32-140If the thermocouple materials are so chosen that their 
emf. is practically constant for a given temperature difference, whether the cold 
junction is at 32 or at 140®F. or any Intermediate temperature, the calibration will 
be nearly Independent of surrounding temperature. This condition is met if the 
thermocouple materials are chosen from some of the metals commonly employed 
in thermoelectric pyrometry, such as copper, iron, constantan, Chromel. and Alumel. 
If one of the materials is an alloy chosen for its high thermal emf. at low tempera¬ 
tures against the other material, without reference to the uniformity of this emf. 
over the range of surrounding temperature to be encountered, considerable change 
of calibration with change of surrounding temperature is likely to result. 

The sensitive element is the heart of the radiation pyrometer, and many, if not 
most of the troubles which have been encountered in the practical use of these 
instruments for temperature measurements may be traced to the thermocouple 
materials, which have been chosen for their high thermoelectric power, rather than 
for stability, strength, and freedom from variation with surrounding temperature. 

The emf. developed by the thermocouple may be measured by means of a 
mllllvoltmeter, or preferably a potentiometer, and the scale of the measuring instru¬ 
ment may be calibrated to read directly in temperature of the source. The scale 
will not be uniform, since the emf. developed is approximately proportional to the 
fourth power of the absolute temperature of the source. The measuring instnunent 
may be either an indicator, a recorder, or a controller, or any combination of 
the three. 

Types of Radiation Pyrometers—Commercial radiation p 3 rrometers do not follow 
the Stefan-Boltzmann law exactly, primarily because not all the wave lengths 
radiated by the source reach the sensitive element. Part of this energy is generally 
absorbed by windows, lenses, or mirrors, and not all the radiation reaching the hot 
Junction is absorbed by it, since it is not perfectly black. A secondary reason for 
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departure from the law is that the emf. response curve of most thermocouples is 
not a straight line, and the emf. generated is therefore not exactly proportional 
to the difference in temperature at the hot and cold junctions. Consequently, the 
term, “total radiation pyrometer”, can be used only by courtesy, even in the most 
favorable case, which is that of an instrument without windows, using a mirror for 
concentrating the radiation on the thermocouple; hence, the use of the term 
“radiation pyrometer” is to be preferred, as has been the practice in this article. 

Radiation pyrometers may be classed ki two ways according to their optical 
systems: (a) As mirror type or lens type, depending upon the focusing agent; and 
(b) as fixed focus or 
variable focus, depend¬ 
ing upon whether means 
are provided for chang¬ 
ing the distance of the 
thermocouple from the 
focusing agent to ac¬ 
commodate changes in 
distance of the object. 

Glassification (a) is the 
more important. Fig. 8 

and 9 represent typical p^g ^ — ^pued mirror type radiation pyrometer, 

forms of mirror and 
lens type instruments. In Fig. 8 the diaphragm opening B and thermocouple b are 
located at conjugate foci of the spherical mirror DD'^. The diaphragm opening acts 
as a secondary source. Readings are theoretically independent of distance from 
the source provided that the source is large enough to cover completely the base of 
a cone determined by the formula: 

• MD 

Minimum diameter of source =- 

N 

where AT = distance from point C to source; N = distance from point C to aperture 
B; and D = diameter of aperture B. This is a fixed focus instrument. 



Fig. 9 shows a typical lens system. The lens L focuses radiant energy from the 
object O upon the diaphragm D* behind which is the thermocouple disk b. is a 
limiting diaphragm, which fixes the solid angle of the rays incident on D*. E is an 
eyepiece, used in pointing the instrument on the desired portion of the object O. 
Theoretically the distance between L and b must be changed whenever the distance 
of the instrument from the objects is changed, and it is therefore a variable foc^ 
instrument. Practically, beyond a certain distance which is roughly 10 times the 
focal length of L, the focus is independent of distance, and for such distances it 
may be treated as a fixed focus instrument. The minimum diameter of the source 
is fixed by the condition that its image must be at least large enough to fill the 
aperture D,. 

' MD 

Minimum diameter of source =- 

N 

where M = distance from L to source; N = distance from L to D,; and D = diam¬ 
eter of aperture D,. . . ^ 

The methods of focusing employed in these two types of instruments have 
each their advantages and disadvantages. The mirror type instrument can be made 
to follow the Stefan-Boltzmann law more closely than the lens type, since the 
selective absorption of the mirror is much less than that of the lens, even when 
the latter is made of fused quartz, since glass and fused quartz are opaque to 
much of the long wave length radiation which predominates in the spectrum emitted 
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by bodies in the usual range of temperature measurements. It can therefore be 
employed for measuring lower temperatures than the lens type. A further advantage 
is that the mirror focuses all wave lengths at the same distance, while, due to the 
dispersion of the lens material, the lens focuses the long wave lengths at a greater 
distance than the short ones, so that it is impossible to have all parts of the spectrum 
in sharp focus. In most mirror type instruments the first advantage is sacrificed 
to a considerable extent by introducing a window between the diaphragm opening B 
and the thermocouple b (Fig. 8) in order to keep dust, fumes, and moisture from 
reaching the mirror and the thermocouple, the window being located where it is 
readily accessible for cleaning. 

The lens type instrument has the advantage of not requiring as large a field 
of view at a given distance. In Fig. 8 it is seen that the mirror type instrument 
requires a field which covers the base of a cone with its apex at C and limited 
by the aperture B, while the lens takes in a cone of rays from each point on O, 
to be focused on Da and if the distance of O from L is such that O need be no 
larger in diameter than L to form an image filling the aperture in Da, a cylindrical 
surface with the diameter of L extending from L to O will not interfere in any 
way with the radiation received by Da and b. Hence, the lens type instrument is 
particularly adapted for use with closed end tubes, of moderate diameter, where the 
mirror type instrument as shown could not be used. This advantage is obtained 
at the expense of some loss of sensitivity. It also has the advantage of smaller size, 
making it adaptable for mounting in positions where space is not available for the 
mirror type of instrument. 

The Stefan-Boltzmann law does not apply to the selected radiation employed 
by the lens type instrument nor to the mirror type using a protective window. When 
used to measure the temperature of nonblack bodies, corrections must be applied 
as in the case of all radiation pyrometers, and in making these corrections it must 
be borne in mind that these corrections are usually four or five times as large as 
corrections for optical pyrometers and somewhat smaller than those given for total 
radiation pyrometers. The departure of the correction from the values given for 
total radiation pyrometers will vary with the material and thickness of the lens or 
window employed in the particular make of instrument. 

Installation—The radiation pyrometer receiving tube should be located where 
the surrounding temperature does not exceed the maximum allowable value as 
recommended by the manufacturer. In many cases it is necessary to resort to water 
or air cooling. Too high a temperature may ruin the sensitive element or damage 
other parts of the instrument. It is particularly important that limiting diaphragms 
do not become overheated, as these may radiate to the thermocouple sufficiently to 
increase the readings considerably. 

Proper distance from the source depends upon the size of the source, and upon 
the type of radiation pyrometer employed. Most manufacturers state the least 
allowable ratio of source diameter to distance from source. When openings cannot 
be left in furnace walls, a closed end tube may be inserted with the closed end 
extending into the region where the temperature is to be measured. The radiation 
pyrometer is then sighted upon the closed end of the tube. It is important that 
the tubes used do not give off smoke or such gases as carbon monoxide and carbon 
dioxide, which absorb radiant heat. 

Consideration must also be given to the possibility of mechanical injury to the 
equipment. If a safe location cannot be found, it is necessary to provide a struc¬ 
ture for protecting the tube. Often the water jacket may serve for both cooling 
and for mechanical protection. In any case the protecting structure must be large 
enough tp provide sufficient cooling area. 

Range—^Theoretically, radiation psnrometers may be used throughout the entire 
temperature range. In commercial practice they are available for the measurement 
of surface temperatures as low as 300 °F., and no definite limit can be set to the 
high end of their range. 

Accuracy—Owing to the relatively large source of uniform temperature required, 
it is more difficult to calibrate a radiation pyrometer than either a thermocouple 
or an optical pyrometer. Therefore, the accuracy of calibration of the radiation 
pyrometer, in general, may be expected to be somewhat lower, the amount depend¬ 
ing upon the care which has been taken in the calibrating process. In the field, 
additional errors may enter in various ways, as a result of working conditions' dif¬ 
fering from those which existed at the time of calibration. Such errors may result 
from the following causes: 
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%, Deviation from black body conditions, the exact corrections for which are un¬ 
known, for example, lack of uniformity of temperature within furnaces and 
interreflection due to irregularity of surface or concave surfaces of bodies in 
the open. 

b. Parasitic temperature effects at the thermocouple due to nonuniform heating of 

the housing. 

c. Abnormal radiation from the limiting diaphragm due to overheating. 

d. Dust, stains, or condensed moisture on mirrors, lenses, or windows. 

e. Absorption of radiation by carbon dioxide, carbon monoxide, and water vapor in 

the line of sight (reduced by use of windows or lenses of glass or fused 
quartz in the instrument). 

f. Variation of reading with distance from source and with size of source. 

It will be evident from a consideration of the above list of possible errors that 
the accuracy to be expected depends to a great extent upon the nature of the 
process and the care taken in the installation and maintenance of the equipment. 
Under favorable conditions, such as a fixed installation reading a constant tempera¬ 
ture, an accuracy of 25°P. is obtainable in the range from 1000-3000*P. 

Table III gives the corrections in to be applied to readings made with a 
total radiation pyrometer. These corrections are only approximate and in view of 
the fact that no existing pyrometer is, strictly speaking, a total radiation pyrometer, 
they do not apply exactly to any particular instrument. The table serves to point 
out orders of magnitude of the corrections to be applied. In general, it is preferable 


Table III 

Total Radiation Pyrometer Emissivity Corrections 

(To be added to observed temperature) 


•Corrections In “P. 


Observed 
Temp., ®F. 

Iron 

Oxide’ 

Nickel 

Oxide’ 

Copper 

Oxide’ 

Molten 

Iron* 

Molten 

Copper* 

Platinum® 

1000 

60 

210 

200 


890 

970 

1100 

65 

200 

210 

... 

950 

1000 

1200 

70 

190 

225 

• # 

1010 

1035 

1300 

70 

180 

236 


1070 

1070 

15OT 

76 

170 

250 

695 

1130 

1100 

80 

160 

265 

730 


1135 

1600 

80 

150 

275 

765 


1165 

1700 

85 

145 

290 

800 


1200 

1800 

90 

136 

300 

835 


1235 

1900 

95 

126 

315 

875 



2000 

100 

115 


910 



2100 

100 

105 


945 



2200 

105 

100 





2300 

110 

90 





2400 

115 

80 






^Burgess and Foote, Bureau of Standards Scientiflc Paper No. 249. 

=Burgess and Foote. Bureau of Standards Scientiflc Paper No. 224 

’Burgess and Foote. Bureau of Standards Scientific Paper No 121. 

♦Thwinif. Phys. Rev. 26, p. 190-192, 1908. 

'Foote, Bureau of Standards Scientific Paper No. 243. 


to determine the corrections to be applied on a given type of work by making simul¬ 
taneous readings on the surface ih question with optical and radiation pyrometers, 
and determining the true temperature by applying the correction from Table II to 
the optiqal pyrometer reading, since the optical pyrometer corrections are much 
more reliable than those given in Table III for radiation pyrometers. 

Photoelectric Pyrometers—Another type of pyrometer, intermediate in' character 
between the optical and the total radiation, is the photoelectric. It does not measure 
brightness, as does the optical pyrometer, but it takes only a limited portion of the 
radiant energy from the hot source and converts it by various devices into the 
energy of an electric current, which can be measured by well known means. 

The simplest type of photoelectric pyrometer utilizes the self generative type of 
photoelectric cell, such as the Photronic cell, in which the radiant energy is con¬ 
verted directly into an electric current by a sensitized surface. These cells are sensi¬ 
tive to the visible spectrum. The current can be sent through a resistance and the 
emf. drop across the resistance can be measured by a potentiometric indicator or 
recorder such as those described under '‘Thermoelectric Pyrometry.'' Or the current 
can be amplified, as by an amplifier of potentiometric ty^,*and thus used to oper¬ 
ate directly a current recorder. 
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If the vacuum or gas filled types of photoelectric cell are used, the energy comes 
mainly from a battery that applies a voltage to the terminals ot the cell and thus 
sets Into directed motion the electrons set free by the radiant energy.* These cells 
are influenced by the 
infra red as well as by the 
visible spectrum. 

A type of photoelectric 
pyrometer that utilizes the 
comparison principle with 
a standard lamp is illus¬ 
trated in Pig. 10. Two 
photoelectric cells, P, and 
p 2 are used to compare the 
light intensity of the lamp 
filament F and the heated 
object O, and an amplifier 
under control of the photoelectric cells automatically keeps the current through the 
lamp filament F at the proper value to make the intensity match the illumination 
from the furnace that reaches Pi through objective lens L. Temperatures are read 
from a continuously recording current meter M. 


__—- j M I -' 

Pig. 10—Comparison type of photoelectric pyrometer. 


Precautions—The remarks in the paragraph on accuracy will serve to indicate 
some of the precautions to be observed with all radiation and photoelectric pyrom¬ 
eters. All that has been said under ‘‘Precautions’* in connection with the optical 
pyrometer concerning emissivity applies with even greater force here. The differ¬ 
ence between the true and the apparent temperature as indicated by a radiation 
pyrometer calibrated for black body conditions amounts to over 100®P., when the 
hot body is of iron, with an oxidized surface, such as a billet, at a temperature 
of IIOO^F. 

The size of the object to be sighted on is of much more importance in using the 
radiation and photoelectric pyrometer than with the optical pyrometer. It is essen¬ 
tial that the object shall completely fill the field of view of the sensitive element. 
The conditions to be satisfied have been discussed under “Types of Radiation 
Pyrometers.” 


Calibrating and Checking—In order to carry out a preliminary calibration of a 
radiation pyrometer a good black body furnace must be available. This may take the 
form of a graphite tube, electrically heated, and provided with suitably spaced and 
dimensioned graphite or refractory diaphragms to restrict the loss of heat by radia¬ 
tion to that which enters the pyrometer. 

A surface forming a diaphragm across the tube serves as the source on which 
the pyrometer is focused. The temperature of the source may be determined either 
by means of a standard platinum platinum-rhodium thermocouple or an optical 
pyrometer. A deep closed-end tube of refractory material, of such internal diam¬ 
eter that its closed end completely fills the field of a radiation pyrometer sighted 
into its open end and heated over a length at least four times its internal diameter, 
forms a close approach to a black body source. It may be heated in an electric or 
a gas fired furnace. In this case, the calibration is most conveniently made against 
an optical pyrometer. 

A secondary calibration may be made, in which comparison Is made with a 
similar pyrometer, the calibration of which is known. Comparison is made by expos¬ 
ing the standard and the instrument under test to the same area of the hot body, 
either alternatively or simultaneously. A source which has been found useful for 
this type of test is an electrically heated nickel sheet, approximately 6 in. square, 
and 0.01 in. thick. This is suitable for use up to about 2400®F. In use a tough 
coating of nickel oxide forms, which does not scale if the cooling from 900‘’F. to 
room temperature takes place slowly. 

When the radiation pyrometer is used for control purposes only, it may be 
unnecessary to know the true temperature. Here the optical pyrometer will serve 
to determine if the radiation pyrometer is retaining its calibration. It is merely 
necessary to take an occasional reading with the optical pyrometer and note if the 
radiation pyrometer bears the same relation as before to the observed optical 
pyrometer reading. Since the radiation pyrometer may give appreciably different 
results with large sources than small ones, even when the theoretical requirements 
are fulfilled, and may also show some variation with distance from the source, these 
quantities should be fixed when possible. 
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The time lag may vary from the practically instantaneous response of the pho¬ 
toelectric pyrometer, where the speed is limited only by the indicating mechanism 
and the time of response of the comparison lamp filament to changes of current 
in it, to a matter of minutes In some types of radiation pyrometer. The more com¬ 
monly used thermoelectric radiation pyrometers will give a steady reading in from 
1-10 3^onds after exposure to the source of radiation. 

Advantages and Disadvantages—Comparison with the Thermocouvle—ln the 
part of its range common to that of the thermocouple, the radiation pyrometer has 
the following relative advantages: 

a. No contact with the hot body is required, making it possible to measure the 

temperatures of moving objects, such as billets and strip in the steel mill 

and rotary kilns in the cement plant. 

b. The time lag is generally much less than that of a thermocouple particularly 

when the latter must be protected by a heavy ceramic or metal tube. 

c. The instrument is not subject to deterioration through exposure to the high 

temperature being measured or through contamination by furnace gases. 

Disadvantages are: 

a. Relatively large sources are required. 

b. Corrections must be applied to the usual **black body’* calibration when black 

body conditions do not exist in practice. 

c. The accuracy obtainable is generally less. 

d. The first cost is higher. 

Comparison with the Optical Pyromcfcr—Advantages relative to optical pyrom¬ 
eters are: 

a. The personal element does not enter into the measurement. 

b Direct reading indicators, recorders, and controllers are available. 

c. Lower temperatures can be measured. 

The disadvantages are: 

a. Larger sources are necessary. 

b. Corrections for deviations from ’’black body” conditions are larger and less 

accurately known. 

c. In general the accuracy is lower. 
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Lead Baths 

By R. B. Schenck* 

The various liquid heating mediums employed In the treatment of steel fall into 
three general classes: Metals, salts, and oils. Of all the metals, lead is the only one 
which can be considered as a commercial bath material. 

Properties of Lead 


Melting point, “P. 621 

Heat to raise metal from 60*P. to melting point, B.t.u. 18 

Latent heat of fusion, B.t.u. 10 

Mean specific heat, liquid state. 0.034 

Boiling point, “P. 2776 

Unit weight, solid, lb. per cu.ln... 0.41 

Unit weight, liquid, lb. per cu.ln. 0.37 


Pig. 1 gives the heat content curve of lead for temperatures between 60 and 
1700®P. 


Comparative Properties of Lead and Salts 
General Comparison —^In comparing the properties of lead with those of the 
commercial salt bath materials, there are certain marked characteristics which 
differentiate the two classes. Lead is higher in specific gravity, higher in thermal 
conductivity, lower in specific heat and lower in latent heat of fusion. The melting 
point of lead is lower than that of any of the salts used for hardening, but higher 
than most of the tempering salts. Lead has a total working temperature range of 
about 650-1700®F. The salts, as a class, have a range of approximately 350-2350®P. 
Lead oxidizes readily, but is otherwise stable, and has no appreciable chemical action 
on the metals with which it comes in contact. Many of the salts tend to decompose, 
and some have various chemical effects on the metals. Lead does not adhere to the 
stock unless impure or oxidized, while the salts cover the work with a film of bath 
material. Lead is not hygroscopic, whereas the salts all possess this property to a 
greater or lesser degree. Lead has a much higher heating rate. 

. Specific Gravity—Steel sinks in all of the salts, but floats on lead unless 
immersed by suitable fixtures. Lead is higher in first cost on the volume basis, but 
its lower consumption generally results in lo^er ultimate cost. The specific gravity 
of molten lead is approximately 10, while that of the salts is about *2. 

* Thermal Conductivity—The high thermal conductivity of lead is one of its most 
valuable properties, tending toward rapid heating, high output, uniform tempera¬ 
ture throughout the bath, and high thermal efficiency. 

Specific Heat—Because of its low specific heat, the thermal capacity of lead is 
less than that of most of the salts, even on the basis of volume. This difference, 
however, is not sufficient to be much of a factor in commercial operation. Low 
thermal capacity results in greater temperature drops where cold work is intro¬ 
duced and decreases thermal stability. It also tends to reduce time and fuel in 
bringing a cold pot up to heat; it probably increases thermal efficiency in batch 
operation, and maintains a greater average temperature differential between the 
pot and the source of heat. 

Latent Heat of Fusion^The low latent heat of fusion of lead tends to cause 
the formation of heavier layers of solidified bath material when cold stock is pdaced 
in the pot. The fact that, independent of melting point and other considerations, 
these layers actually form more extensively in all salt baths is due to the much 
lower thermal conductivity of the salts. On the basis of volume, the number of 
heat units involved is less for lead than for most of the salts, with the result that 
less time and fuel are required in bringing a cold pot up to temperature. 

Melting Point—The melting point of a bath material not only determines the 
minimum temperature of operation, but also has a pronounced effect upon the heat¬ 
ing rate when charging cold stock. The solidified layer of bath material, which 
forms on cold stock in lead and salt baths, must be completely melted before the 
temi^erature of the stock can rise above the melting point of the bath. The loteer 
the melting point, the less will be the weight of frozen material formed. The greater 


^Metallurgical Engineer, Buick Motor Co., Flint. Mich. 
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the difference between the melting point and the bath temperature, the more 
rapidly will this layer be removed. Heat conductivity plays an important part in 
this connection, with the result that, tor the same temperature differential, the 
frozen layer melts much more rapidly in lead than in salt baths. Lead can, there¬ 
fore, be satisfactorily used at temperatures closer to the melting point, and is less 
adversely affected in heating rate at higher temperatures. Other things being 
equal, a bath operating at 1500®F. with a melting point of 700®P. will heat more 
rapidly than one operating at the same temperature with a melting point of 1300*’F. 
In some cases, where intricate parts would otherwise be inclined to warp or crack 
in hardening, the retardation of heating due to the solidiffed layer is distinctly 
advantageous;, Preheating to temperatures below the melting point will decrease 
the amount of frozen material, and temperatures above the melting point, will, 
of course, eliminate it completely. • 

Temperature Range—The wide temperature range of lead, approximately 650- 
X700°F., makes the lead bath available for the majority of hardening and tempering 
operations. The lower limit is dependent primarily upon the melting point, while 
the upper limit is determined by the ability of the pots to stand up and the cover¬ 
ings to give adequate protection against oxidation. 

Some of the salt mixtures are used as high as 2350''F. for the hardening of 
high speed steel, and others are employed for tempering as low as 350^F. All 
intermediate ranges can be covered by selection of the proper salt mixtures. 

Oxidation and Decomposition—IJeud is readily oxidized by the air at all tem¬ 
peratures when molten and must be protected by a suitable covering to prevent 
excessive formation of dross. Lead oxide is sufficiently insoluble in molten lead to 
preclude any appreciable contamination of the bath as a whole. Aside from this 
tendency to oxidize, lead is inherently stable in compositions when used as a bath 
material. 

Some of the salts tend to oxidize or decompose on continued use, forming gaseous 
or infusible products, accompanied by a change in composition of the whole bath. 
The mixtures containing cyanide oxidize quite rapidly, CN being replaced by COs. 
Many of the chlorides and carbonate mixtures tend to form sludges which collect 
in the bottom of the pot and interfere with heat transfer. Additions of cyanides 
will usually correct this trouble, but 
cyanide, salts are costly and the 
tendency to form a “case” on the . 
work is sometimes objectionable. 

Pitting and Decarhurizatlon — 

Lead baths, under conditions of ^ 
normal operation, seem to be en- ^ 
tirely free from any tendency to pit 
or decarburize, but many of the *S 
salts used in the hardening range are £ 


temperature, or desulphurizatibn 
with cast iron chips, is often neces¬ 
sary to prevent pitting. The fre¬ 
quent addition of “rectifiers,” such Temperature,®F. 

as sodium cyanide, borax, or boric Pig. i_Heat content for lead 

acid, will eliminate decarburization. 

Rusting of the Stock—Ixeud does not leave any corrosive agent on the stock 
after heat treatment. Certain salts, especially the chlorides, rust steel very readily 
in the presence of moisture, so that cleaning with hot water or hot sal soda solu¬ 
tion is frequently necessary to remove the last traces of salt. 

Chemical Action on Pots —Lead seems to have no appreciable chemical action 
on the pot materials, but some of the salts are troublesome in this connection. 
The nitrates and nitrites attack metals violently when slightly overheated and the 
cyanides are very detrimental to chromium-nickel alloy pots if permitted to enter 
the combustion chamber. Most of the other commercial salt mixtures have little 
action on the pots, and the shorter life frequently obtained in comparison with 


very troublesome in this respect and o 
require special treatment when used ^ 
on finished parts. Repeated heating S 
and cooling over a wide range of ^ 
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lead is probably due more to local overheating than to any other cause. Local over¬ 
heating is much more prevalent with salts, because of their lower heat conductivity. 
Sludge formation may also be a contributing factor of considerable importance. 

Adherence to the StocA?—The tendency of lead to oxidize is a troublesome fea¬ 
ture, resulting in loss of lead and dirty stock. Suitable coverings must be used, but 
at low temperatures even the best coverings may be inadequate and special means 
are often required to clean the work. Above 850®P., however, lead can be well protected 
and the bad effects of oxidation kept to a minimum. Under proper conditions the 
steel comes out remarkably clean. 

Salts cover the stock with a continuous film of the bath material, resulting in 
large mechanical losses, but because of the solubility of these materials in water, 
the work is easily cleaned. The adhering film of salt may be an advantage where 
it is important to have a fine finish, as this film effectively prevents oxidation by 
the air upon removal from the bath. The thickness of the film, and, consequently, 
the mechanical loss, is largely dependent upon the fiuidlty of the bath. 

Affinity for Wafer—The fact that lead does not absorb water is a decided ad¬ 
vantage. Some of the salts are objectionable in this respect, and require careful 
handling in order to avoid dangerous explosions when they are added to a molten 
bath. All the salt bath materials have more or less affinity for water and should 
be shipped and stored in air-tight containers. 

Heating Rate —The heating rate, or time required to bring a piece of steel of a 
given size up to the temperature of the bath, is mainly dependent upon heat con¬ 
ductivity and melting point. Lead so greatly excels in heat conductivity that, for 
any temperature within its range of operation, very few of the other bath materials 
approach it in rate of heating. 

Pig. 2 shows the comparative heating rates of steel in a lead bath, a cyanide 
bath and an oven furnace. The test piece consisted of a cylinder of low carbon 
steel with a stem on one end bored to admit a thermocouple. All of the units tested 
were of sufficient size to prevent more than slight temperature drops when the cold 
test piece was introduced. The lead and cyanide baths were of exactly the same 
size. The baths and furnace were stationary in temperature and remained prac¬ 
tically so without firing, throughout the duration of the test. The cyanide mixture 
showed by analysis, at the time the test was performed, a composition of approxi¬ 
mately 14% NaCN, 14% NaCl, and 72% Na^COa. The extremely rapid rate obtained 
in lead is clearly shown. It is also interesting to note that lead heats to the required 

temperature in the same time at 900 and 
1500®F., while the oven furnace takes 
longer to heat to the lower temperature. 

Quality of Lead Used—The grade of 
lead purchased for baths is not of great 
importance. Ordinary pig lead seems to 
answer every requirement. Special grades, 
claimed to be superior for lead pot work 
and marketed at a higher price, appar¬ 
ently give no better results than the reg¬ 
ular commercial pig. Tin, even in small 
percentages, tends to cause lead to stick 
to the work and is to be avoided. Tin 
contamination is sometimes encoimtered 
in lead which has been refined from 
dross. Sulphur is also claimed to be an objectionable impiulty. 

Pot Materials—There are, in general, three classes of pot materials: Cast iron, 
steel, and the special alloys. 

Cast Iron—Cast iron pots, if properly made, usually give good service at tem¬ 
peratures below 1300®P. At higher temperatures, cast iron has not been foimd 
satisfactory, except in small units operated at low output. Its composition ranges 
from ordinary gray iron to the so-called alloy iron, made with additions of steel 
scrap and containing small quantities of alloying elements. 

Steel (Cast and Pressed)—Cast steel is used for all temperatures throughout 
the range of lead. Below 1300®P. it gives excellent results. At higher tempera¬ 
tures its life depends largely on the conditions of service. The chemical composi- 
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Fig. 2—Comparative heating rates of 
steel in a lead bath, a cyanide bath, and 
an oven furnace. 
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tion varies considerably, and within certain limits is of much less Importance than 
freedom from porosity. Many different compositions give equally good service if 
the castings are sound. 

. Pressed steel pots are also successfully used throughout the temperature range 
of lead. Their advantage lies in light weight and freedom from porosity. Unfor¬ 
tunately they do not possess the flexibility of design attainable with cast steel, and 
on account of die cost are, for the most part confined to standardized shapes and 
sizes. 

Special Afloys—Most of the special alloys come under three general classiflda- 
tibns: High nickel-chromium, low nickel-chromium, and chromium. The alloys of 
the first class contain in percentage about 65 Ni and 15 Or; the second cla.ss 35 Ni 
and 15 Or; and the third class 25 Or. These materials are all much higher in price 
than steel, and to prove economical must give correspondingly longer service. They 
are always used at temperatures over 1300®P., as they cannot compete with cast 
iron and steel in the tempering range. 

Special alloy pots are usually cast, although certain compositions are obtain¬ 
able in pressed form. As in the case of cast steel, the composition of a cast alloy 
pot Is often of less importance than its freedom from porosity. The advantages 
and the limitations of design of the pressed steel pot apply in even a greater degree 
to the pressed alloy pot. 

Pot Design—An important factor in obtaining efficient service is the design 
of the pots. Sharp comers and abrupt changes of section should be avoided 
wherever possible. Large radii in corners below the lead level are especially impor¬ 
tant. 

Thickness of section is a much disputed point. The cast special alloys, as a 
rule, do not require as heavy bottoms and sidewalls as cast steel. Extremely thin 
sections tend to cause failure due to bulging followed by cracking, while thick 
sections often fail to give service in proportion to their greater cost, especially when 
operated at high temperatures and high output. In other words, the life of a pot 
Is not directly proportional to its thickness, except possibly within narrow limits. 
The premature failure of thick pots is probably often due to the greater tempera¬ 
ture difference between the inner and outer surfaces. Pressed pots of either steel 
or special alloy are necessarily of quite uniform section throughout. 

Furnace Design—Lead baths are generally fuel fired with either oil or gas. 
Electrically heated units, in which the heat is applied by means of resistors sur¬ 
rounding the pot, are also in use. The principal advantages of electric heat consist 
of exceptionally long pot life and cleanliness. It is especially well adapted for use 
in the machine shop. The following discussion, however, is confined to fuel fired 
baths. 

The design of the furnace and especially of the refractory setting, which supports 
the pot and forms the combustion chamber, should receive the most careful con¬ 
sideration. Proper location of burners and vents, adequate combustion space, correct 
vent area, length of flame travel, location of splash brick, and height of combus¬ 
tion chamber are all items which, if neglected, may result in unsatisfactory and 
costly operation. 

Lead Bath Coverings—(Solid Coverings)—As previously stated, lead is readily 
oxidized by the air at all temperatures when molten, and must be covered with some 
suitable material, in order to avoid excessive lead loss and dirty stock. Wood char¬ 
coal, corncob charcoal, charred nut shells, charred leather, coal coke, and petroleum 
coke are some of the materials in commercial use as pot coverings. Hardwood 
charcoal, size No. 3, such as is used in the manufacture of carburizing compounds, 
is one of the best coverings, but is not always the most economical. In determinffig 
the most suitable covering, a great deal depends on the nature of the work and 
the temperature of the operation. In hardening transmission gears, the best cover¬ 
ing obtainable is generally none too good, while in hardening axle shafts which are 
to be later drawn in lead, coal coke, or the cheapest grade of charcoal screenings, 
will answer the purpose. 

The action of the carbonaceous coverings is both chemical and mechanical. 
Their efficiency depends, to a great extent, upon the rapidity with which they bum, 
and the temperature at which burning starts, sometimes called the “kindling tem¬ 
perature.’’ The chemical action is due to the reducing effect of CO gas, which is 
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generated by the combustion of the covering. Below the kindling temperature, no 
CO is formed and the protective effect becomes entirely mechanical. Coal coke 
has such a high kindling temperature that it is practically useless in the tempering 
range, although it makes an excellent covering for some classes of work at the 
higher temperatures. Wood charcoal has a much lower kindling temperature, some¬ 
where in the neighborhood of 850®F., and will protect the lead much less effectively 
at SOO^than at 900°P., in spite of the fact that the tendency of lead to oxidize 
increases rapidly with temperature. The size of the covering must also be consid¬ 
ered and depends largely on the nature of the job. Bizes much larger than No. 3 
charcoal are generally unsatisfactory. 

Depending on the nature of the work, the kind of covering employed, and the 
temperature of the operation, the bath must be skimmed more or less frequently. 
The coverings burn to an ash, which collects rapidly and interferes with the action 
of the CO gas. Moreover, the protective effect is never perfect and a certain amount 
of oxide will always form, even under the best conditions. This ash and oxide 
must be removed and replaced with new material every so often or trouble will 
result. 

Prevention of Lead Adherence —^In order to more effectively prevent adherence 
of lead, the stock is sometimes coated with a thin film of salt or some other material, 
before being placed in the pot. The salt is applied by dipping the parts in a hot 
saturated brine solution, which dries quickly and leaves a light deposit of NaCl. This 
method has been used extensively on parts which are difficult to keep clean, and 
is applicable at all temperatures below 1475°F., the melting point of NaCl. Numerous 
other washes, such as calcimine and emulsions of lampblack in kerosene, have been 
used for the same purpose. 

At low temperatures, below the kindling point of the covering, the question of 
cleaning the stock often becomes a serious problem. This difficulty has been over¬ 
come by dipping the stock in molten caustic soda immediately following its removal 
from the lead and then quenching in water. The result is perfectly clean work and 
a large saving in lead. The caustic soda pot is held at a temperature slightly below 
that of the lead. Sodium nitrate has been successfully used for the same purpose. 

Liquid Coverings—Molten salts of suitable composition make effective coverings, 
but are generally more expensive than solid coverings. Cyanide mixtures are very 
efficient, but their cost for large production is prohibitive. Mixtures of NaCl, NatCO* 
and KsCOs have been used successfully on small units. Salt coverings have the 
advantage of producing exceptionally clean work and keeping the lead loss to an 
extremely low figure. The salt consumption, however, is usually a source of con¬ 
siderable expense. Many salts, other than those mentioned above, have been tried 
without success. Caustic soda, which might be thought suitable for low tempera¬ 
tures, causes a gradual oxidation of the lead, while sodium nitrate is still worse 
in this respect. Most of the mixtures of chlorides and carbonates tend to decom¬ 
pose and form infusible products which are very objectionable. 

A decided objection to the use of salt covering on large pots is the great amount 
of heat radiated from the surface of the bath, which results in bad working con¬ 
ditions for the operators and lowers thermal efficiency. The solid coverings have 
a marked blanketing effect, which is almost entirely absent with the salts. 

Pot Failures—With properly designed and operated units, pot failures are due 
to three general causes: Porosity, cracking and oxidation. Cast iron almost always 
fails by cracking. Cast steel usually fails from porosity, and from oxidation, as 
a secondary effect, when blow holes open up as the metal scales away. Failures 
with cast steel pots are seldom due to cracks. Cast alloy pots usually fail from 
cracking, and in many cases from porosity. They suffer very little from the effects 
of oxidation, except where metal segregation occurs. Pressed steel pots nearly always 
fail from oxidation, and pressed alloy pots usually from oxidation or cracking. 

Lead Poisoning—There have been many erroneous statements made in regard 
to lead poisoning. According to some of the older authorities, the very atmosphere 
in the neighborhood of a lead bath was supposed to reek with noxious and poisonous 
vapors, which would Inevitably result in the death and destruction of all who lin¬ 
gered in the vicinity. Such statements to the contrary, lead poisoning is very seldom 
encountered in any modern shop. Two simple precautions are necessary: Keep the 
waste gases from the combustion chamber out of the shop by employing suitable 
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hoods and stacks, and keep finely divided lead oxide out of the atmosphere. Opera¬ 
tors have suffered from lead poisoning by continually breathing the products of 
combustion, which often carry lead compounds because of accumulations of lead 
^ under the pot. Poisoning has also resulted from lead oxide in the form of dust, 
which was continually thrown into the air during a hammer straightening operation 
on shafts. Removal of this oxide by quenching the shafts from the tempering bath 
eliminated the trouble. The surface of a lead bath does not give off any injurious 
vapor at temperatures of commercial operation. ^ 

Caution—Material to be immersed in a lead or salt bath with any degree of 
safety must be entirely free from moisture. When moist material is immersed in a 
molten bath, the moisture is instantly changed into steam, thus causing a violent 
eruption of the bath, which may bum the operator severely. 

Methods of Operation—^Lead pot fUmaces may be operated by either the batch 
or continuous methods. For tempering, the former is the more satisfactory, while 
for hardening, both methods are successfully employed. In using the batch method, 
the pot is filled to its full capacity and the work completely removed as soon as 
the desired temperature is reached. It is generally necessary to shut off the burner 
before removing the work, but in some hardening operations, if charging and dis¬ 
charging are sufficiently rapid, the burner can be allowed to remain open. With the 
continuous method, the bath is held at the desired temperature, part of the load 
being removed and replaced with cold work at stated intervals. Automatic handling 
of the stock has been applied to lead baths with a certain degree of success but 
many difficulties have been encountered which are not met with in oven furnaces. 
Parts requiring local heating are often quite readily handled with rotary fixtures 
in roimd pots, or with chain conveyers in long rectangular pots. 

Applications—While the lead bath still has a definite field of utility, it has been 
largely replaced in the treatment of many parts by the more economical automatic 
oven furnace, which has been so highly perfected in recent years. 

The lead pot is extensively used for local hardening and tempering. Many jobs 
requiring local heating cannot be satisfactorily handled in any other way. By proper 
manipulation, it is possible to so treat a bar of steel that it will have a number of 
alternate hard and soft sections between the two ends. Heating can be much more 
effectively localized in lead than in any of the salt mixtures. For parts which must 
be free from scale, the lead bath is extremely useful. In tool hardening, the lead 
bath has many applications. It is used for hardening broaches, reamers, drills, and 
numerous other tools. It makes an excellent quenching medium for high speed 
steel, as originally developed in the “Taylor White” process. 
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Salt Baths ^ 

General—By the term "salt bath” is meant^a bath, composed of one or more 
salts, which is designed to form a heating meoium inert to the work, and which 
is intended to Impart neither a hard nor a soft surface to metal, but to produce 
work having the same chemical composition from surface to interior as it had 
before heating. 

The value and economy of a salt bath depend upon its application to suitable 
jobs and upon its use within the limits of temperature at which the salt mixture 
operates at highest efficiency. 

Salt Bath vs. Oven Furnace—(1) The bath tends to heat work more uniformly 
than do most ovens. The work is ordinarily suspended in a bath, but is usually laid 
on the hearth in an oven; and the nature of a bath naturally eliminates contact of 
cold air with the work, whereas many oven furnaces are not air tight. If an oven 
furnace is air tight, and if the work is suspended therein or otherwise arranged so 
that heat absorption is equal on all surfaces, there is no reason why the heating 
will not be at least as uniform as in a salt bath. 

(2) Salt baths, if properly maintained and operated, eliminate scaling. This is 
an advantage of salt baths over air furnaces. Controlled atmosphere furnaces may, 
however, equal salt baths in this respect. Salt adhering to work removed from a 
bath also helps to prevent scaling while cooling or during transfer to the quenching 
medium, although a salt which does not dissolve quicUy in the quenching medium 
may hinder quenching. 

(3) Salt baths, as here considered, do not carburize, but in general tend to decar- 
burize steel, the activity of a bath depending upon the temperature at which it Is 
operated. It is possible to obtain salt baths which, if used properly decarburize so 
slightly that the soft sl^n cannot be detected after quenching. Air furnaces may 
be carburizing, decarburlzing, or acceptably neutral, depending on the atmosphere 
within the furnace. 

(4) Salts heat the work more rapidly than do air furnaces. This may be either 
an advantage or a disadvantage, depending on the application and on the design of 
the parts. The rapid heating, together with the proximity of the heating medium 
and the atmosphere, makes salts usually more desirable for local heating. 

(5) The salts themselves and the pots containing them are items of expense not 
encountered in oven furnace operation. 

(6) Salts carried over with work to a quenching bath may change the composi¬ 
tion of the quenching medium. This does not occur with mineral oil, but may with 
water or any liquid in which the salts in question are soluble. 

(7) Work must be dry and preferably slightly preheated, before immersing in a 
salt bath. 

(8) Salts flux with many refractories at high temperatures. This means that 
furnace maintenance may be more costly if salt baths are used. 

(9) The question of warping and cracking of work heat treated in a salt bath is 
one to which no general answer'can be given. In some cases, where the work is 
preheated and, due to its nature, may be heated more uniformly in a salt bath, 
warping and cracking may be less with a bath than with an oven. On the other 
hand, where slower heating is desirable, a well designed oven furnace may give bet¬ 
ter results. 

Salt vs. Lead Baths—(1) Because of the solubility of salt in water, it is usually 
more easily cleaned out of holes and depressions in work than lead. 

(2) Lead may be melted and heated more rapidly than can salt baths, owing to 
the higher conductivity of the former. 

(3) Work floats on lead, and usually must be held firmly in place, whereas 
metals need merely be suspended in salt baths. 

(4) Most salts are to some extent hygroscopic, and must be stored in air tight 
containers when not in use. 

(5) Aside from its tendency to oxidize, lead maintains a stable composition, 
whereas most salts undergo some decomposition during use. When a salt bath is 
used for hot quenching, the high temperature of the quenched work may decompose 
some of the bath constituents, such as nitrite, which must be periodically replaced to 
maintain the desired composition. 

(6) Lead is neutral to most refractories, though lead oxide is not. 


* Prepared by (he Subcommittee on Salt Baths. The membership was as follows: W. P. Eddy, 
chairman; B. F. Davis, W. J. Harris. H. D. Ford, and J. H. McCadie. 
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(7) Lead costs more initially than most salts. 

(8) Less mechanical (drag out) loss is suffered by a properly protected lead 
bath than by salt baths during operation. On the other hand, the salt adhering to 
work may be classed as a protectifb coating. Salt is more easily removed than lead 
due to its solubility in water. 

i (9) The surface of a lead bath must be protected from the atmosphere. 

(10) Lead heats work more rapidly than do salt baths; hence lead is usually 
preferable for local heating. 

General Characteristics of Salt Baths—^The ideal salt bath should be inert to 
the metal heated in it; should not change in composition or form a sludge; should 
not fume corrosively; should clean easily; should not pit or corrode either the work 
or the bath container; should be thinly fluid at the operating temperature; should 
be nonhygroscopic; should not promote rusting of work subsequent to heat treat¬ 
ment; and should be low in cost. 

The perfect salt bath, however, has not yet been discovered. Practically all the 
salts used for heat treating are hygroscopic to some extent. All adhere to the work 
when it is removed; the amount of drag out varies, of course, with the viscosity of 
the bath and with the shape of the work, but is usually between 4 and 24 oz. of salt 
per hundred lb. of work. There is always a corrosive action at the surface of a salt 
bath, affecting containers, thermocouple tubes, hooks, and partly immersed work; 
this action is more severe the higher the temperature. 

Classification of Salt Mixtures—For convenience in the consideration of specific 
salt mixtures, we may divide them into three groups. Low temperature salts are 
used for tempering, and for quenching carbon or low alloy steels. Medium tempera¬ 
ture salts are used for heating the same steels for hardening, normalizing or 
annealing, and for quenching high speed steels. High temperature salts are used 
for heating high speed and certain other high alloy steels, for hardening. 

Low Temperature Baf/is—Low temperature salt baths are composed of nitrates 
and nitrites of the alkali metals. Sodium nitrate, sodium nitrite and potassium 
nitrate are the salts most commonly used. Sodium nitrate, melting at 586**F., may be 
used at temperatures above 650®F. The eutectic mixture of potassium nitrate (56%) 
and sodium nitrite (44%) melts at 295®F. and may be used at 325®F. or above. A 
mixture of potassium nitrate (51.3%) and sodium nitrate (48.7%) melts at 425°F. 
and is suitable for use above approximately 475®P. 

The maximum temperature recommended for any of these low temperature 
baths is llOO^’F., as at higher temperatures they attack the work and the bath con¬ 
tainers. Local overheating of the bath container must not be permitted, else failure 
will occur. Nitrates and cyanides react together violently, when hot. and the two 
should be kept apart; serious explosions have occurred as a result of failure to 
observe this precaution. 

These mixtures are commonly used for tempering all types of steel. The potas¬ 
sium nitrate and sodium nitrite mixture given above is the most desirable for gen¬ 
eral purpose work, as it has the widest temperature range of usefulness. However, 
if the low temperatures are not to be used, one of the other mixtures will be cheaper. 
Work should be thoroughly cleaned of oil, salt from brine, scale, or soot, before 
immersion in any of these tempering baths. Otherwise, contamination of the bath 
will occur, resulting in thickening, sludge formation, increased drag out, lowered 
^ efficiency, and difficult cleaning after tempering. Any of these mixtures, if uncon- 
' taminated, will dissolve easily in water, and work may be easily cleaned by simple 
washing. If desired, work may be cooled in oil after tempering, and can then be 
cleaned quickly in an alkaline solution. 

In addition to the above mentioned use, these baths may be used, either alone 
or with additions to other salts, for blueing and blacking steel. To obtain a black, 
it is necessary to heat to 900-1000®F. Considerable skill and experience may be 
required to produce uniform blue or true black colors. 

Another increasing use of nitrate baths is in the heat treatment of the strong 
aluminum alloys. The solution treatment is performed by quenching from tempera¬ 
tures, varying with the alloy, between 900 and 1000®F. Precipitation treatment consists 
of heating for considerable periods at 300-400®F. Large sizes (% in. and over) of 
dmalumin rivets may be heated in these baths for hot riveting. Unless the salt is 
completely removed afterward, however, it may accelerate corrosion. 

These baths may be used for quenching carbon and low alloy steels. The bath 
may be maintained at any temperature between 300 and 1000®F., depending upon 
the hardness and physical properties required in the quenched work. Some decom- 
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position of the bath constituents may occur due to the local action of the hot work 
being quenched, and some pitting of the work may occur. The intensity of these 
actions depends on the size of the work and its temperature before quenching. 

Medium Temperature Baths —Salt baths in the medium temperature class are 
used for heating carbon and many alloy steels for normalizing, annealing, and 
hardening; for quenching and tempering high speed steels: and for heating brass, 
bronze, nickel silver, copper, gold, and other nonferrous metals and alloys for bright 
annealing treatments. 

Salt mixtures for use in the medium temperature range are perhaps more varied 
in composition than are the low temperature mixtures; but, in general, the mixtures 
are eutectics and are composed of chlorides, or of chlorides and carbonates. 

The chloride carbonate mixtures (such as 50% potassium chloride and 50% 
sodium carbonate, which melts at 1085®P.) are satisfactory for heat treatment of 
nonferrous metals Carbonates in a salt bath tend to decarburize steel. Such mix¬ 
tures are sometimes used for heating steel, however, with additions of sodium cya¬ 
nide to prevent formation of soft skin on steel parts. The action of the cyanide is to 
replace some of the carbon lost during heating with nitrogen. The desirability of 
this practice is often questionable, especially with steels of over 0.75% carbon. Addi¬ 
tion of cyanide to a bath may, however, improve ease of cleaning of work. 

Baths consisting of chlorides only are generally preferred for heating steel. The 
lowest melting chloride mixtures contain calcium chloride (for example calcium 
chloride 67% and sodium chloride 33%; melting point 940®P.). Calcium chloride, 
however, because of its deliquescence and its tendency to corrode work, is in general 
not a desirable constituent. The alkali chloride mixtures (for example, potassium 
chloride 56% and sodium chloride 44%; melting point 1220*’P.) are the most easily 
handled. 

However, even the chloride mixtures, though originally inert to steel, gradually 
oxidize, when molten, to oxychlorides, then oxides or carbonates. As a result, these 
mixtures, also, may decarburize steel after some use. Addition^ at regular intervals 
of %-i/4% of the weight of the bath of a suitable “rectifier” will usually counteract 
the tendency of the bath to decarburize. The rectifier (boric acid, fused borax, or 
boric oxide) converts oxides and carbonates in the bath to stable metaborates, which 
usually form a sludge that can be removed and discarded. Such rectifiers are of no 
value when added to a chloride-carbonate bath; they may advantageously be used 
only in chloride mixtures. 

The medium temperature bath mixtures can be used from approximately 100 ®P. 
above their melting points up to about 1650®P. 

High Temperature Baths—The high temperature baths are generally used in the 
temperature range of 1800-2400®P., primarily for hardening high speed steels. The 
salts used in these bath mixtures are barium chloride, borax, sodium fluoride, sili¬ 
cates, and occasionally magnesia or lime. Rectifiers containing ferrosilicon have also 
been used. These baths are not eutectic mixtures, but are glasses; they have no 
sharply defined melting point, but soften gradually when heated. The melting range 
is usually between 1600 and 1900°P. 

Some of these baths, when new, are not inert to steel, but become satisfactorily 
so after some use, so that high speed steels can be heated without occurrence of 
scaling or decarburization. In some cases, trouble may be experienced with edges of 
fine tools dissolving or “washing away.” 

Por preheating, the same salt is sometimes used, maintained in or just above 
its melting range; the work should be held in the preheat bath until the salt runs 
off freely when the work is lifted from the bath. In order to shorten the time in 
the preheat bath, an additional semimuffle or muffle heating should be used, in 
which the work is heated to 1000-1200®P. before transferring to the salt preheat. A 
single preheat of the muffle or semimuffle type, as in air furnace practice, may be 
substituted for the double preheat, but scaling of work usually makes this undesir¬ 
able. Modern practice usually involves the use of a chloride or other salt mixture 
of lower melting range for the preheat bath. 

Perhaps the greatest disadvantage of the high temperature bath mixtures is 
that none of them are easily cleaned from the work. It is almost imperative that a 
salt quench be used. The salt quench consists of an added unit in the system In the 
form of a pot containing a chloride-carbonate bath, with or without cyanide, main¬ 
tained just above its melting point, and preferably below 1200'’P. Such a bath 
reacts chemically, with some sputtering, with the high temperature salt adhering 
to the work as it is lowered into the quench, the reaction being between the car¬ 
bonates or cyanides in the quenching bath and the high temperature salt. The prod- 
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ucts Of the reaction form a heavy sludge in the quench pot. This sludge must be 
frequently removed and thrown away. The action of the quenching salt has an 
important bearing on the quality of work. While a quenching mixture containing a 
large proportion of carbonate is desirable from the cleaning standpoint, a large 
excess of carbonate may cause formation of soft skin on the work, through the 
decarburizing action previously noted. Quenching in a chloride mixture or in oil or 
air gives greatest freedom from soft skin, but work quenched in any of these media 
is extremely difficult to clean. Immersion in vigorously boiling 10% sodium cyanide 
solution for ^ hour or more, followed by wire brushing, is often used to clean work. 
Dipping the work in molten caustic soda at lOSO'^F., after tempering, is usually 
helpful. 

Salt Bath Operation—The most important general rule of salt bath operation 
is: Do not allow the bath to become contaminated with anything. This applies to 
salt baths in all temperature ranges. 

Pure salts should be used in all mixtures. Sulphates are particularly undesirable 
in all mixtures, and nitrates should not be present in medium or high temperature 
baths. To eliminate small amounts of these corrosive impurities from a bath, add 
about 5% of the weight of the bath of clean, dry cast iron chips, preferably while 
the bath is near the top limit of its temperature range, stir well, allow to settle and 
remove the sludge formed. Ferrosilicon may be used for this purpose in high tem¬ 
perature baths. If a rectifier is to be used, it will serve also to eliminate sulphates 
and nitrates. The best baths are usually made by specialists in salt bath manu¬ 
facture. 

Heat salts slowly while solid; they are all poor conductors of heat, and the rate 
of heat absorption is therefore limited when there can be no circulation. An attempt 
to melt too quickly only results in overheating of the pot with consequent short life, 
and possible overheating of the salt adjacent to the pot. 

When additions of salt are to be made, it is safest to place the required quantity 
on top of the solid salt before melting. If this is not practicable, because of 24 hour 
operation or high drag out which necessitates more frequent additions, be sure the 
added salt is dry. 

A salt having low melting point is desirable when large work is to be heated, 
as the immersion of a large mass of metal lowers the temperature so much of the 
adjacent salt that a thick coating of solid salt will form on the work. If possible, 
large work should be preheated up to the melting point of the bath, then immersed 
with the bath just above its melting point, and the bath and metal slowly heated 
to the desired temperature. 

Melting point of the bath is not usually important for small work, provided the 
melting point is not too near the operating temperature. Small pieces can be im¬ 
mersed, preferably after some preheating, with the bath at the operating tempera¬ 
ture. If many pieces are to be heated at the same temperature, it is advisable 
to establish a semicontinuous procedure, immersing a small quantity Immediately 
after removing an equal quantity. 

It is advisable to remove the thermocouples, at the end of a run, before the salt 
freezes. 

Salt baths weigh from 100 to 150 lb. per cu. ft., molten. 

Salt Bath Furnaces—Oil fired pot furnaces are satisfactory in large sizes, though 
not, as a rule, so desirable as other ^types in smaller units, because of the long flames 
which are characteristic of oil burners. Gas firing is usually satisfactory, provided 
furnaces are properly designed. 

Electric pot furnaces of several types have been more or less successfully used. 
A resistance furnace, with metallic heating elements surrounding the pot, may be 
used for low and medium temperature operation, provided care is taken to keep salt 
away from the resistors. 

The direct resistance type of furnace has been used with some success. Two or 
more electrodes are lowered into the bath, or the pot can serve as one of the elec¬ 
trodes. The salt is heated by the current passing through the bath itself. Special 
means must be taken in this furnace to start the melting of the solid salt, and care 
must be taken during melting to prevent local overheating of the salt. After the 
bath is entirely molten, however, this type of furnace is inherently very efficient, as 
the heat is generated where it is wanted. 

A few generally important points of design and operation, which apply more or 
less to all types of bath furnaces, follow: 

1. Apply heat as near the top of the pot as possible, in order to obtain more 
uniform temperature and to start melting solid salt at the top. All molten 
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salt baths are hotter near the bottom than at the top, because of * 5 ®^?!! 
radiation losses from the surface. As all salt bath materials 
heated, melting first near the bottom causes heavy pressure to be applied to 
the pot, with resultant deformation and early failure. 

In fuel fired furnaces, the fiame should not Impinge upon the pot. Cylindrical 
pots, with tangentially placed burners near the top, should be used whenever 
possible. The furnace should be vented at the bottom for the removal oi 
fiue gases. It sometimes pays to conduct the waste gases Into an adjacent 
chamber where they may be used for preheating work. ^ 

Bath materials and the fumes therefrom should be kept out of 2 

heating chambers, as refractories and heating elements are readily attacked 
by salts. 

Combustion chamber atmosphere Is important In relation to pot life. With steel 
pots In fuel fired furnaces, a slightly reducing or soft fiame Is desirable. 
All openings should be plugged when the furnace Is shut down, to prevent 
circulation of air which would scale the hot container. 

Furnaces should be of sufficient capacity to prevent a large drop in bwh te^ 
perature when work is Immersed, and to allow all work to be Immersed 
without touching or nearly touching the sides or bottom of the pot. 

To conserve heat, pots should be covered whenever possible. 

If work is to be totally Immersed in a salt bath, wire mesh baskets may be used 

for small parts, and larger work may be suspended on a 

soft iron wire. The wire should be well annealed and must be twisted llghUy 
with pliers in order to insure against work being lost In the pot when tne 
wires become hot and sag. „ , , « #„«i 

A spare pot should be kept near every bath furnace. A small leak in a fuel 

fired furnace will quickly be detected, as white “smoke” will 
the flue gas exhaust vent. Time will then usually be available for toe 
molten bath material to be ladled Into the new pot, after which the failed 
pot can be easily removed and the newly filled pot let down Inw toe 
furnace, with little loss of time. 


Temperature Measurement—^Mercury thermometers made of metal may be us^ 
In low temperature tempering baths. These instruments are cheap and sumclently 
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Salt 

Melting 
Point, "P. 

Salt 

Melting 
Point, •?. 

Barium chloride . 

Barium fluoride . 

. 1764 

Potassium hydroxide . 

Potassium nitrate . 

. 631 

Boric oxide (anhydride). 

Calcium chloride . 

Calcium fluoride . 

Calcium oxide . 

. 1071 

Potassium nitrite . 

. 1564 



.. 1479 

. 4662 

Sodium cyanide . 

.. 1047 

. 1796 

Lithium chloride. 

Lithium nitrate . 

Magnesium fluoride . 

Magnesium oxide . 

Potassium carbqnate. 

. 491 

Sodium hydroxide . 

0 ^.44,iwn m ot a hnnkf. A ....... 

. 605 

. 1771 



. 586 

. 1686 

Sodium nitrite . 

. 520 

. 1366 

Potassium chloride. 

Potassium cyanide . 

Potassium fluoride. 

. 1174 

. 1616 

.... 

strontium chloride. 

. 1608 


Melting Points of Salt Mixtures 

All mixtures are eutectics except those marked.* Proportions given are percentage by weight. 


Mixture 


Melting 
Point, "P. 


Lithium nitrate 23.3, potassium nitrate 60.4. sodium nitrate 16 .. 235 

Potassium nitrate 53. sodium nitrate 7, sodium nitrite 40. 295 

Potassium nitrate 66 , sodium nitrite . 426 

•Potassium nitrate 81.3, sodium nitrate 48.7. 43 ^ 

•Sodium nitrate 60, sodium nitrite .. ggg 

Lithium chloride 45, potassium chloride 55....... . 

Barium chloride 31, calcium chloride 48, sodium chloride 21. . . 

Calcium chloride 66.5, potassium chloride 5.2, sodium chloride 28.3. 

Calcium chloride 67, sodium chloride 33...^....-.^.—-y .1026 

Barium chloride 48.1, potassium chloride 30.7, sodium chloride .. 

Sodium chloride 27, strontium chloride 73.. ^^35 

•Potassium chloride 50. sodium carbonate 50..,• • • y • •• • IL',*Lirtl' iVs. !!!!!.. 1110 

Barium chloride 35.7, calcium chloride 50.7. strontium chloride 13.6. 

Barium chloride 60.3, calcium chlmide 49,7... 

Potassium chloride 61, .;; [; [. 1177 

Sodium carbonate 56.3, sodium chloride 43.7. . ^^34 

Calcium chloride 81. potassium chloride 19. 

•Potassium chloride 56, sodium^chlorld^^4. ^247 

Sodium chloride 72.6, sodium fluoride 27,4..* • • • * • •; j * * i ‘ *. i 4 fi 4 

Barium fluoride 70, calcium fluoride 15. magnesium fluoride 15. 

Barium chloride 83, barium fluorjde 17.. .^.1738 

Calcium fluoride 48, magnesium fluoride 52.*. •*:•»•. - 
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accurate and durable at the low temperatures Involved, though they do not permit 
the use of automatic control. For higher temperatures, thermoelectric pyrometers 
are universally used. 

The protection of thermocouples is important in bath heat treating. The wires 
must be protected by a metal tube which is not rapidly decomposed by the bath, to 
prevent contact of the bath material and the couple. Such contact not only results 
in shortened thermocouple life, but also immediately causes false readings. The hot 
junction of the thermocouple should always be immersed in the bath to the same 
depth as is the middle of the work, and should be placed close to the work and as 
far from the side of the pot as possible. 
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Quenching Equipment* 

Fundamentals of the Quenching Operation—The type of equipment used for 
quenching depends first upon whether the quenching medium to be employed Is a 
solid, a liquid, or a gas. 

In designing or selecting equipment for quenching in liquids such as oil, water, 
and aqueous solutions, the fundamentals of the quenching operation must first 
be taken into consideration. 

The objective of quenching is to cool the steel at the desired rate. The rate 
of cooling produced depends upon the temperatures, mass and shape of the steel, 
the temperature, volume, inherent characteristics, and speed of circulation of the 
quenching medium or speed of movement of the steel being quenched. 

With reference to the effect of the inherent characteristics of the quenching 
medium, it may be said that when a piece of hot steel is immersed in a liquid such 
as water, oil, or aqueous solutions, the liquid coming into direct contact with the 
hot steel is first vaporized. Heat is absorbed by raising the liquid to the boiling 
point and then by converting it into a vapor. Both the specific heat and the latent 
heat of vaporization of the liquid are factors in determining the speed of cooling 
produced. The vapor thus formed usually recondenses and gives up its heat before 
it reaches the surface of the bath. As the conductivity of the liquids is relatively 
low, conduction of heat through the quenching bath probably is a minor factor in 
determining the speed of cooling. The relative merits of different media are dis¬ 
cussed in another section of this article. 

With any given quenching medium, the speed of cooling may be varied by 
changing the speed of movement of the hot steel or the speed of circulation of the 
quenching medium. 

The motion of the steel may vary from zero to any desired rate. Small articles 
are frequently quenched by allowing them to drop through the bath to the bottom 
of a basket or onto a conveyor in the bottom of the quenching tank. In the former 
case it is preferable that the distance to the bottom of the basket be great enough 
so that the pieces being quenched will be relatively cool before they reach the bottom. 
When conveyors are used the steel is kept in motion after it falls upon the con¬ 
veyor. In any case, however, the steel should not be allowed to pile up in the 
basket or on the conveyor before it is properly cooled. A variation of the type of 
motion produced by gravity consists in rolling or skidding the work down rails or 
plates through the quenching bath. This produces a slower speed of travel but 
increases the length of time that the work is in motion before reaching the bottom. 

Small pieces held by hand tongs and larger ones held by hoists are frequently 
kept in motion until reasonably cool. Moving conveyors are employed for pieces 
varying in size from that of small bolts to automotive front axles. A variation of 
the conveyor method of producing motion consists of a rotating screen barrel with 
a worm inside which keeps the work constantly tumbling over and advancing for¬ 
ward. This is particularly advantageous in handling small parts on a quantity 
production basis. 

The simplest type of circulation of the quenching media is that produced auto¬ 
matically by the action of the hot steel in vaporizing and heating the bath in its 
immediate vicinity. The tendency is for the vapor to rise from the top of the steel 
and for fresh liquid to rush in to the bottom. The speed of such circulation de¬ 
pends upon the characteristics of the quenching medium. At best this is likely 
to produce nonuniform cooling. If the design of the piece is such as to allow the 
formation of vapor pockets, the quenching becomes even less uniform. 

The next and most common type of circulation consists of the flow of the 
liquid into, through, and out of the tank. Usually the inlet is near the bottom 
and the outlet near the top of the tank. The rate of circulation thus produced is 
usually not extremely rapid, but is nevertheless quite an important factor in gov¬ 
erning the speed of quenching. 

Another type of circulation of the quenching medium is effected by means of 
mechanical agitators or propellers, which produce rapid circulation of the liquid 


*Prepared by the Subcommittee on Quenching Bqulpment. The membership was as follows: 
H. B. Knowlton, Chairman; W. O. Owen, O. D. Steffens, and O. H. Stevenson. 

Thii article not revised for this edition. 
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Within the quenching tank. This may be arranged so as to provide a rapid flow 
of the medium around the piece being quenched. This may supplement the flow 
of liquid into and out of the tank. 

Another and most effective method of controlling circulation is involved in 
what is commonly known as “pressure quenching”. This method forcing the quench¬ 
ing medium directly against the steel under pressure. Either open or submerged 
pressure Jets may be arranged so as to produce either uniform cooling or very rapid 
cooling of some particular locality. Specially designed pressure quenching fixtures 
frequently solve the problem of uniform quenching of parts of intricate design. 

In selecting or designing quenching equipment some attention must frequently 
be given to minimizing warping and distortion, which results from nonuniform 
cooling. Any methojd which produces more uniform cooling will help minimize 
warping. For example, a shaft which is revolved in a horizontal position in the 
quenching bath will warp less than one which is held stationary in the same posi¬ 
tion. Similarly, a properly designed pressure quenching fixture will produce less 
warping than free hand quenching. 

Another method of minimizing warping and distortion consists in mechanically 
holding the article during quenching. As an example of this type of equipment, 
may be mentioned the quenching machine commonly used in the hardening of 
automotive bevel ring gears. This consists essentially of an expanding mandrel 
and a set of perforated dies which hold the gear under pressure during quenching. 
The quenching medium is forced under pressure to all parts of the gear during 
quenching. 

Volume of Quenching Medium—It is obvious that heat removed from the steel 
being quenched is absorbed by the quenching medium, and consequently causes an 
increase in the temperatiure of that medium. As an increase in the temperature of 
the quenching medium produces a different speed of cooling, it is usually desirable 
to control the temperature of the quenching medium within certain desired limits. 

Rise of temperature above the allowable maximum can be prevented only by 
bringing a sufficient volume of the quenching medium into close enough proximity 
to the steel to be effective in removing heat. This statement holds true regardless 
of whether the circulation is natural or produced by artificial means. (See the 
following discussion of “Cooling the Quenching Medium”.) 

Minimum Volume of Quenching Medium—The theoretical minimum volume of 
quenching medium which must come within the effective proximity of the steel in 
a given length of time may be calculated with the use of the following formula: 

W' X SH' X (T' — Tn 

- = cu.ft. of quenching 

SH" X W'' X TR 

medium which must come within an effective proximity of the steel In a 
given time. 

Xn which: 

W' s Weight of material quenched. 

6 H' = Mean speclfle heat of material quenched. 

T' = Temperature of heated material. 

T* = Temperature of ma^rlal at time of removal from quenching tank. 

SH^ = Specific heat of quenching medium. 

W" = Weight per cu.ft. of quenching medium. 

TR s Allowable temperature rise of quenching medium. 

Particular attention is called to the statement that this volume must come 
within the effective proximity of the steel. For example, this formula can be used 
for calculating the size of a tank for batch quenching without forced circulation, 
only in case all of the liquid in the tank comes into close enough proximity to the 
steel to absorb heat, or in case the rate of addition of hot steel to the tank is slow 
enough so that the heat absorbed will be conducted or conveyed to other portions 
of the tank. In this connection, it must be remembered that the quenching medium in 
the bottom of the tank below the level to which the hot steel is submerged will remain 
cold, and consequently, cannot be considered in the effective volume of the tank. 

In applying this formula to the calculation of volume to be delivered by pumps 
to quenchixig tanks, it must also be remembered that all of the volume delivered 
to the quenching tank may not be effective in removing heat from the steel. 

Ck)nsequently, it is recommended that the above formula for theoretical mini- 
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mum volume be multiplied by a liberal safety factor in calculating size of tanks 
and capacities of pumps. It is a safe recommendation that pumps and tanks should 
be flgiured oversize rather than undersize. 

Cooling of the Quenching Medium—Method of cooling the quenching medium 
depends very largely upon the type and quantity of work to be handled. The various 
methods of cooling may be classified briefly as follows: 

1. Tank Cooled "by Direct Aadiafion—In cases where the production is very 
small, a simple tank without any special means of. circulating or cooling may be 
sufficient. The tank should be quite large in proportion to the quantity of heat to 
be removed per unit of time. Cooling is purely by radiation from the surface and 
the walls of the tank. This type of tank is frequently used in tool rooms, which 
do a limited amount of hardening of small tools each day. In case the quenching 
medium is oil, the temperatiure should be checked occasionally and not allowed to 
become too high as there is a decided Are risk if the temperature of the oil ap« 
proaches its flash point. 

2. Cooling of the Quenching Medium in the Tank Without Forced Circulation 

(a) The method of siurounding the quenching tank with a large water Jacket 
with or without circulation of the cooling water has the advantage of low initial 
cost. The rate of transmission of heat from the tank to the water jacket is rela* 
tively low. The larger the tank in proportion to the wall surface, the lower will be 
its efOiciency. Consequently, this design is limited to small installations. 

(b) The quenching tank may be supplied with coils through which cold water 
circulates. The efficiency of this method depends upon the cooling surface of the 
coils in proportion to the volume of the tank. Efficiency is relatively low, but may 
be somewhat greater than that given under 2-a. This design is also limited to com¬ 
paratively small installations. 

(c) The quenching tank may be equipped with coils through which is circulated 
an externally cooled liquid, such as water or brine. This method is somewhat more 
efficient than those previously mentioned, but is more expensive as it introduces 
a pump and an external cooling system. 

3. Circulation of the Quenching Medium Between the Quench Tank and an External 

Cooling System, 

This type of equipment may be subdivided according to the type of external 
cooling system employed. 

(a) A large storage tank which may or may not be supplied with cooling coils 
requires a large quantity of quenching medium in the storage tank in proportion 
to the size of the quenching tanks. If the storage tank is not provided with cooling 
coils, the temperature attained by the liquid will depend somewhat upon the sur¬ 
rounding temperatures. This method has the advantage of simplicity, and may be 
advantageous where land values are low, and large storage tanks or cisterns can 
be built economically. 

Aside from its cooling function, a storage tank acts as a common reservoir for 
all of the quenching tanks in the hardening room, and permits drainage of at least 
a portion of these tanks and utilization of the oil in the other tanks. 

(b) Air cooled coils or pipes may be supplied through which the quenching 
medium is circulated. This requires a large surface area, as the rate of transmission 
of heat from the pipes to the air is relatively low. The final temperature of the 
quenching medium is limited by the air temperature. 

(c) The method of spraying or aerating the quenching medium is usually em¬ 
ployed in conjunction with cooling coils or tanks. This is the most efficient of the 
air cooling systems, as the liquid when divided into a spray offers a large cooling 
surface in proportion to its volume. This method may be open to the objection of 
a fire hazard if used in the cooling of hot oil. Space and location of this type of 
equipment must be carefully considered. 

(d) Tanks may also be equipped with an external cooling system of tubes, 
through which the quenching medium circulates. The efficiency of this method 
will depend somewhat upon the ratio of the cooling system of the tubes to the 
volume of the liquid passing through them. When used in a shell and tube type unit 
with water as the cooling medium, the shell side using the water must be acces¬ 
sible for cleaning. If the shell side becomes covered with scale, the efficiency of 
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the unit is decreased. It is advisable, therefor, to use a water which produces the 
minimum amount of scale, or to resort to frequent cleaning. Careful design of the 
cooling unit is recommended. 

(e) Another external cooler consists of tubes over or around which the quench¬ 
ing medium is circulated. When such units are properly designed, their efficiency 
should be relatively high as the quenching medium passes in a thin film over a 
comparatively large cooling surface. Where water is used as the cooling medium, 
it is necessary that the cooler be designed so as to permit easy removal of scale 
from the interior. This method has the advantage of efficiency and compactness, 
but the disadvantage of a higher Initial cost. 

(f) There are a number of specially designed commercial coolers, which usually 
Involve one or more of the cooling principles previously mentioned. These usually 
are designed for a close approach between the temperatures of the quenching 
medium and the cooling liquid. They have an advantage of compactness and effi¬ 
ciency, but the disadvantage of higher initial cost. 

(g) When water is used as the coolant, the lowest temperature which can be 
attained by the quenching medium will be slightly higher than that of the water. 
When still lower temperatures are desired, it is necessary to use a refrigerating 
system. With proper design, any desired temperature may be produced by refrigera¬ 
tion. This method may also be used for cooling the quenching liquid to tempera¬ 
tures above that of tap water. The refrigerating system has the advantage of 
small size and maximum efficiency, but the disadvantage of high initial cost and 
comparatively high cost of operation and maintenance. 

Safety Precautions—When oil is employed as the quenching medium, proper 
precautions should be taken to minimize the fire risk. The temperature of the oil 
in the quenching tank should never be permitted to approach the flash point. 
Fig. 1 shows duplicate piunps and strainers in the circulating system. This is very 
importfmt as any breakdown of the circulating system might result in a serious fire. 

In case of fire, the circulation of the oil should be kept up, or if possible in¬ 
creased in order to lower the temperature of the oil below its flash point. Oil fires 
start slowly and are usually readily extinguished if the action is prompt. It is 
often possible to extingtiish them by merely stirring the oil in the quenching tank. 



can be bypassed Normal OperaHon 

Note; Quenching Solution Storage Tank end Pumps to 
be located at lower elevation than other units. 

Fig. l—Typical piping arrangement showing a plan view of a battery of quenching tanks 
with external quenching solution cooler. 

Smother covers, which can be quickly applied, are very satisfactory for small 
ta nk s and have been used to some extent even with large ones. A fire hose or a 
sprinkler system delivering water into an oil fire may spread the fire. Chemical 
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extinguishers are preferred. The chemical should be shot Just above the surface 
of the burning oil—^not into the oil—as the rapid vaporizing of the chemical be¬ 
neath the oil might also spread the fire. 

designing an external cooling system, the specific gravity, viscosity, and 
thermal conductivity of the quenching medium should be taken into consideration. 
These have an effect upon the heat transfer rate obtained for any given solution 
and upon the amount of cooling surface required. The quantity of quenching liquid 
handled per imit of time, the range of temperature to which it is to be cooled, the 
amount and temperature of cooling water to be used, and the friction loss of both 
liquids which may be permitted, are also factors governing the design of the cooler. 

Pig. 1 shows a typical layout of quenching tanks, and a cooling and storage sys¬ 
tem. This is given to show general principles only. The selection of quenching and 
cooling equipment will depend upon the quantity and type of work to be handled, 
value of land or floor space, and the cost of installation, operation and maintenance. 



QUENCHING MEDIA 


Gen. 5911 


928 


Quenching Media 

By Howard Scott* 

Requirements of Quenching Liquids Imposed by the Work to be Hardened—It is 
assumed that the function of the quenching is to produce martensite and hardening 
implies the formation of this constituent. Whether or not hardening occurs with 
a particular quench depends on the composition of the steel as well as on that of the 
quench. In recognition of the steel composition effect, it is necessary to distinguish 
at least between shallow and deep hardening steels in the discussion of quench¬ 
ing media. The shallow hardening steels are those of low or no alloy content while 
the deep hardening steels have a substantial content of alloying elements which 
increase penetration of hardening, notably chromium, manganese, nickel and 
molybdenum. 

The fundamental property distinguishing shallow from deep hardening steels is 
the critical cooling rate. It is the slowest cooling rate measured at about 1020*’F. at 
which a completely martensitic microstructure can be obtained. The temperature 

specified is that of maximum rate of reac¬ 
tion in eutectoid carbon steel established 
by the Bain “S” curve.* The critical cool¬ 
ing rate for pure iron-carbon alloys when 
fine grained is extremely high, so high that 
effective hardening is impracticable. Even 
in plain carbon steels it is high, ranging 
from 126-360®P. per second. Evidently then 
an extremely fast quench is required for 
the hardening of shallow hardening steels. 

Water under favorable conditions pro¬ 
vides the surface cooling rate necessary for 
the hardening of carbon steels. It is in the 
neighborhood of ISOO^P. per second. Surface 
cooling at this rate produces rates within 
the' steel close to the maximum values 
theoretically possible of attainment* so there 
is little room for improvement in the cool¬ 
ing rate attainable with water. There are, 
however, other characteristics of water 
amenable to considerable improvement 
which are discussed later. 

To cool as fast as indicated over the 
entire surface of the work is a difficult art. 
The success of the quench is determined 
within the first few seconds of immersion. 
If the cooling rate does not exceed the criti¬ 
cal rate at any one point martensite will 
not form there. This constitutes a soft 
spot and soft spots seldom can be tolerated. 
Consequently, the need for extreme rapidity 
of surface cooling dominates all other fac¬ 
tors in the hardening of shallow hardening 
steels. 

A necessary consequence of fast surface 
cooling is a high temperature gradient from surface to center. This gradient may 
exceed 70% of the temperature range. Pig. 1. It produces severe distortion in all 
but simple, symmetrical shapes having a low ratio of length to diameter or thick¬ 
ness. Shallow hardening steels, therefore, cannot be used in complicated shapes 
where distortion is objectionable. Purthermore, there is no possibility of changing 
this situation by choice of quenching medium If full surface hardening is required. 

Despite the admirable properties of carbon steels, which include a low price, 


*£ngineer in charge of Metallurgical Section, Westlnghouse Electric & Mfg. Co., East Pitts¬ 
burgh. Pa. 

Prepared for the Subcommittee on Quenching Media. The membership of the subcommittee was 
as follows: A. L. Boegehold, Chairman; L N. Zavarine, O. T. Williams, R. B. Queneau, and 
Howard Scott. 
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Fig. 1—Observed cooling curve of center and 
of a point 0.16 in. from the surface of a 
long austenitic steel cylinder 2.00 in. dia. 
during quenching in agitated water. 

Fig. 2—Observed cooling curve of center and 
of a point 0.16 in. from the surface of a 
long austenitic steel cylinder 2.00 in. dia. 
during quenching in agitated oil. 
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they cannot be used for complicated shapes where distortion must be avoided. In 
this case water quenching must be abandoned and a less active quench used which 
reduces materially the temperature gradient during quenching, ]^. 2. Certain oils 
perform this function admirably but are Incapable of hardening shallow hardening 
steels of substantial size. A change in steel composition is therefore required with 
a change from water to an oil quench. 

Oil quenching introduces entirely different problems froih those of water 
quenching. Cooling rate gradients are no longer high so a completely martensitic 
surface shell can seldom be obtained over a fully pearlitic core. Usually there is 
considerable martensite at the center when the surface is fully hardened. If harden¬ 
ing is incomplete at the surface, there exist soft spots which may not be easily 
detected by a hardness test but which lower the toughness otherwise obtainable at 
the same hardness in their absence. 

Since the cooling rate is slower the larger the section, the alloy content must 
be increased with increase in thickness of the section. Table I gives the cooling 
rates at the center of long cylinders during quenching in several media when the 
center temperature is 1022 ®F. relative to that of 1 in. dia. cylinder quenched in 
agitated water, rate for which is lOVF, per second.* 


Table I 

Relative Cooling Rates in Several Quenching Media 


Quenching Medium 


Fastest theoretically attainable 

Agitated water . 

Agitated oil . 

Air stream .. 

Still air . 


--Relative Cooling Rate-* 

for Diameter of: 


1 in. 

2 in. 

3 in. 

1.23 

0.30. 

0.14 

1.00 

0.27 

0.13 

0.48 

0.18 

0.093 

0.032 

0.0157 

0.0103 

0.0152 

0.0075 

0.0048 


Table II 

Cooling Rate of 4 mm. Diameter Nichrome Ball Over the Temperature Range 1328- 
1022°F. During Quenching in Various Media from 1580*’F.** 


Quenching Medium 


Cooling Rate Relative to 
that for Water at 65*P.* 
1328-1022‘’F. AtSB2*F. 


Aqueous solution 10% LiCl.... 
Aqueous solution 10% NaOH.. 
Aqueous solution 10% NaCl... 
Aqueous solution 10% Na-jCOs 
Aqueous solution 10% H^SO^.. 

Water at . 

Water at 65’P. 

Aqueous solution 10% H 8 PO 4 .. 

Mercury . 

SnsoCdro ftt 356®P. 

Water at IVF . 

Rape seed oil. 

Trial oil #6 . 

Oil P20 . 

Oil 12455 . 

Glycerin . 

Oil 20204 . 

Oil, Lupex light. 

Water at 122“P. 

Oil 25441 . 

Oil 14530 . 

Emulsion of 10% oil in water.. 

Copper plates . 

Soap water . 

Iron plates . 

Carbon tetrachloride. 

Hydrogen . 

Water at lOO'P. 

Water at 212‘*P. 

Liquid air . 

Air . 

Vacuum . 


2.07 

1.04 

2.06 

1.36 

1.96 

0.98 

1.38 

1.09 

1.22 

1.49 

1.06 

1.02 

1.00 

1.00 

0.99 

1.07 

0.78 

0.62 

0.77 

0.009 

0.72 

1.11 

0.30 

0.055 

0.87 

0.045 

0.23 

0.055 

0.22 

0.022 

0.20 

0.89 

0.20 

0.13 

0.18 

0.20 

0.17 

0.95 

0.16 

0.18 

0.14 

0.022 

0.11 

1.33 

0.10 

0.067 

0.077 

1.16 

0.061 

0.011 

0.055 

0.34 

0.050 

0.011 

0.047 

1.31 

0.044 

0.71 

0.039 

0.033 

0.028 

0.007 

0.011 

0.004 


*Coollng rate for water at 65”P. is 3260”F./sec. over the range 1328-1032*F. and 810*P./8eo. at 
392*P. 
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With an oil quench the temperature gradients are considerably lower than with 
water, Fig. 1 and 2. The residual stresses determined by these gradients are also 
lower when hardening is complete at the center or nearly so. Though less Intense 
than those of water hardening steels, these residual stresses are more dangerous 
because they are usually tensional at the surface of the work. 

Residual stresses are “set** during the hardening transformation, Ar", but do 
not reach maxlmuin intensity until the work is cold. It has been shown^ that their 
final magnitude diminishes with speed of cooling through the hardening transfor¬ 
mation which starts under 750**F. and usually around 400°F. Thus slow cooling of 
deep hardening steels is important in this temperature range Just as fast cooling is 
in the high temperature range where reaction velocity is high. 

The advantage of slow cooling through the hardening transformation is easily 
demonstrated by quenching two 1 in. rounds of deep hardening tool steel in oil for 20 
seconds then removing and cooling one in air, the other in water. The water 
cooled piece will crack explosively while the air cooled piece will not crack even 
though held without tempering. 

Quenching in oil does not entirely prevent distortion. When the degree pro¬ 
duced by oil quenching is objectionable, recourse is taken to air hardening. The 
cooling rate in air is much slower than in oil or water (Table I) so an exceptionally 
high alloy content is required. This means that a high price is paid for the 
advantage gained both in terms of metal cost and loss in machinability, though 
it may be well Justified when applied to expensive tools. In this case danger of 
cracking is negli^ble. 

Liquid metals and salts are also used as quenching media. A cadmium-tin 
aUoy at 355"^F. is intermediate between oil and water, as regards hardening ability 
and much superior to oil as regards residual stress generation. This is indicated 
by the position of this alloy in the left hand column of Table II and the low value 
in the right column relative to that in the left. 

Table in 


Maximum Sizes of Various Steels That Will Harden to C-50 Rockwell at the Center 
on Quenching in OU and Water Together with Corresponding Critical Cooling Rate” 


8 .A.E. 

No. 

Grain 

Size 

Maximum Diameter in Inches for 

Oil Quench Water Quench 

Cooling 

Rate at 

Center,'F./seo. 

1050 

5-6 

0.30 

0.70 

198 

1045 + 0.2% Cr 

6-8 

0.40 

0.90 

134 

T1340 


0.70 

1.20 

76 

5140 

*5-8 

0.92 

1.55 

50 

3145 

5-6 

1.15 

1.80 

38 

4140 

6-8 

1.50 

2.15 

29 

X3140 

6-8 

2.50 

3.35 

13 

4340 

.... 

3.40 

5.00 

6 


Considerable variation from these figures is possible for each steel listed depending upon the 
grain size, method of manufacture, and composition. Cooling rates at center of rounds are those 
given by Scott^ for water and oil quenching. Variation in severity of quench due to change of 
oil or water will change the above figures. 


The major practical questions in connection with quenching media still remain. 
Will a particular size and composition of steel harden satisfactorily in water or 
oil? Data are not yet available to give a comprehensive answer, but Table in 
from a paper by Jominy and Boegehold” provides Information on several important 
steels. In using such data it must be realized that there is a considerable variation 
between steels of the same nominal composition. 

Liquids for Quenching Shallow Hardening Steels-^hallow hardening steels re¬ 
quire extremely rapid surface cooling in the quench particularly in the tempera¬ 
ture range around 1020®F. So far as is known a submerged water spray will give 
the fastest and most reproducible quench practicable. Such a quench, however, is 
distinctly limited in application to simple short objects which are not likely to 
warp. Because of the difficulty in obtaining symmetrical flow of the water relative 
to the work, the spray quench is highly conducive to warping. The ideal quench is 
one which will give the required surface cooling without any agitation of the 
bath. 

It has been shown that concentrated sulphuric acid is a close approach to this 
ideal.” Sulphuric acid is, however, too dangerous a liquid for practical use. Ordinary 
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tap water without agitation is a poor substitute which will not harden consistently 
with freedom from soft spots. The addition of ordinary salt (sodium chloride), 
however, greatly improves the performance of water. The manner in which salt 
improves the quenching properties of water can be seen clearly from the observa¬ 
tions of Pilling and Lynch® on various liquids and from Table V. 

By taking cooling curves on a 
small specimen during quenching. 

Pilling and Lynch determined how 
the surface cooling power of the 
liquid changed with the surface tem¬ 
perature of the piece. Their observa¬ 
tions are extremely significant in 
that they show three distinctive 
mechanisms of heat dissipation 
which have been verified by Speith 
and Lange.” Pig. 3 is a typical curve 
showing the three stages. These 
three stages of cooling have been de¬ 
scribed by Scott® as follows: 

Stage "A"—Vapor Blanket CooU 
ing—In this, the first stage, a thin 
stable vapor film surrounds the hot 
metal. Cooling is by conduction and 
radiation through the gaseous film and is therefore relatively slow. 

Stage Vapor Transport Cooling—Termination of the “A** stage is marked 
by wetting of the metal surface. Vapor forms copiously in bubbles and is carried 
away by gravity and convection currents to condense in cooler surrounding liquid. 
This is the fastest stage of cooling. 

Stage **C*--Liquid Cooling—The “B” stage ends as the surface temperature of 
the metal approaches the boiling point of the quenching liquid. Vapor no* longer 
forms so cooling is by conduction and convection and the temperature difference is 
greatly decreased. This mode of cooling is slower than that of the “B” stage. 

Cooling in the “B” and “C stages is in fair accord with Newton's law of 
cooling, that is the cooling rate is proportional to the surface temperature, which 
holds closely for short temperature ranges.® In the “A" stage, however, cooling is 
at a nearly constant rate, which rate decreases somewhat with increase in the bath 
temperature. 

Zavarine has noted from high speed photographs that rate of bubble collapse is 
relatively slow in the "'A" stage and extremely fast in the '*B" stage, of course 
vanishing in the “C" stage. Also that crystals of salt are precipitated momentarily 
during quenching in brine. 

There has been much debate concerning the fimdamental properties of liquids 
determining their quenching power. Those mentioned include: Thermal conduc¬ 
tivity, viscosity, specific heat, heat of vaporization. Evidently which property is 
dominant depends on the stage concerned. Certainly boiling point is a major factor 
in the “A" stage, heat of vaporization in the “B" stage, and thermal conductivity in 
the “O” stage. Viscosity also contributes to cooling power both in the “B" and “O” 
stages. Each stage has an important part in determining the success of a quench. 
No distinction has been made between the “A” and “B" stages in the data of 
Table II, the left hand column representing a combination of both stages though 
the right column represents “C” stage cooling only. As a consequence of this 
overlap, water at 120®P. for example is placed below certain oils though its cooling 
rate in the “B” stage is just as fast as that of the LiCl solution. The three stages 
have been sharply distinguished in Table V. 

The vapor stage, “A,” is of most concern in water solutions. Cooling is slow 
in it and if it persists for more than a few seconds transformation will occur at 
ATi producing soft spots. To avoid this occurrence the vapor stage must be sup¬ 
pressed or nearly so. Its duration may be measured in time units on the quench¬ 
ing curves of Pilling and Lynch giving a quantitative measure of the extent to which 
it is suppressed. Pig. 4. This figure shows that the duration of the vapor stage in 
water and water solutions increases rapidly with bath temperature. Hence the first 
rule of quenching is: Keep water base quenching liquids cold, preferably under 70^F, 

Pig. 4 also shows clearly why salt is an advantageous addition to water It 
reduces materially the duration of the vapor stage particularly at elevated tempera¬ 
tures. The liquid adjacent to the work is of course much above the average bath 



T/me, Seconds 

Fig. 3—^T 3 n;)lcal cooling curve foe the center of a 
small cylinder during quenching in still water at 
137*F. It Illustrates the three stages of surface 
cooling.* 
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temperature. From this viewpoint the best concentration is a saturated solution, 
about 26%, but there are objections to so high a concentration mentioned presently. 
A commonly used concentration is 10%, but under 6% is not recommended. 

Other inorganic compounds are also effective in suppressing the vapor stage, cal¬ 
cium chloride and sodium hydroxide being 

used. As a matter of fact, most of the in- ^ ^ f^o teo ^F. 

organic salts have a favorable effect in di- 
minishing the duration of the vapor stage. 

A solution of common or rock salt in water 
of a concentration between 5 and 15% is a 
great improvement over pure water and is S 
widely used. The concentration of salt in § 
the bath may be checked with an ordinary t!§ 
hydrometer of suitable range. Relations be¬ 
tween salt concentration and density meas- 
ured by hydrometer are given in Table IV. 

The presence of some other soluble ma- | 
terials in water is decidedly detrimental. ^ 

Soap particularly extends the duration of the v 
vapor stage cooling and therefore acts in the ® 
same manner as an increase in temperature | o 

of water, Pig. 4. It can easily overcome the ^ 

benefit conferred by a salt addition and cause S 
the formation of soft spots on quenching in ^5 
brines. Soft spots form on carbon steels even 
when quenched in tap water at 70°F. Hence 
the rule: Avoid contamination with soap o/ o 
aqueous quenching liquids. o 20 40 60 so w 

Once the vapor stage, “A,” is passed or Bath Temperature, 

suppressed, stage “B** cooling, In which water Pig. Duration of the vapor film stage 
has its phenomenal cooling power, commences. during quenching m 

Cooling power in this stage is not reduced ^ 

mater&Uy by increase of bath temperature, but is reduced appreciably by salt 
additions. In fact a saturated solution of sodium chloride in water (about 25%) is 
no better than tap water at the same temperature, though the experiments 
recorded in Table V failed to disclose this fact. The effect at a 10% concentration, 
however, is small and more than offset by contraction of the “A” stage. 

Liquids for Quenching Deep Hardening Steels—Deep hardening steels are used 
in order that a fully martensitic structure may be obtained with an oil quench and 
therefore without excessive distortion. 



The vapor film stage of cooling, “A,” is less important in oil than in water 
quenching. Actually, the vapor stage may persist longer, Table V, but is not 
harmful unless exceptionally long because the rate of cooling is faster in this stage 
with oil than with water, and the critical cooling rate of the steel is properly used 
with an oil quench. The duration of the vapor stage is longer the lower the 
boiling point of the oil (Table V) so some bottom limit should be placed on the 
boiling point of the oil used. Of course the boiling point of oil is a father indefinite 
quantity and has to be defined arbitrarily. 


Table IV 

Relation of Brine Density to Salt Concentration 



The boiling points of the oils listed in Table V are so high that moderate 
Increases in oil temperature have little effect on the duration of vapor film cooling. 
Consequently, oils, contrary to water solutions, can be used while warm without 
danger of Incomplete hardening and with advantage in some respects. The cooling 
power of warm oil in the “B** stage is actually higher than that of cold oil. It Is 
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undoubtedly due to lowered viscosity which permits more rapid movement of vapor 
carrying heat away from the metal surface. A real advantage of using warm 
quenching oil, however, arises from consideration of residual stresses. 

There is danger of cracking deep hardening steels by fast cooling into the 
hardening transformation as already shown. This transformation usually occurs 
during cooling in the “C** stage. If then cooling, in this stage, can be slowed down 
materially, there is less danger of cracking. Referring to Table V, cold oil has an 
advantage over water in this respect. The cooling rate in the “C” stage of oil is 
about 1-10 of that in the “B*’ stage while with water the ratio is about 1-6A. 
However, the major advantage of oil is that its temperature can be raised con¬ 
siderably without bad effects, thereby lowering decidedly the cooling rate of the 
work when approaching the hardening transformation. 

Table V 

Cooling Rates at Center of % in. Dia. Cylinder During Quenching in Still Liquids 
at 104 °F. Showing Variation in Cooling Action with Surface 
Temperature of Pieces.* 


--Relative Cooling Rate*- 

Quenching Boiling Duration of in Stage: 

Liquid Point, *P Vapor Film, Sec. “A” “B” “C" 


Tap water, up to 104“P.. 
Brine (24% NaCl). 


3 

0.10 

1.00 

0.16 


1 


1 00 

0.16 

Sulphuric acid (90%).... 

. 504 

1 

... 

0.96 

0.09 

Soap solution (2%) up to 

104*P. 

11 

0.08 


0.15 

Oil #1 . 

. 712 

6 

0.16 

0.36 

0.035 

011 #2 . 

. 756 

5 

0.17 

0.48 

0.042 

Oil #3 . 

Plash point. ’F. 

Fire point, ®F. 

Boiling point, ’F. 

Density . 

. 860 2 

Physical Properties of Oils 
' #1 


0.27 

399 

466 

756 

0.912 

0.027 

646 

860 

0.916 

*Cooling rates in 
at 392"F. 

stage taken at 1472-1292*F.; 

In “B" stage at 

1022'’F.; and in 

**C” stage 


Caution must be exercised in using warm quenching oil. Its temperature should 
not be so high that it flashes or burns after work is immersed or is dangerous to 
workmen using it. These considerations are the basis for the rule: 

Keep quenching oil warm, preferably between 90 and 

This rule is particularly important when hardening tool steels which, being 
high in carbon content, are highly susceptible to cracking. Their hardening trans¬ 
formation, however, occurs at a low temperature, so much is gained by a small in¬ 
crease in bath temperature. If this expedient is insuflicient to prevent cracking the 
work may be removed just before the start of the hardening transformation and 
cooled in air. Whether or not transformation has started can be determined with 
a permanent magnet, the work being completely nonmagnetic before transformation 
if completely hardened by the quench. 

So far only generic qualities of oils have been considered. To be speciflc about 
the selection of an oil among the numberless compositions available is difficult. 
The only practical way of identifying oil compositions is by their physical prop¬ 
erties and only a Jfew investigators of cooling characteristics have recorded identify¬ 
ing properties, notably those whose data is given in Tables V and VII. Their 
standard tests are still probably inadequate to assure reproduction of the major 
properties required in quenching. A list of standardized tests of oils is given in 
Table VI and is probably sufficiently inclusive to assure duplication of good 
quenching properties found in a particular oil. 

The standard tests are also important with regard to secondary requirements 
of quenching oils. Low viscosity assures free draining of oil from the work and 
therefore low oil loss. A high flash and fire point assure a high boiling point and 
reduce the fire hazard which is increased by keeping the oil warm. Low pour test 
assures ample viscosity when cold. A low carbon residue suggests stability of prop¬ 
erties with continued use and little sludging. The steam emulsion number should 
be low to assure low water content, water being objectionable because of its vapor 
film forming tendency and high cooling power. A low saponification number assures 
that the oil is of mineral base and not subject to organic deterioration of fatty oils 
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Which gives rise to offensive odors. Viscosity index is a valuable property for main¬ 
tenance of composition. 

Tests for these properties are suggested however only as a means for maintain¬ 
ing the composition of an oil found to be satisfactory by experience. Continuity of 
properties is perhp.ps the most important requirement for quenching oils. Another 
is that sludge shall not deposit on cooling coils. Films of salt on the work as 
when quenching from fused cyanide bath are detrimental to oil. In this case use 
of a straight mineral oil is indicated. 


Table VI 

Standard Tests for Oil Which Are Significant with Respect to Its 
Quenching Behavior 


A.S.T.M. Standard 
Method Number 


Specific gravity . 

Vlscofslty . 

Flash point . 

Fire point . 

Pour test . 

Carbon residue . 

Steam emulsion . 

Saponification number . 

Viscosity index (See Reference #9) 


D158>28 
D88 -36 
D92 -33 
D92 -33 
D97 -34 
D189-36 
D157-36 
D 94-36 


Table VII 

Cooling Power and Other Properties of Various Oils* 


Quenching Medium 

Cooling Rate 
Relative 
to Water 

8p. gr. 
at eO-F. 

Flash 
Point, ‘F. 

Fire 

Point, ®P. 

Absolute 
Viscosity 
at 68"P., 
Poises 

Approx. 
Viscosity 
at lOO^F. 
Saybolt 
Universal 

Prepared* oil No. 1... 


0.862 

365 

405 

0.421 

110 

Prepared* oil No. 2... 

. 0.35 

0.874 

375 

415 

0.417 

no 

Transformer oil . 

. 0,17 

0.869 

311 

360 

0.218 

75 

Machine oil . 


0.909 

405 

464 

1.29 

250 

Paraffin oil . 


0.879 

325 

370 

Fuel oil. 

. 0.36 

0.856 

205 

219 



Palm oil . 



435 

486 

0.449* 

220 

Rapeseed oil . 

. 0,22 

0.874 

379 

444 


250 

Castor oil . 

. 0,29 

0.963 

565 

640 

10.43 

1500 

Cottonseed oil . 

. 0.36 

0.925 

610 

680 

0.795 

175 

Olive oil . 

. 0.37 

0.917 

590 

680 

0.800 

200 

Lard oil . 

. 0.19 

0.917 

565 

685 

0.836 

180-200 

Fish oil . 

. 0.31 

0.933 

401 

446 

* 0.698 

130 

Sperm oil . 

. 0.33 

0.885 

500 

581 

0.374 

110 

Neatsfoot oil . 

. 0.33 

0.922 

500 

621 

1 25 

230-270 

100% A« . 

95% A + 6%B* .... 

. 0.26 

. 0.39 

0.864 

360 

410 

100 

65 

90% A + 10% B. 

. 0.41 

• • • • 





85% A + 15% B. 

. 0.42 

• • • • 

V/. 




60%A + 40%B . 

. 0.35 

m m m • 



\... 


30% A + 70% B. 

. 0.32 

• * » • 





100% B . 

. 0.29 

0.897 

534 

610 

3600 

1200 


‘Cooling power Is measured by the cooling rate of a % In. dia. cylinder of 1% O steel when 
it has cooled to 1328’F. from 1607®F. while in still oil. Values of cooling rate are relative to that 
for quenching In still water which is 356”F./sec = 1.00.** < 


‘These are probably oils with a mineral base and contain 3.3% fatty acid. 
*Taken at 95**F. 


•Pa. pale neutral oil—viscosity 65 at 100*F. (Saybolt)—flash point 360®P. 

634*]?*^* residuum crude oil, steam refined—viscosity 1200 at lOO^F. (Saybolt)—flash point 


Efforts have been made to secure quenching characteristics in water base 
liquids equivalent to those of oil. This is an admirable objective but so far has been 
entirely unsuccessful. Oil cooUng rates in particular temperature ranges can be 
^ured, but not throughout the whole temperature range of quenching and 
lira the trouble. Scott ,• for example, shows that a mixture of glycerin and water 
will give a cooling rate in the *3” stage which is the same as that of a popular 
proprietary quenching oil. The cooling power of this liquid in the “C” stage, how« 
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ever, is much faster than that of oil, which condition is highly objectionable from 
the viewpoint of residual stresses. The same objection applies to solutions of 
ethylene glycol and sodium silicate in water. Also, the duration of the “A" stage in 
all of these liquids is increased by the presence of water which endangers com¬ 
pleteness of hardening. 

Emulsions of oils in water also have been used as quenching media. Their 
characteristics are even worse than those of the solutions just mentioned. The 
“A” stage cooling is greatly extended and the “C” stage is practically as fast as 
water. This reversal of the ideal relations between the stages is shown clearly in 
Table II. Thus there is no obvious prospect of a water containing substitute for 
oU being developed. 
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Constitution Diagrams 

By J. E. Schoen* 

A metal may exist iii at least three distinct states: vapor, liquid, or solid. In 
addition to these three general states, many of the common metals will appear in 
more than one solid form thus increasing the number to more than three. These 
states are usually called phases and may be illustrated by a simple substance such 
as water, the liquid phase of H^O, steam, the vapor phase, and ice, the solid phase. 
Each of these phases exists throughout a certain range of temperature, with the 
solid at the lower end of the temperature scale, followed by the liquid and finally 
at the tiigher temperature by the vapor. In the case of ice, when the pressure is 
atmospheric, it is well known that melting occurs at 32*^. producing water which 
in turn boils at 212®P. forming steam. These temperatures are definite (with con¬ 
stant pressure) and are easily obtained experimentally due to the rather large heat 
absorptions when either the ice melts or the water vaporizes because during these 
changes of state the temperature remains constant. In the study of metals the vapor 
state and the effect of pressure on the temperatures at which these phase changes 
occur are relatively unimportant and will be disregarded. 

However, while the temperature at which a phase change occurs Is definite for 
one metal it can be either lowered or raised by the addition of a second metal or 
metalloid. Moreover, the freezing process no longer takes place at a constant tem¬ 
perature (except in certain specific instances explained later) and further changes 
may ^cur all the way down to room temperature, long after the resulting mixture 
or alloy has become solid. These changes will vary with increasing amounts of the 
second metal anctif we plot the temperatures at which phase changes take place on 
a graph whose vertical axis is temperature and whose horizontal axis is concentra¬ 
tion or composition and in addition connect these points by smooth lines we produce 



rUqufd 

^Primary Solid 

Th'O-Phase 
' Solidification 
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Two-Phase 
Solid 
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Fig. la—Typical cooling curve for substance that does not go through change of state. 

Fig. lb—Cooling curve for pure metal and stable compounds from the molten condition to solid 
state. 

Fig. lo—The cooling of an alloy In which metals remain dissolved (solid solution) In each other 
when solid. 

Fig. Id—The cooling of an alloy where crystals of some primary phase solidify first followed by 
the simultaneous freezing of two phases from the melt. 

a diagram called the equilibrium diagram or constitution diagram of the system. 

In many alloy systems these changes of state take place rather slowly, par¬ 
ticularly in the solid state. Therefore since the diagram must always represent con¬ 
ditions of equilibrium or balance, it follows that the phase relationship is seldom 
valid for any ordinary heat treating process but is approximated most closely by 
very slow cooling. 

When an alloy is quenched in water or oil, the phases tend to remain in the 
state indicated by the diagram at the temperature from which they are quenched. 
If this state is not maintained some transitional state intermediate between this and 
the normal one at room temperature will be obtained. These transitional states, rela¬ 
tively unstable, are not shown by the equilibrium diagram. 

The construction of these diagrams is based primarily on changes in the cooling 
or heating rates of a series of alloys whose compositions constitute a cross section of 
the system. These changes are best shown in the accompanying cooling curves. 

In Fig. la the substance goes through no change of state from 1-2, and the 
rate of cooling which is extremely rapid at the higher temperature is retarded as 
the temperature of the material falls; the last few degrees drop requiring a consid- 


*Profe88or and Head, Department of Mechanical Enginotrlng, Marquette University. Milwaukee. 



CONSTITUTION DIAGRAMS 



^ble period of time as the material approaches the temperature of Its surroundings. 
This type of curve is typical of any substance whether molten or solid so long as 
the loss of heat is a sensible one only and is unaccompanied by a change of state. A 
pure metal In cooling from its molten condition to a solid state will produce changes 
similar to Pig. lb. The approach 1-2 to the horizontal portion represents the loss 
of sensible heat of the liquid and the curve from 3-4 represents a similar heat 
loss of the solid. The Isothermal arrest (shown on the curve from 2-3) is caused 
by the heat evolution of the freezing metal giving up its latent heat of fusion. This 
cooling curve is typical of not only pure metals but also stable compounds and 
certain other alloys discussed later. 

Pig. Ic and Id represent simple binary alloys, the former showing the cooling of 
a solid solution (an alloy in which metals remain dissolved in each other when solid) 
in freezing from its melt and the latter an alloy where crystals of some primary 
phase solidify first followed by the simultaneous freezing of two phases from the 
melt along the horizontal portion 3-4. It will be noted that the solid solution did 
not cause the temperature to remain constant during its formation but rather that 
the change of liquid to solid took place over a range of temperature. This distinc¬ 
tion clearly separates this group from the pure metals or compounds of Pig. lb and 
also from the more insoluble metals shown in Pig. Id. In Pig. Id, for a binary system, 
when two solid phases form simultaneously from a melt as in a eutectic' reaction (as 
seen later); cooling curves always manifest these horizontal portions. 

Alloys which on solidification _ 

remain partially or completely sol¬ 
uble frequently show a decreased 
solubility of the constituent parts 
when allowed to cool to room tem¬ 
peratures. These further changes ^ 
of state are usually accompanied | 
by heat evolutions which will again ^ 
affect the cooling curve, causing c 
its smooth downward path to be S 
disrupted by further arrests. When ^ 
these heat reactions are small— iS? 
and this is usually true of solid 
changes occurring at temperatures 
not far above room temperature— 
the change of direction in cooling i 
curves escapes detection by ordi- j 
nary means and other methods of 
Inspection must be resorted to in 
order to reveal the complete story § 
of the constitution diagram. These ^ 
methods, approximately in their eg 
order of use, are: 1. Micrographic ^ 
analysis; 2. X-ray diffraction; 9 . 

3. dilatometric measurements; and § 

4. miscellaneous. 

Classification of Systems—^An 
inspection of the equilibrium dla- 
grams of many binary systems 
given In this Handbook reveals j.\ ^ ° 

that the changes taking place are ° J 

or iron and carbon may 6x1^ when pjg 2b—solidification of a solid solution alloy, 
solid as a number of solid solu¬ 
tions or Intermetallic compounds, and these states are not usually formed directly 
from the melt but follow after a series of intermediate steps or changes. In order 
therefore that these complex combinations may be clearly understood it is necessary 
to break them down into simple types which can be easily analyzed. 

The usual method of classifying these simple binary types follows: 




So//cf Solution 


Ficf.b 


1. AUoys soluble In the molten state; 

a. Soluble when solid 

b. Insoluble when solid 

c. Partially soluble when solid 
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2. Alloys partially soluble in the molten state: 

a. Insoluble when solid 

b. Partially soluble when solid 

3. Changes in solid alloys which are partially or wholly soluble on solidlfloation. 

Solid Solution Alloys—When two metals combine in this form the resulting alloy 
diagram may assume, as one possibility, a shape similar to Fig. 2a. The upper line 
connecting the initial freezing points of the several alloys slopes away gradually 
ftom the higher melting point metal A to metal B and is called the **liquidus'’ 
line since everything above it is in a liquid or molten condition. The lower line 
completing the envelope connects the end points of the freezing process and is 
known as the ^'solidus” line. Below it the alloys are completely solid. 

In order that the mechanism of crystallization may be more clearly understood, 
it is desirable at this point to introduce several of the simple rules which outline 
the behavior of alloys during solidification. 

Rule I, Qualitative Equilibrium—At any temperature in a heterogeneous field 
(containing either solid and melt or two different solid phases) the nature of the 
phases in equilibrium at some temperature can be determined by the intersections 
of the temperature horizontal with the conjugate boundaries to the field. 

In Fig. 2a the conjugate boundaries to the solid and melt field are obviously 
the **solidus” and ''Uquidus** lines. Fig. 2b shows that for 50% alloy at temperature 
a the first solid solution crystals to form will be rich in metal A and have a com¬ 
position of a' while the melt from which they crystallize has the original composi¬ 
tion a. As the cooling progresses the average concentration of the solid and melt 
correspond to points b' and b respectively. This must follow since the initial solid 
solution, being rich in metal A, will deprive the residual melt of this metal thus 
increasing its B concentration and forcing it in the direction indicated. The end 
point of the freezing cycle will occur at temperature o' and here it is noted that the 
average composition of the solid is the same as the original melt (50% A, 50% B) 
while the last traces of melt in equilibrium with this solid have a composition of c. 

ftule II, Quantitative Analysis—The amounts of the two phases in equilibrium 
at any temperature in a heterogeneous field may be determined by the well known 
"‘lever principle” of mechanics applied here as follows; 

Assume that the intersection of the aUoy composition line with the desired tem¬ 
perature horizontal acts as a fulcrum, the quantities of the two phases are then 
inversely proportional to the intercepts thus created on this temperature horizontal 
which extends to the conjugate boundaries of the field. In explanation of this refer 
to the 50% A alloy of Fig. 2b and suppose the temperature to be that at a, where 
freezing is about to begin. At this point the fulcrum is at a, there being no inter¬ 
cept to the right we have as yet no solid but all melt and 100% of the temperature 
horizontal lies to the left of the fulcrum. When cooling has progressed to tempera¬ 
ture b, the fulcrum is at point o, and the amount of solid present is proportional to 
intercept o,b to the right of the concentration vertical while the quantity of remain¬ 
ing melt is proportional to the intercept ob' to the left of this vertical line. The 
entire length of the temperature line represents 100% of the alloy present. In a 
similar manner at temperature c the last melt has disappeared, and the whole inter¬ 
cept is to the right of the fulcrum, indicating that the alloy has now solidified 
completely. 

The Phase Rule—Willard Gibbs in the latter part of the nineteenth century 
developed a relationship between the number of phases, the components and the 
degrees of freedom of a system, which has proven extremely useful as a guide in 
constructing alloy diagrams. This rule based on thermodynamic concepts and 
applied to metals in equilibrium may be stated mathematically as follows: 

p = c + 1 - p 

where F = degrees of freedom 

C = number of components 
P = number of phases 

Degrees of Freedom—The number of independent variables (either temperature 
or concentration of the phases) which may be altered without causing the disap¬ 
pearance of any phase, or the formation of a new phase. 

Components—In alloy systems these, are obviously the metals or their com¬ 
pounds and, for a given system, there should be chosen as components the smallest 
number of independently variable constituents by means of which the composition 
of each phase can be expressed. 

Phases—Homogeneous, physically distinct matter, such as the physical states 
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liquid or solid with the latter ‘having several possible forms, namely, pure metals, 
compounds and solid solutions. 

As an illustration of the application of this rule, consider the crystallization of 
the 50% A alloy previously discussed. When the mass is at a temperature above the 
liquidus line the alloy is a homogeneous melt of A and B, resulting in but one phase 
in this two-component system (metal A and metal B). Inserting these values in 
the phase rule, (P =2 -f- 1 •— 1 = 2), the system has two degrees of freedom which 
implies that both temperature and concentration majj be varied within limits with¬ 
out destroying or changing the equilibrium of the system. Another interpretation 
of this result is that the degrees of freedom also represent the number of variable 
factors which must be arbitrarily set before the state of the alloy can be determined. 
When both temperature and concentration vajy the system is said to be bivariant. 

On cooling this alloy to temperature b, Pig. 2b, two phases are present, one solid 
b' and one melt at b. The system is then monovariant (1 degree of freedom) since 
P = 2 + l — 2 = 1, If now either the temperature or the concentration of only 
one of the phases be set, the remaining variable factors immediately follow and the 
condition of equilibrium is completely determined. Hence in such a binary system 
it is possible to have two phases such as solid and melt present over a range of 
temperature and freezing need not occur isothermally as in pure metals. 

To make this clear suppose the phase rule be applied to a pure metal while 
freezing. Obviously two phases are present (solid and melt) and this system is of 
one component. The degrees of freedom are now represented byP=l-f-l — 2 = 0 
and the system is said to be invariant. From this it follows that the temperature 
must remain constant so long as the solid and melt co-exist and this phenomenon is 
of course well known to all. 

Thus far it has been shown that when solidification occurs in the solid solution 
type alloys Pig. 2a the concentration of the first particles of solid will be consid¬ 
erably richer in metal A than the melt and also the last melt will be correspondingly 
richer in metal B. This produces solid crystals which are partially heterogeneous in 
that the nuclei are rich in one metal whereas the outer surfaces which formed last 
are rich in the other metal. On slow cooling from the “solidus” line, diffusion or 
equalization takes place and—given sufficient time at elevated temperature—will be 
complete at room temperature. The structure will then appear microscopically as a 
single phase, similar to a pure metal. The alloys of copper-nickel or gold-silver are 
completely soluble both in the liquid and solid states and the resulting constitution 
diagrams are similar to the type Just discussed (see pages 1353 and 1503). 

In addition to the type Just described, two other alloy diagrams, showing com¬ 
plete solubility (miscibility) in the solid state, are possible. The first of these, in 
which the “liquidus” and “solidus” are both depressed, is shown in Fig. 3a and at 
the minimum temperature these lines become tangent. The cooling curve at this 
point is similar to that of a pure metal. In other respects the path of crystalliza¬ 
tion of alloys In this series will follow through precisely the same steps as that of 
the type Just discussed. 

Pig. 3b shows a type of solid solubility resulting from a maximum tangent point 
of both “liquidus” and “solidus” lines. No important binary metal groups are known 
to follow this behavior but there are several nonmetallic combinations that do. Of 
the more complex binary systems such as copper-aluminum (page 1342) it will be 
noted that in the formation of the beta solid solution a maximum occurs at 1047®O. 
while the system of copper and beryllium (page 1344) contains a minimum tempera¬ 
ture in the field of precipitation of its beta solid solution. 

Alloys Soluble in the Melt but Insoluble when Solid —These alloys can be divided 
into three subgroups: (a) Simple eutectic; (b) simple eutectic and stable interme- 
tallic compound; (c) peritectic types. 

(a) Simple Eutectic—When two metals are Insoluble in each other in the solid 
state, the addition of one to the other will usually cause the freezing temperature 
of the melt to be lowered (Fig. 4). The intersection of the “liquidus” lines ae and 
de at e produces an alloy of the lowest freezing point in the series and is called the 
eutectic of the system. The location of this eutectic is specific for a definite com¬ 
bination of metals but may be located anywhere from pure A to pure B throughout 
the various alloys. A practical example of this alloy diagram is the zinc-tin system 
(page 1756). 

Path of Crystallization—Alloy I (Pig. 4) rich in A will on cooling from a tem¬ 
perature of X lose sensible heat until temperature y is reached. At this point the 
first particle of solid appears and by the insertion of the temperature horizontal. 
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Rule I, this solid is found to be pure A. Fig. 4 shows that the boundaries to the 
heterogeneous field of solid A plus melt are the solidus line ab and the liquldus 
line ae. 

A break in the smooth path of the cooling curve will be noticed due to the 
evolution of heat by the solid A being formed. It follows now that if pure A sepa¬ 
rates from the melt, this melt becomes increasingly richer in B and with falling 
temperature, its concentration will vary from its initial condition y along the liq- 




Concentnation, % 
Fig. 4 


Fig. 3a—^Alloy diagram showing complete mlscl« 
bility In the solid state with the liquldus and solidus 
depressed. 

Fig. 3b—^Type of solid solubility resulting from a 
maximum tangent point of both the liquldus and 
solidus lines. 


Concentnation, % 

Fig. 3 


Fig. 4—Diagram for two metals that are insoluble 
in each other in the solid state. 


uidus line ae until the eutectic point e is reached. Meanwhile the solid A crystals 
have grown in size and number and at the eutectic temperature bze equilibrium 
is established between primary A crystals just formed and a melt whose concentra¬ 
tion is e. The melt now freezes, depositing simultaneously the remaining A and B 
as separate and distinct phases. The temperature remains constant while eutectic 
melt is present. The resulting eutectic microstructure usually shows finely divided 
alternate lamellae of A and B. Applying the phase rule to this part of the system 
we find present three phases, two solids, pure A and pure B, and the eutectic melt e. 
In this binary system the eutectic freezing is therefore an invariant condition since 
p = 2-fl—-3 = 0. This simply means that whenever both solid A and B are 
present with the melt e the temperature must remain constant and that only one 
certain temperature will satisfy. This accounts for the horizontal “solidus” bee or 
base to the “liquidus” curves aed. The microstructure of the completely solidified 
alloy I will consist of primary A crystals in a matrix of eutectic (A + B). 

AHoy //—For an alloy whose concentration is that of the eutectic e the cooling 
of the melt will occur from s to e without the formation of any solid. At the eutectic 
temperature bee the solidification of pure A and pure B again takes place simul¬ 
taneously at constant temperature. The resulting solid microstructure will be 
entirely eutectic (usually a finely divided matrix of A and B). 

Alloy ///—When the alloy has a composition between e and c it will on cooling 
below the liquidus line (d e) precipitate primary B crystals thus forcing the com¬ 
position of the remaining melt to the left. This process continues to the eutectic 
temperature elc where the formation of the solid eutectic (A + B) occurs. The 
final microstructure will consist of primary B crystals imbedded in a matrix of 
eutectic (A4-B). 
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(b) Eutectic Alloys with Stable Intermetallic Compound—Many binary alloys 
contain one or more intermetallic compoimds but are otherwise completely insoluble 
when solid. Fig. 5 is typical of this series, containing one compound A,^ and two 
separate eutectics at e, and e.. The cooling of the intermetallic compound A»Br is 
similar to a pure metal and its melting point is at a maximum point c in the liquidus 
line e^ce,. The simplest method of analyzing these alloys is to break down the com¬ 
posite diagram into simple eutectic 

t 3 rpes as shown to the left and right r— . . . .. 

of the principal figure. It can then 

be assumed that A^By is a separate c c Melt 

component and the two binary Melt 

figures are subject to the same 

changes previously described for / ’hMelz\^^ Melt 

eutectic types. ^ / y . . . - . 

Briefly, alloys whose compost- ^ ^ 

tion fall between b and ej, have an / -hMelt B-h 

excess of A over and above the _ tutlAgdy’hd] tutlAjfiytd] 

eutectic e^. The resulting solid will b e, .g ^ f 
contato primary A fn a ground m^s EutMWB,] 

of eutectic Ci (A-f A^By). To the ^1 1_ 

right of this eutectic, the compound ^ ^ ^ o g 

will precipitate out first and the ^ ^ 

final microstructure will contain it 
as a primary phase surrounded also 
by eutectic e^. Compositions to the 
right of the A3y vertical will yield 
structures as indicated in the dia¬ 
gram with a matrix or backgroimd 
of eutectic e, (A3y + B). 

(c) Peritectic 5i/stcms—-When a 
binary compound is unstable with a 
melt of its own composition the re¬ 
sulting diagram takes on a new form 
as in Pig. 6. The figure itself will, 
in part, explain the reason for the 

many headings under which this A:/oo 75 50 P5 o 

system is discussed by the profes- B: 0 25 50 ?5 fOO 

Sion. In addition to the title given, Concentration, % 

i* ® Fig. ^-Typical diagram of binary alloy, containing 

type, unstable compound one or more intermetallic compounds and are insolu- 

“hidden maximum,” all of which bie when solid, 
tend to be descriptive of the un¬ 
usual change occurring at the temperature bee'. 

An alloy of composition I will on cooling to temperature t remain in a soluble 
molten state. At this temperature nuclei of solid A come into equilibrium with the 
melt, thus forcing it to the right toward point e' (peritectic point) as cooling pro¬ 
ceeds, the precipitation of solid A continues. At the peritectic temperature bee' 
the equilibrium in the alloy is between a predominant amount of solid A and the 
remaining melt whose composition is e'. It is at this point that the unstable com¬ 
pound AxBy enters the picture as the third phase, creating an invariant condition, 
with the resultant temperature arrest in the cooling curve. Obviously the compound 
AxBy cannot wholly form from a melt whose composition lies to the right at e' and ^ 
is therefore much richer in metal B. To compensate for this, some of the metal A ‘ 
reacts with the melt, as the compound forms, maintaining its concentration at e' 
until its disappearance. 'The final microstructure of the mass must be solid A crystals 
formed prior to the transition surrounded by the compound A^By. 

For alloy n, the initial reaction will be like that of alloy I. Cooling from tem¬ 
perature m to n will permit the freezing of primary A but to a much lesser extent 
than before. At the transition temperature the equilibrium will again be between 
solid A, melt e' and the compound A^By. The reaction continues as before with the 
resorption of primary A into the melt while A^By freezes out, but not for long, since 
the quantity of excess A is not large and it soon vanishes completely. With the dis¬ 
appearance of the solid A phase the temperature no longer remains constant and the 
concentration of the melt gradually slides toward the eutectic e while the A rich 
intermetallic compound A^By forms. Freezing ends at the eutectic temperature def 



A: 100 75 SO 25 O 

3: 0 25 50 75 too 

Concentration, % 

Fig. 5—^Typical diagram of binary alloys containing 
one or more intermetallic compounds and are insolu¬ 
ble when solid. 
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When the small amount of residual melt simultaneously precipitates A^Bj and B in 
a typical eutectic arrangement. 

When the composition of the melt is exactly that of the compound A^By, the 
two phases primary A and 
melt e' are correctly pro¬ 
portioned jand disappear 
simultaneously at the tran¬ 
sition temperature. 

Alloys Soluble in the 
Melt but PartiaUy Soluble 
when Solid—Most alloy sys¬ 
tems of commercial im¬ 
portance fall in this group 
although frequently the de¬ 
gree of solid solubility is 
only slight. Solid solutions 
are customarily labeled with 
letters of the Greek alpha¬ 
bet to distinguish them 
from pure metals and com¬ 
pounds (see page 67 for 
Greek alphabet). The num¬ 
ber of possible fundamental 4: tOO P5 50 25 O 

types of diagrams is about 5.* 0 25 50 75 roo 

the same here as it was in Concentnation»% 

the previous series and Fig. 6—Diagram of binary compound unstable with a melt of 
their analysis will follow *ts own composition, 
the same order. 

Simple Eutectic—An alloy rich in metal A and having a composition similar to 
I in Fig. 7 will on freezing first deposit as nuclei, solid solution crystals whose com¬ 
position tends to be almost 




>4.* fOO P5 50 25 0 

B: 0 25 50 75 100 


Concentnation, 96 

Fig. 7—Diagram of simple eutectic showing the freezing of 
solid solution-crystals whose composition is rich in one of 
the metals. 


pure A. As these crystal cen¬ 
ters grow in size by the fur¬ 
ther deposition of solid metal, 
the concentration of the mass 
becomes increasingly richer 
in metal B. The liquid con¬ 
centration follows along the 
heavy portion of the liquidus 
line ae while the average 
solid concentration is indi¬ 
cated by the heavy portion 
of the solidus line ab. So¬ 
lidification is complete at the 
temperature corresponding to 
the intersection of the con¬ 
centration vertical with the 
solidus line ab and no further 
change occurs in cooling to 
room temperature. It is evi¬ 
dent that the portions of the 
diagram to the left of b or 
to the right of c trace the 


same path of crystallization 
as the solid solution systems discussed in the beginning. 


There is this difference, however, the A rich solid solution a is saturated with 


metal B when the composition of the alloy is b and in a like manner the B rich 


solid solution p becomes saturated with metal A when the amount of this phase 
corresponds to composition c. The predominant metal in either case is considered 


to be the solvent and when the compositions tend to approach the 100% A or B 
verticals the solid solutions thus formed-are termed unsaturated. These unsaturated 
solid solutions may of course become saturated at lower temperatures and precipi¬ 
tation of the second phase then occurs. For example, alloy II which is unsaturated 
with respect to metal B will, after solidification (at 1), cool as a homogeneous solid 
solution to a temperature m (at the intersection of the concentration vertical with 
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Pig. 8—Diagram of perltectic type. 


the solid solubility line bf) where a second solid phase precipitates from this homo¬ 
geneous a. The nature of this phase can be determined by applying Rule I-draw- 
ing the temperature horizontal at m it is found to intersect the solid solubility line 

eg on the right and P solid 
solution of n concentration 
is the precipitate phase. 

This precipitation of P 
solid solution from the a 
continues to the point f, 
with slight readjustments in 
the composition of the two 
phases all the way. The 
rate of cooling through this 
temperature range m to f 
is the determining factor in 
the size of the dispersed phase 
p and also its amount. This 
solid transformation like 
many others can be partly 
or wholly prevented by rapid 
cooling from some tempera¬ 
ture between 1 and m in 
some alloy systems. 

What has been said of 
the p precipitation from the 
a phase holds equally well 
for the p solid solution alloys 
whose concentrations inter¬ 
sect the solid solubility line eg and from which the a phase will separate. For the 
portion of the diagram lying between compositions b and c the reaction is of a 
typical eutectic form. Alloy III for example will contain primary crystals of p sur¬ 
rounded by a lacy network 
matrix of eutectic struc¬ 
ture. There are many sim¬ 
ple actual alloy systems on 
this order such as Sb-Pb, 

Sn-Pb, Bi-Pb, Cu-Ag, and 
others. 

Perltectic Type —Com¬ 
paring this type diagram, 

Pig. 8, with the previous 
perltectic equilibrium for 
insoluble conditions (Fig. 

6 ), it is clear that the melt 
traces precisely the same 
path in both instances and 
the only distinction occurs 
in the solid phases which 
are now the two solid so¬ 
lutions a and p as com¬ 
pared with pure A and the 
compound A^B, in the 
former case. 

Commercially common 
alloys which behave in a 
fashion comparable to sim¬ 
ple alloys already consid- 
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Fig. 9—^Diagram of partial solubility of the melt with insolu¬ 
ble solid. 


ered are not difficult to find. There are peculiar combinations of several simple 
systems or perhaps a repetition of the same. A case in point is the tin-antimony 
constitution diagram on page 1699. 


Partial Solubility of the Melt with Insoluble Solid—When two metals are par¬ 
tially soluble in the molten state the liquidus line of the equilibrium diagram now has 
superimposed on it the heterogeneous two melt field as shown in Pig. 9. The alloy 
system chosen to illustrate this type of reaction is of a simple insoluble eutectic 
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t 3 rpe. An Inspection of the final phases and microstructures indicates that the 
breakdown of the single melt into two melts does not affect the final result. Alloy I 
will on cooling through the Uquidus line ah freeze out primary A crystals to the 



temperature bhg. On arriv¬ 
ing at this temperature the 
melt will have a composition 
of h and continued precipi¬ 
tation of solid A from this 
melt will cause the forma¬ 
tion of the second melt of 
composition g. This may be 
stated in equation form as 
follows: 

Mh A + Me 

This three phase reac¬ 
tion, sometimes referred to 
as a “monotectic” reaction, 
takes place isothermally and 
further drop in temperature 


o 95 50 75 foo does not occur until the melt 


Pen Cent B ^ disappears. The solidifica- 

Fig. 10 — 'Variation of partial aolubiiity of tho molt with tion process then is the same 
Insoluble solids. as for the simple eutectic 

type in that primary A con¬ 
tinues to form, forcing the melt ultimately to the eutectic concentration e. 

Solidification of alloy II differs from alloy I only in its initial stages. Cooling 
below temperature x above the two melt field, the single melt separates into con¬ 
jugate melts which at 


temperature J will be of 
composition y and y' and 
at k, z and z* respectively. 
At temperature bhg the 
two melts will have the 
compositions of h and g. 
The cooling reactions 
from this point are now 
the same as before with 
melt h precipitating some 
solid A. 

The dome shaped field 
limiting the temperature 
and concentrations at 
which two melts may 
exist is not always well 
defined in its upper re¬ 
gions. This is due to the 
small thermal changes 
which occur in the forma- 
tion of the conjugate 



0 ' 25 50 75 too 


%d 

Fig. 11—Diagram for an alloy partially soluble in both the liquid 
and solid states. 


melts. The isothermal re< 


action is, however, always clearly defined. Copper and lead (page 1349) or zinc and 
lead (page 1748) both show partial solubility in the molten state. 

Another variation of this type of equilibrium, where the melt is partially soluble, 
is illustrated in Fig. 10. The dome shaped two melt field is now superposed directly 
over an intermetallic compound. Alloys of this system having a composition between 
h and c will on cooling to a temperature of heg consist of melt h and melt g with 
an excess of the former. The compound A^Br then freezes isothermally from a 
combination of the two melts and the reaction is complete when melt g disappears. 

For alloys having a composition between c and g the reactions are the same 
excepl; that melt h, which is now present to a lesser extent, will disappear first, 
following which the compound A^By continues to freeze in the usual manner. The 
three phase Isothermal reaction at temperature heg is sometimes termed a “syntactic*" 
reaction and the diagram is named accordingly. 
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Partially Soluble in Both Liquid and Solid States—-By slightly modifying the 
diagram of Fig. 9 as in Fig. 11 partial solubility in the solid state is indicated. If 
in the above analysis the A rich solid solution a is substituted for the metal A and 
the B rich solid solution ^ for the metal B we can trace through precisely the same 
steps as before. The system of tin and phosphorus (page 1705) is of this type. 

In a similar manner the alloy system of Fig. 10 may be altered by having not 
only primary solid solutions a and p at the terminal points but also by replacing 
the intermetallic compound AxBy by an intermediate phase showing extended solu¬ 
bility. This intermediate phase or solid solution which could be labeled y will then 
result from the combination of the two melts b and g and replaces AkB^ on the 
diagram. 


Complete Insolubility in Both Liquid 
and Solid States—-The last of the liquid- 
solid transitions, sometimes presented, is 
that of a binary system which is insoluble 
under all conditions. The two metals act 
independently of each other and solidify 
at their respective freezing points regard¬ 
less of composition. The diagram (Fig. 12) 
consists of two parallel horizontal lines 
and the resultant mass likewise consists of 
two distinct layers. Fe-Ag resembles this 
type. 

Transformations in the Solid State—^ 
The discussion Just completed treats en¬ 
tirely with the transformation of liquids 
or melts into solids. The study of the 
decomposition of solid alloys, which exist 
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Fig. 12—^Diagram showing insolubility in 
both the liquid and solid states. 


in the form of solid solutions on freezing 

is of equal importance. These solid solutions may transform into compounds, sec¬ 
ondary solid solutions, or the simple metals much in the same fashion as the reac¬ 
tions previously described and it is the control of the rate of these decompositions 
which makes it possible to vary the ultimate physical properties of alloys. 

The first factor of importance in the study of solids deals with the change 
which some pure metals undergo on cooling, known as polymorphism and defined as 
that property of a metal which causes it to appear in more than one solid crystalline 
form. These various forms of a metal are labeled with letters of the Greek alphabet 
(like solid solutions) and may be distinguished not only by the arrangement of the 
atoms in their crystal lattices but also by the difference in some of the physical 
properties in each Instance. For example pure iron appears on freezing as delta, 
later as gamma and finally at ordinary temperature as alpha iron. 

Outwardly, the polymorphic modifications of iron appear much the same but 
with some substances this property too may vary greatly as in the case of carbon 
which may exist as a diamond, graphite or temper carbon. Likewise ordinary white 
tin on cooling to subzero temperatures may be converted to a gray, powdery state. 


Complete Solid Solutions of Two Polymorphic Metals—Certain binary combina¬ 
tions of metals which are miscible when solid will, because of polymorphic modi¬ 
fication of one or both constituents, cause secondary changes indicated by Fig. 13a, 
b, c. 

The first of these. Fig. 13a, may be produced by two metals A and B when 
each exists in two polymorphic states, o and P, and also when because of the sim¬ 
ilarity of the two metals in crystalline form, and atomic radius, they tend to remain 
in solution as a solid. The essence of the second transformation from a to p solid 
solution is the same as that of the liquid to solid change occurring above it. The o 
solid solution will on cooling remain homogeneous until the upper transformation or 
upper critical line acb is reached. At this temperature are born the first crystals 
of the p solid solution whose concentration can be obtained by drawing temperature 
horizontals in the a + p field and the transformation from a to j3 continues until 
the lower critical adb is reached. The change is now complete and further cooling 
to room temperature will leave this p phase in a homogeneous state. 

Loop Type Diagrams—The envelope abed enclosing the a p field is com¬ 
monly called a loop. In both Fig. 13a and 13b this loop is closed whereas in the 
third type 13c it remains open. The latter two result when a metal such as B goes 
through no polymorphic changes, though it is possible that in Fig. 13c the a -f j9 
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Fig. 13a, b. and e—Typical diagrams for complete’solid solutions of two polymorphic metals. 


field may be closed at extremely low temperatures where a second modification of 
either A or B may exist. 

The alloys of iron-tungsten or iron-chromium among others exhibit a charac¬ 
teristic closed loop similar to Pig. 13b where the 7 form of iron dissolves either 
tungsten or chromium to a limited extent. In this instance it is possible for an 
alloy whose composition lies in this range to change, on cooling, from the a solid 
solution to the second type and later back to the a form. It is also possible, when 
cooling drastically from within the loop, to maintain the intermediate state. Of 
the third type, Pig. 13c, iron and nickel offer a good example and it is possible to 
obtain at.ordinary temperatures either the a form, a mixture of a and p (p in Pig. 
13c but 7 in the Pe-Ni system) or the p form alone. The mechanism of the change 
is similar in each case. 

Order-Disorder—Another type of transformation in the solid state is the 
so-called order-disorder change which is described in the article on the Crystal 
Structure of Metals and Alloys in this Handbook. 


Solid Solution Decomposition Resulting in Partial Solubility—When solid solu¬ 
tions become less soluble they may also go throuch a eutectic-like reaction in the 
solid state producing ultimately partially or wholly insoluble aggregates. 

The partially soluble state is 


illustrated by Pig. 14a and the 
eutectic type of reaction, now 
called eutectoid occurs at the 
temperature bee. The path of 
crystallization for an alloy to the 
left of the eutectoid e and be¬ 
tween b and e can be traced as 
follows: 

The primary solid solution 7 
on cooling through the transi¬ 
tion ae at m will precipitate the 
secondary solid solution a hav¬ 
ing a composition n. This a 
phase, commonly called the pro- 
eutectoid constituent, will have 
a composition varying to b at 
the eutectoid temperature bee. 
Meanwhile the 7 solid solution 
will become richer in metal B 
and at this temperature its con¬ 
centration is that of point e. A 
simultaneous deposition of the 
two phases ab and pc solid so- 
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Fig. 14a—Diagram for solid solution decomposition re¬ 
sulting in partial solubility. 


lutions from the residual 7 * then 

produces the characteristically finely divided matrix of a eutectoid reaction. The 
microstructure of the ‘‘eutectoid” is usually that of alternate lamella of a and p or 
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spheroids of one in the other, requiring rather high magnification to bring about 
their resolution. Its particle size is much smaller than that of corresponding eutec¬ 
tic structures. 

A composition exactly at e will, of course, result entirely in a eutectoid struc¬ 
ture while alloys to the right between e and c will be made up of proeutectoid 0 
imbedded in the eutectoid background. 


Decomposition of Solid Solutions Resulting in Insolubility—When the solid solu¬ 
tion breaks down into complete insolubility and is of the eutectoid type its form 
may be depicted by Pig. I4b. In 
this case the proeutectoid con¬ 
stituent is either pure A or pure 
B while the eutectoid contains 
both. The transformation is sim¬ 
ilar to the previous type. 

Decomposition of Solid Solu¬ 
tions Resulting in a Peritectoid 
Reaction—The last class of solid 
solution decomposition is that of 
the peritectic or resorption type 
and is called peritectoid or meta- 
tectic. This form of equilibrium, 
and this is equally true of all of 
the diagrams previously given, may 
have many variations. Fig. 15a, b, 
c show three types of diagrams. 

The mechanism of the trans¬ 
formations of solid alloys of this 
type is similar to the liquid-solid 
reactions of systems having the 
same form of equilibrium dia¬ 
gram. Thus Pig. 15b shows how 
the 0 solid solution like the melt 
of Fig. 6 becomes ultimately 

completely insoluble and consists for alloy I of a mixture of A and the compound 
AxBy (the product of the resorption of primary A with the 0 phase) while alloy n 
carries on below this transition temperature and does not break down completely 
until the eutectoid temperature def is reached. The end microstructure for this 
alloy, as indicated in the figure, will be made up of excess compound A^By, imbedded 
in a matrix of eutectoid (A^By -f B). 

The only purpose in presenting Fig. 15c is to show how frequently the dotted 
solid solubility lines cm and dn shift to one side and become Joined as at the point 
b where in some instances a polymorphic phase change occurs. This is particularly 
true of the alloys of iron in the high temperature field and for compositions rich In 
iron. The phases are labeled as in the iron-carbon system. The 5 solid solution on 
cooling through the upper transformation line cb will decompose to the y solid solu¬ 
tion and the transition is complete at the lower transformation line bd. Between 
these two conjugate boundaries d and y co-exist. 
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Fig. 14b—Diagram for decomposition of solid solutions 
resulting in insolubility. 


Summary—Summarizing the previous discussion on the constitution diagrams 
of binary systems, certain simple rules may be stated which should facilitate toe 
reading of these graphic illustrations of metallic equilibrium. 


1. Under inclined llquldus lines two phases exist, one of which Is the melt. 

2. Under Inclined upper solid transformations two solid phases exist one of which is a solid 
solution. 

3. Under inclined **solldus’* lines or inclined lower solid transformations a single solid phase 
exists (solid solution). 

4. Along horizontal lines three phases exist. 

5. Two of these phases are Indicated by the compositions at the ends of the horizontal line. 

6. The third phase depends on the shape and nomenclature of the diagram as shown In Fig. 16. 

7. Stable Intermetallic compounds usually occur under maximums of the liquidus lines and 
appear as a vertical or vertical range extending from the liquidus down to room temperature. 

8. The drawing of temperature horizontals in heterogeneous (two phase) fields yields the 
compositions of the phases in equilibrium at that temperature. 

9. The reactions which take place on cooling will also occur on heating but in a reversed 
order and for solid transformations at slightly higher temperatures. 
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10. Slow cooling is essential if normal equi¬ 
librium reactions are to occur. 

11. Rapid cooling tends to preserve the 
state of the alloy in its initial condition which 
existed immediately prior to cooling. 

12. Intermediate rates of cooling may pro¬ 
duce unusual final aggregates due to the par¬ 
ticle size of the precipitated phase and the 
obstructional effect caused thereby. 



An tntenmetaltic 
Compound Resuiting from 
a Penitectic Reaction 




Fig. 16—Shape and nomenclature of 
phases in the constitution diagram. 


Fig. 15a, b, c—Diagrams for decomposition of 
solid solutions resulting in a peritectold reaction. 
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Constitution of Binary Alloys of Iron and 
Certain Other Elements 
By R. M. Parke* 

^ Of the various binary systems containing the element iron as one component. 
Work on about 55 has been reported in the literature, while 30 have been investigated 
Sufficiently to permit the construction of at least a partial equilibrium diagram. 
Several systems of the latter group have been separately treated in other sections 
of this handbook. The present article summarizes the more important information 
that exists for some 39 of the rarer iron binary systems. For a more complete 
presentation of the available information*on these systems, the reader is referred 
especially to the excellent works of Hansen (“Der Aufbau der Zweistofflegierungen'* 
published by Julius Springer. Berlin, 1936), Janecke (“Kurzgefasstes Handbuch aller 
Legierungen”, published by Otto Spamer, Leipzig. 1937) and Vogel (“Handbuch der 
Metall Physlk, II—Die heterogenen Gleichgewichte” edited by G. Masing, published 
by Akademische Verlagsgesellschaft, Leipzig, 1937), each of which was extensively 
consulted here. 

Antimony-Iron—Antimony-iron alloys have been studied by Laborde* and Maey’, 
by Kumakow and Konstantinow*, Wever^. Hagg*, and Vogel and Dannohl*. Prom 
these researches it appears that the Sb-Fe system has a closed^ gamma field, two 
compoimds* occur (Fe,Sb„ FeSba), and the iron-rich solid solution'^ will hold up to 
7%t Sb. The limit of the gamma loop has been tentatively estimated by Vogel and 
DannQhl* at slightly over 2% Sb. 
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Maey, Das Speziflsche Volum als Bestimmungsmerkmal Chemischer Vcrblndungen Unter den 
Metallleglerungen, Z. physlk. Ghem., 1901, v. 38. p. 302. (Antlmon-Eisenleglerungen). 

*N. S. Kurnakow und N. 8. Konstantinow. Antimonide des Eisens und des Cadmiums, Z. anorg 
allgem. Chem., 1908 v. 58. p. 2, Leglerungen von Antlmon mlt Elsen. 

*F, Wever. Ueber den Elnfluss der Elemente auf den Polymorphlsmus des Eisens, Arch. Elsen- 
htlttenw.. 1928-29, v. 2, p. 739. 
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*R. Vogel und W. Oanndhl, Die Zwelstoflsysteme Eisen-Kupfer und Elsen-Antlmon, Arch. Elsen- 
hOttenw., 1934-35. v. 8. p. 39. 

Argon-Iron—Argon* and helium do not diffuse through iron so that it may be 
assumed that these gases are not soluble in iron. According to Sieverts and Bergner* 
electrolytic iron does not absorb any inert gas at 1200®, 1400®, or 1500®C. 
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Arsenic-Iron—^The constitution of As-Fe alloys has been studied by Friedrich*, 
Oberhofifer and Gallaschik*. Wever* and Hagg*. The eutectic occurs at about 70% 
Fe and 830®C. between the compound Fe^^As and the iron-rich (92% Fe) solid 
solution. From Hagg's work it appears that the solubility of As in Fe decreases 
with decreasing temperature. Wever determined that a closed gamma field exists. 

An additional compound (PeAs) was identified by Hagg. 

Hansen* has presented a partial diagram based on the work of the above 
investigators and others. This diagram places the limit of the gamma loop pro¬ 
visionally at about 1.5% As since the existence of the gamma loop is not in agree¬ 
ment with the work of Oberhofifer and Gallaschik*. 
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*Climax Molybdenum Co. of Michigan. Detroit. 

Prepared for the Subcommittee on Alloying Elements. 

The membership of the subcommittee was as follows: Jerome Strauss, chairman; Walter Crafts, 
J. W. Sands. Harry Knowlton, L. L. Farrell. A J. Herzlg, Emil Janltzky, C. H. Herty, Jr. and 
B. C. Bain. 

tUnless otherwise stated compositions are given in weight per cent. 
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Barium-Iron—Barium, lithium, sodium, potassium, rubidium, caesium, mag¬ 
nesium, calcium and strongtium* are insoluble in solid iron. Iron is not dissolved 
by the foregoing liquid metals, and although their solubility in liquid iron Is not 
known, (the boiling points of the metals are all below the melting point of iron) 
the possibility of the formation of alloys is considered improbable. 

References 

’M. Hansen, Der Aufbau der Zwelstofflegierungen, Julius Springer, Berlin, 1936 p. 675. 

Beryllium-Iron—The liquidus and solidus lines of‘the iron side of the Pe-Bc 
diagram have been determined by Oesterheld*. He estimated that iron could dissolve 
at least 6.5% Be at 1156°C., the eutectic temperature. The eutectic contained 9% Be. 
Oesterheld believed that the solubility of Be in Fe decreased with temperature and 
this is supported by precipitation hardening experiments of Masing* and Kroll*. 
Oesterheld tentatively identified a compound of the formula Be^eFe, which was con¬ 
firmed by Misch^ who determined that Be 2 Fe has a hexagonal lattice similar to 
MgZna. Misch also investigated the compound BeJPe (55.32% Fe) which he stated 
has a CUaMg structure similar to CuBca. 

Wever and Mtiller* found that the Pe-Be system has a closed gamma loop and 
that the alpha-gamma transformation disappears at 0.45% Be. 

Hansen* and JUnecke^ published a partial equilibrium diagram (79-100% Fe). 

References 

'O. Oesterheld, Uber den Schmelzpunkt und die Schmelzwftrme des Berylliums.—tJber die 
Leglerungcn des Berylliums mlt Aluminium. Kupfer, Silber und Eisen, Z. anorg. allgem. Chem., 
1916, V. 97, p. 32. (Beryllium-Elsen). 

*Q. Masing, Legierungen des Berylliums mlt Kupfer. Nickel, Kobalt und Eisen, Z. Metallkunde, 
1928, V. 20 p. 21. (Fe-Be-Legierungen). 

*W. Kroll, Die Legierungen des Berylliums mlt Eisen, Wiss. VerOffent. Siemens-Konzem, 1929. 
V. 8, p. 223. 

<L. Misch, Metallwlrtschaft. 1936, v. 15. p. 163. 

®F. Wever and A. Muller, Ueber die Zwelstoffsysteme Elsen-Bor und Elsen-Berylllum, Mlt Elnem 
Beitrag zur Kenntnis des Zweistoftsystems Elsen-Aluminium, Mitt. Kaiser-Wilhelm Inst. Eisen- 
forsch. DUsseldorf, 1929, v. 11, p. 218, (Elsen-Berylllum). 

®M. Hansen, Oer Aufbau der Zwelstofflegierungen, Julius Springer Berlin, 1936, p. 289. 

^E. Janecke, Kurzgefasstes Handbuch aller Legierungen. Otto Spamer, Leipzig, 1937, p. 155 


Bismuth-Iron—According to Isaac and Tammann’, Bi and Fe are practically 
insoluble in each other in the molten state, and this has been confirmed by Hagg*. 
Using a magnetic method Tammann and Oelsen* determined that 2 x 10^ to 
4 X 10-*% Fe was dissolved in Fe-Bi alloys heated at 400 and lOOO^C. under a 
hydrogen atmosphere. 

References 

*E. Isaac und O. Tammann. Uber das Verhalten von Eisen zu Biel, Wlsmut. Thallium und Cad¬ 
mium, Z. anorg. allgem. Chem., 1907, v. 55, p. 59, (Eisen-Wismut). 

20. Hagg, Z. Kristallog., 1928, v. 68 p. 472. 

»G. Tammann und W. Oelsen, Die Abhllnglgkelt der Konzentratlon Gesftttigter Mlschkrlstalle 
von der Temperatur, Z anorg, allgem. Chem., 1930, v. 186, p. 277, Die LOslichkelt des Eisens In 
Biel, Silber, Wlsmut und Cadmium. 

Boron-Iron—This system has been studied by Tschischewski and Herdt*, Hanne- 
sen*, Vogel and Tammann* and Wever and MtiUer*. On the basis of these researches 
Hansen* has constructed a partial diagram. A eutectic between the gamma phase 
and the compound Fe*B occurs at 3.8% B and 1174°C. The maximum solubility 
of B in alpha iron is 0.15% at 915®C., the solubility decreasing at lower temperatures. 
The maximum solubility of B in gamma iron is 0.10% at 915‘’C., while the maximum 
solubility in delta iron is 0.15% at 138rc. Wever and MUller*, ® determined that the 
compound Fe*B has a body-centered tetragonal lattice with 4 FCaB groups in the 
unit cell. BJurstrdm and Arnfelt’ verified the structure of Fe,B and also determined 
that the monoboride FeB has a rhombic structure with 4 FeB groups to the unit 
cell. Wever and MUller* concluded that B slightly raises the alpha-gamma trans¬ 
formation of iron. 

References 

>N. Tschischewski and A. Herdt, J. russ, metallurg. Ges., 1915, v. 1, p. 533. 

2G. Hannesen, Uber Borstfthle, Z. anorg, allgem. Chem. 1914, v. 89. p. 257. 

2R. Vogel und G. Tammann, Uber das Tem&re System Eisen-Bor-Kohlenstoff, Z. anorg. allgem. 
Chem., 1922, y. 123, p. 235. 
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*F. Wever und A. MUller, Ueber die Zwelstoffsysteme Bisen-Bor und Eisen’Beryllium. mlt Einem 
Beltrag zur Kenntnis des Zweistoffsystems Eisen-Aluminium. Mitt. Kaiser-Wilhelm Inst. Eisen- 
forsch. 1930. v. 11, p. 193, (Eisen-Bor). 

BM. Hansen, Der Aufbau der Zweistoffleglerungen. Julius Springer. Berlin, 1836 p. 274. 

•P. Wever, Uber Elsen-Beryllmm- und Eisen-Bor-Legierungen und Uber die Struktur des Eisen- 
borides, Z. tech. Physlk, 1929, v. 10, p. 137. 

^T. BJurstrOm und H. Arnfelt. ROntgenanalyse des Eisen-Bor-Systems. Z. physlk. Chem. B, 
1929, V. 4, p. 469. 

i 

Cadmiiim-Iron~-Cadxnium is insoluble in solid iron. Tammann and Oelsen' 
determined the solubility of iron in molten cadmium in the range 400-700'’C. to be 
3 X 10~^ to 2 X10-^% Fe. According to Daniels* a compound, CdaFe, exists. 

References 

>0. Tammann und W. Oelsen. Die Abhkngigkeit der Konzentratlon OesHttlgter Mlschkristallo 
von der Temperatur, Z. anorg. allgem. Chem., 1930, v. 186, p. 277. Die LOsllchkeit des Elsens In 
Biel, Sllber, Wismut und Cadmium. 

^E. J. Daniels, Some Reactions Occurring in **Hot-Dipping** Processes, J. Inst. Metals, 1932, 
V. 49, p. 178. (Cadmium Coatings). 

Caesium-Iron—Bee barium-iron 

Calcium-Iron—See barium-iron 

Cerium-Iron—The Ce-Pe equilibrium diagram has been completely determined 
by Voger. Two compounds, CePe, and CesPe* were identified. The eutectic occurs 
at 4.5% Fe and 640'’C. The maximum solubility of Ce in gamma Fe is 15% Ce at 
1090*’C., while in alpha iron the maximum solubility is tentatively placed at 12% 
Ce. Ce slightly raises the temperature of the alpha-gamma transformation. The 
P 3 ax)phoric property of Pe-Ce alloys is greatest at 30% Fe according to Auer v. Wels- 
bach*, but see also Vogel* for an explanation of this property. See Hansen* or 
J&necke* for the diagram of this system. 

References 

>R. Vogel, Uber Cer-Eisenlegierungen, Z. anorg. allgem. Chem., 1917, v. 99, p. 25. 

*K. Auer v. Welsbach, Pyrophore Metall-Legierungen filr ZUnd- und Leuchtzwecke, German 
Patent 154 807. 1903. 

*R. Vogel. Uber Cer-Elsenleglerungen, Z. anorg. allgem. Chem., 1917, v. 99, p. 43, Pyrophoritat. 

«M. Hansen, Der Aufbau der Zwelstofflegierungen, Julius Springer. Berlin, 1936, p. 470. 

BE. J&necke, Kurzgefasstes Handbuch aller Legierungen, Otto Spamer, Leipzig, 1937, p. 167. 

Cobalt-Iron—Iron and cobalt form a continuous series of solid solutions. Iron- 
cobalt alloys solidify over a very narrow temperature range (5-10'’C.)*, with a 
minimum of 1477®C. between 30% and 40% Fe. Cobalt raises the gamma-delta 
transformation of iron. This metal also raises the alpha-gamma transformation 
continuously up to about 45% Co (975®C.) when further additions lower the tem¬ 
perature of the transformation until at approximately 78% Co gamma iron is stable 
at room temperature. Iron drastically lowers the transformation of the hexagonal 
close packed epsilon cobalt phase to the face-centered cubic gamma phase. 

Based on the work of Guertler and Tammann*, Ruer and Kaneko*, Kase*, 
Masumoto*, Grenet*, Kussmann, Scharnow and Schulze*, Andrews*. Ellis", Osawa* 
and others, Hansen*® and janecke** have constructed a complete equilibrium diagram 
of cobalt-iron alloys. Recently Andrew and Nicholson** confirmed the essential points 
of the diagram except that they believe that there is a wide alpha + gamma region 
extending from 74-82% cobalt. 
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^W. Guertler und G. Tammann Uber die Legierungen des Nickels und Kobalts mit Eisen, Z. 
anorg. allgem. Chem., 1905, v. 45, p. 205. 

BR. Ruer and K. Kaneko,.Das System Eisen-Kobalt, Ferrum, 1913, v. 11, p. 33. 

BT. Kase, On the. Equilibrium Diagram of the Iron-Cobalt-Nickel System, Scl. Rept. TOhoku 
Univ., 1927, V. 16, p. ^94, (Alloys of Iron and Cobalt). 

BR. Masumoto, On a New Transformation of Cobalt and the Equilibrium Diagrams of Nickel- 
Cobalt and Iron-Cobalt, Sci. Rept. TOhoku Unlv. 1926, v. 15, p. 469, Ft. 2.B. Equilibrium Diagram 
of the System Iron-Cobalt; On the Equilibrium Diagrams of Cobalt-Nickel and Cobalt-Iron 
(Abstract), Trans. A.S.S.T., 1926, v. 10. p. 491. 

BL. Grenet, Sur les Retours k I’t^^tat Stable avee Absorption de Chaleur dans les Systkmes 
Chimiques en Vols de Refroidissement, R4v. M4t. (M4m), 1925, v. 22. p. 472. 

BA. Kussmann, B. Scharnow, and A. Schulze, Physlkallsche Eigenschaften und Struktur des 
Zwelstoffsystems Eisen-Kobalt, Z. tech. Physlk, 1932, v. 13 p. 449, A. Schulze, Struktur&nderungen 
am Zweistoffsystem Eisen-Kobalt, Z. Metallkunde, 1833, v. 25, p. 146. 

R. Andrews, X-Ray Analysis of Three Series of Alloys, Phys. Rev., 1921, pt. 2, v. 18, p. 246. 
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•W. C. Ellis, A Study of the Physical Properites of Electrolytic Cobalt and Its Alloys with Iron, 
Rensselaer Polytech. Inst., Eng. Sci. Ser. No. 16, 1927, p. 57. 

*A. Osawa, Klnzoku no Kenkyu, 1929, v. 6. p. 254 (Japan); X-Ray Investigation of Alloys of 
Nickel-Cobalt and Iron-Cobalt Systems. Scl. Rept. Tohoku Unlv., 1930, v. 19, p. 115, (Iron-Cobalt 
Alloys). 

lOM. Hansen, Der Aufbau der Zweistofflegierungen, Julius Springer, Berlin, 1936, p. 467. 
(Kobalt-Eisen). 

i^E. Janecke, Kurzgefasstes Handbuch aller Leglerungen Otto Spamer, Leipzig, 1937, p. 49. 

^3. H. Andrew and C. G. Nicholson, The Iron-Cobalt System, Iron Steel Inst. (London), 1st 
Rept. Alloy Steels Research Committee, 1936. p. 93. 

Columbium-Iron—Bolton^ reported that columbium and iron are mutually soluble 
in all proportions in the liquid state and Wever* determined that Cb closes the 
gamma iron region. 

References 

^W. V. Bolton, Das Niob; Seine Darstellung und Seine Elgenschaften, Z. Elektrochem., 1907, 
V. 13, p. 145. • 

2P. Wever, Ueber den Einfluss der Elemente auf den Polymorphlsmus des Eisens, Arch. Elsen- 
hUttenw., 1928-29. v. 2, p. 739; Naturwiss. 1929 v. 17. p. 304. 

Gallium-Iron—KroU* states that gallium will alloy with iron. 

Reference 

^W. Kroll, Leglerungen des Galliums, Metallwirtschaft, 1932, v. 11, p. 435. 

Germanium-Iron—Wever* believes that the Pe-Ge system has a closed gamma 
Held. 

Reference 

^P. Wever Ueber den Einfluss der Elemente auf den Polymorphlsmus des Eisens, Arch. Eisen- 
huttenw., 1928-29, v. 2, p. 739; Naturwiss, 1929, v. 17, p. 304. 

Gold-Iron—Prom the work of Isaac and Tammann*, it has been determined 
that iron and gold are miscible in all proportions in the liquid state. There is a 
limited gamma field. According to Hansen*, Wever believes the compound AuPe^ 
exists. At low temperatures there are probably three phases, depending on the 
composition, namely: iron-rich (alpha) solid solution, compound and gold-rich solid 
solution. At higher temperatures, alpha, of course, changes to gamma. There is 
some disagreement as to the phase boundaries, but the following X-ray data on the 
solubility of Pe in Au, from Jette, Bruner and Foote*, are probably reliable: 


Temperature. ’C. 

% Pe 

300 

3.5 

450 

69 

600 

12.5 

724 

17.2 


With somewhat less accuracy these investigators determined that alpha iron will 
dissolve 2.05% Au at 724®C. and 0.6% Au at 600*0. 


References 

IE. Isaac und G. Tammann, Uber die Leglerungen des Eisens mit Zinn und Gold, Z. anorg. 
allgem. Chem., 1907, v. 53, p. 291, Eisen-Gold. 

^M. Hansen, Der Aufbau der EweistofSeglerungen, Julius Springer, Berlin, 1936, p. 224, (Gold- 
Elsen). 

>E. R. Jette, W. L. Bruner, and P. Foote, An X-Ray Study of the Gold-Iron Alloys, Trane., 
A.I.M.E., Inst. Metals Div., 1934, p. 354. 


Helium-Iron—See Argon-iron 

Hydrogen-Iron—The principal work on this system has been the determination 
of the solubility of hydrogen in iron at various temperatures. The results of Sieverts*, 
Martin,* and Luckemeyer-Hasse and Schenck,* given in Table I, are in fair agree¬ 
ment. These investigators all note the rapid increase in solubility of hydrogen in 
iron during the alpha-gamma transformation. Luckemeyer-Hasse and Schenck 
report an emission (that is, reduction in solubility) during the gamma-delta trans¬ 
formation which does not appear in the work of Sieverts. Luckemeyer-Hasse and 
Schenck believe the explanation for the greater solubility in gamma iron is found 
from Bragg’s* observation that in the face-centered cubic lattice there exists a “hole” 
in the center of the cube considerably larger than any free space in the body- 
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centered cubic lattice. In support of this it may be mentioned that Luckemeyer- 
Hasse and Schenck’s curve for the solubility of l^drogen in delta iron is practically 
the prolongation of the curve for alpha iron. 

Sieverts, whose tests were carried to temperatures beyond the melting point 
of Iron, showed that molten iron has a much larger capacity for dissolving hydrogen 
than solid iron at the same temperature. 

Using Sieverts’ data for liquid iron, Luckemeyer-Hasse and Schenck have com¬ 
puted the absorption constant K for hydrogen in iron at atmospheric pressure and 
in weight per cent as follows: 

Alpha Iron: K = 48 x 10-*t®C. - 1*7.2 x 10-* 

Gamma Iron: K = 88 x lO-H^C. - 37.2 x 10-» 

Delta Iron: K = 60 x — 30.0 X 10-* 

tlquld Iron: K =275 X 10-«t«C. -175.5 X 10-» 

The literature contains a number of references (5, 6, 7, 8, 9, 10) to iron hydrides, 
but experimental proof of their existence is not very convincing. Sieverts' considers 

Table I 


Solubility of Hydrogen in Iron at Atmospheric Pressure 


Martin^ 

Sleverts* 

•Luckemeyer-Hasse and Schenck* 

Ttenperature 

•c. 

Solubility, 
cc. H 2 per 

100 g. Iron 

Temperature 

•c. 

Solubility, 
cc. Ha per 
100 g. Iron 

Temperature 

•c. 

Solubility, 
cc. Ha per 
100 g. Iron 





310 

0.1 


• • • • 


.... 

350 

0.2 

!!!! 

• • • • 


.... 

400 

0.25 


• • • • 

*409 

0.4 



.... 

• • • • 



’iio 

*0*3 

440 

0.30 





.... 

.... 

.... 


*460 

0.5 

.... 


514 

0*84 

.... 


522 

0.76 

.... 




.... 

• • • « 


... 

'm 

V.i5 

.... 

• • • • 

*620 

1.32 

.... 


649 

1.49 

.... 

.... 

.... 


.... 


724 

1.99 

.... 


772 

2 .io 

.... 


.... * 


.... 

.... 

775 

*2*25 



.... 

.... 



*800 

* 2.35 


. • • • 

*827 

*2*71 



.... 

.... 

852 

2.95 



.... 

.... 

878 

3.53 

.... 

.... 

896 

2.83 



.... 

.... 

.... 

.... 

*899 

’4.36 

.... 


.... 

.... 

.... 


900 

's.o* 

.... 

.... 

904 

*4.28 

.... 


.... 

.... 

.... 


905 

*3*66 

.... 

.... 

.... 

.... 

910 

4.8 

924 

4.46 

.... 






930 

*4.82 

• • t • 




981 

5.37 





• « • • 


iooo 

*5.5 

ioos 

*5.35 

• • « « 






1033 

*5*89 

• • • • 


ios? 

*6.78 



• • • . 


.... 


ii36 

’ 7*66 



1159 

*7.i3 

• • • • 

.... 

• • » • 




.... 

.... 

1200 

‘ 7.6 

.... 

.... 

1250 

8.68 



.... 


.... 


1300 

*8*3* 

.... 


1350 

1*0*52 

1350 

9.0 

.... 

.... 

.... 


1400 

9.35 

.... 




1425 

6.4 

.... 

.... 

1450 

i'2'.68 

1450 

6.5 

• ••• 

.... 

melting point 






solid 

13.44 

.... 

.... 



liquid 

27.86 

.... 

.... 

.... 


1550 liquid 

27.95 

.... 

.... 

.... 


1650 liquid 

■ 32.2 

.... 

.... 


•Figures read from curve. 


the reaction of hydrogen absorption by iron powder at high temperatures and at 
pressures over 100 mm. mercury to be a simple solubility process since the gas 
concentration in the metal is proportional to the square root of the pressure, while 
at lower temperatures and with finely divided iron, adsorption takes place. 
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Esser and Cornelius” have shown that hydrogen causes an additional cusp on 
the thermal differential curve of iron in the vicinity of the A, transformation. No 
satisfactory interpretation of this effect has been advanced. 

Luckemeyer-Hasse and Schenck” and Naumann” studied the effect of hydrogen 
on the physical properties of iron. It was conclusively shown that hydrogen greatly 
reduces the impact strength of iron; although the hardness was not materially 
changed. Bending tests performed by Heyn” show the embrittling effect of hydrogen 
on iron. 

For the removal of hydrogen from iron Esser” believes that repeated heating 
through the critical range is more advantageous than heating at higher tempera¬ 
tures, since the evolution of gas is favored by the atomic rearrangements during 
transformation. 

Wedding and Fisher” and Luckemeyer-Hasse and Schenck'* believe that the 
pressure in iron due to liberation of hydrogen can be great enough to cause rupture 
of the metal. 

An equilibrium diagram for the iron-hydrogen system has not yet been proposed. 
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*J. Schlossberger and R. Fresenius, Lieb. Ann., 1844, v. 51, p. 413. 

'J. A. Wanklyn and Carlus, Lieb. Ann., 1861, v. 120, p. 72. 

^T. Weichselfelder, Uber die Hydride der Metalle Nickel, Kobalt, Eisen und Chrom, Lieb. Ann., 
1926, V. 447, p. 71, (Das Eisenhydrid PeHa). 

(*0. F. Huttig, Zur Systematik der Festen Metall-Wasserstoff-Verbindungen, Z. angew. Chem.. 
1926, V. 39. p. 67. 

”W. Frankenburger und K. Mayrhofer, Studien ilber atomar Verteiltes Eisen; Ein Beitrag zur 
Kenntnis der Oberfldchenkatalyse, Z. Elektrochem., 1929, v. 35, p. 590. 

'^H. Esser und H. Cornelius, On the Influence of Hydrogen on the Transformations in Iron, 
Trans., A.S.M., 1933, v. 21, p. 733. 

>-L Luckemeyer-Hasse und H. Schenck, LOsllchkeit von Wasserstoff in Einigen Metallen und 
Legierungen, Tech. Mitt. Krupp, 1933, v. 1. No. 4. p. 121. 

^3F. K. Naumann, Elnwirkung von Wasserstoff unter Hohem Druck auf Unlegierten Stahl, Stahl 
u Eisen, 1937, v. 57, p. 889. 

^*H. Esser, Dilatometrische und Magnetische Untersuchungen an Reinem Eisen und Eisen- 
Kohlenstoff-Legierungen, Stahl u Eisen, 1927, v. 47, p. 341. 

‘•’H. Wedding und T. Fisher, Eisen und Wasserstoff, Stahl u Eisen, 1903, v. 23, p. 1268. 

Heyn, Eisen und Wasserstofl, Stahl u Eisen, 1900, v. 20, p. 837. 

Lead-Iron—Isaac and Tammann* reported that liquid iron and liquid lead are 
practically mutually insoluble. The two metals are also mutually insoluble in the 
solid state. Tammann and Oelsen* gave the solubility of Fe in Pb as 2x10’^ to 
3x10-^%. 


References 

1 E. Isaac und O. Tammann. Uber das Verhalten von Eisen zu Biel, Wlsmut, Thallium, und 
Cadmium, Z. anorg. allgem. Chem., 1907, v. 55, p. 58, Eisen-Blei. 

-O. Tammann und W. Oelsen, Die Abhftngigkelt der Konzentratlon Oesftttigter Mischkrlstalle 
von der Temperatur, Z. anorg. allgem. Chem., 1930, v. 186, p. 277, Die Ldslichkeit des Eisens In 
Biel, Silber, Wismut und Cadmium. 

Lithium-Iron—See barium-iron 

Magnesium-Iron—See barium-iron 

Mercury-Iron—Most of the data on Hg-Fe alloys pertain to solubilities and 
agreement on this point is lacking. Joule’ reported 0.14-1.4% Fe soluble in Hg, Gouy* 
stated the solubility as less than 0.01% Fe at 15-18°0., Richards and Garrod-Thomas* 
gave the value 0.00134% Fe, Tammann and Kollmann^ gave 1.15 x 10-”% Fe at 170®C., 
and Palmaer* reported 0.00007% Fe between 20* and 211®C. Brill and Haag* found 
by X-ray examination that Fe-amalgams containing up to 25% Fe consist of a 
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suspension of alpha iron in Hg and this fact may account for the conflicting results 
of other investigators. 
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>J. P. Joule, Amalgams, J. Chem. Soc., 1876, v. 1, p. 378. 

K}ouy. Note sur Quelques Amalgames Liquides Satur^s. J. phys., 1895, ser. 3. v. 4* p. 320. 

>T. W. Richards und R. N. Garrod-Thomas, Elektrochemlsche Untersuchung FlUssiger Amalgame 
▼on Zink, Kadmium, Biel, Kupfer und Lithium, Z physik. Chem., 1910, v. 72, p. 181. Eisenamalgam. 

<G. Tammann und K. ‘Kollmann, Die Ldslichkeit der Metalle der Eisengruppe und des Kupfers 
im Quecksilber, Z. anorg. allgem. Chem., 1927, v. 160, p. 242. 

^E. Palmaer, Uber das System Eisen-Quecksilber und Uber die Ldslichkeit von Nickel In Queck- 
sllber, Z. Elektrochem., 1932, v. 38, p. 70. 

*R. Brill und W. Haag, Uber Eisen-Quecksilber und Nlckel-Quecksilber, Z. Elektrochem., 1932, 
V. 38, p. 211. 

Osmium-Iron—Wever* lists this system (as well as the Ru-Pe system) as one 
wherein the gamma iron region is extended similar to the Fe-Ni system. 

References 

ip. Wever, Ueber den Einflus der Elemente auf den Polymorphlsmus des Eisens, Arch. Elsen- 
huttenw., 1928-29, v. 2, p. 739. 

Palladium-Iron—The constitution of palladium-iron alloys was studied by 
Origorjew.* The metals are completely soluble in each other in the liquid state 
and form a complete series of solid solutions, except there is perhaps a break at 
die composition corresponding to a compound of the formula FePd,. Pd raises the 
temperature of the gamma-delta transformation and lowers the alpha-gamma trans¬ 
formation so that the diagram is quite like that for the Pe-Pt or Fe-Ni system. 

References 

<A. T. Grigorjew, Les Alliages Palladlum-Fer, Ann. Inst, platlne, 1931, ▼. 8. p. 25. (Russian): 
Uber Leglerungen des Palladiums mit Eisen, Z. anorg. allgem. Chem., 1932, v. 209, p. 295. 

Platinum-Iron—The characteristics of this system, which is similar to the Pe-Ni 
system, have been determined by Isaac and Tammann^ as follows: 

1 . Xron and platinum are mutually soluble In all proportions In the liquid state. 

a. A minimum in the llquidus curve occurs at about 1510^0. and between 10 and 

20% Pt. 

3. Pt lowers the temperature of the alpha-gamma transformation progressively 

such that at about 52% Pt the gamma phase is stable at room temperature. 

4. A compound FePt, also identified by Nemilow* is believed to exist between 

65% and 90% Pt. 

Kussmann* studied the coefficients of linear (thermal) expansion between 20 and 
70®O. of certain Pe-Pt alloys annealed at BSO^C. He found that the coeffcient behaves 
anomalously with composition in a manner similar to the Fe-Nl alloys. The coeffi¬ 
cient is negative between 50 and 60% Pt and passes through a minimum at 55% Pt. 

Nemilow* measured the hardness and temperature coefficient of electrical resist¬ 
ance of Fe-Pt alloys. In the annealed alloys he found a maximum in the coefficient 
versus composition curve at 50 atomic per cent Pt. 

Graf and Kussmann* studied the magnetic properties of Pe-Pt alloys and re¬ 
ported the presence of ferromagnetism in the region of 30-70 atomic per cent Pt. 
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Potassium-Iron—See barium-iron. 

Rhodium-Iron—Hansen^ stated that it Is probable that Rh and Fe form a 
complete series of solid solutions. Fallot* studied the alpha-gamma transformation 
in Rh-Fe alloys and found a minimum at SSO^C. between 25 and 30% Rh. 
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Rubidium-Iron--See barium-iron. 

Ruthenium-Iron—See osmium-iron. 

Selenium-Iron—In this system Fonzes-Diacon’ and Moser and Doctor* have 
studied the compound PeSe, which is the analogue of PeS. Alsen® identified the 
structure of PeSe as being the same as NiAs. The X-ray investigations of Hagg 
and Kindstrom^ disclosed that at 50 atomic per cent Se the compound PeSe occurs 
and the alpha modification is stable below 300-600°C. Above this temperature range 
the beta form is stable. Alpha PeSe has a PbO (tetragonal) structure while the beta 
phase has the NiAs structure. The beta phase can dissolve Se up to 57.5% Se. On 
the basis of the above consideration. Hansen® has constructed an equilibrium diagram. 
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Silver-Iron—Petrenko* stated that silver and iron are mutually insoluble. Tam* 
mann and Oelsen* determined that silver will dissolve 4x10-^% Pe at 1000*C. and 
6x10-^% at 1600°C. 
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Co), Z. anorg. allgem. Chem.. 1907, v. 53. p. 212. * 
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Sodium-Iron—See barium-iron. 

Strontium-Iron—See barium-iron. 

Tantalum-Iron—Jellinghaus* determined that Ta and Fe are mutually soluble 
in all proportions in the liquid state and a eutectic occurs at approximately 1400''C. 
between the iron-rich solid solution of 6-10% Ta and the compound PeTa. The 
solubility of Ta in alpha Fe decreases with decreasing temperature. According to 
Wever* the gamma field is closed at 4.25% Ta. 

Recently the Ta-Fe system was studied by Genders and Harrison*. Their results 
appear to have been obtained with great care but are not concordant with the 
above. Genders and Harrison believe that errors in Jellinghaus’ work are due to 
the presence of silicon (SiO, being reduced from the crucible by Ta). According to 
Genders and Harrison there are two eutectics, one at 20% Ta (approximately 1460®C.) 
between delta Fe solid solution and the compound Fe,Ta, and the other at about 
80% Ta between FesTa and the tantalum-rich solid solution. A lamellar eutectoid 
was found at 4.5% Ta and 1220'’C. where delta breaks down to gamma (3% Tti) 
and PeaTa. The solubility of Ta in gamma iron increases from about 0.6% at 974® to 
4.5% at the eutectoid temperature. The solubility of Ta in alpha iron Increases with 
temperature and amounts to about 1% at 974®C. Ta raises the temperature of the 
alpha-gamma transformation to 974®O. with 1% Ta but lowers the gamma-delta 
transformation to 1220“C at 3% Ta. The compound PeTa was not observed by 
Genders and Harrison, neither could they confirm the presence of the gamma loop. 
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Tellurium-Iron—According to OftedaP there is a compound PeTe having the 
NiAs structure in this system. 
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Thalliam-Iron—Isaac and Tammann^ concluded from their work on this system 
that thallium and iron are mutually insoluble in both the liquid and solid states 
and form no compounds. 
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Tin-Iron—The essential points of the iron-tin diagram as now known may be 
summed up as follows: 1. There is a miscibility gap in the liquid state between 
51% and 80% Sn according to Edwards and Preece*. 2. In the tin-iron system there 
is a closed gamma loop. According to Wever and Reinecken* the alpha-gamma 
transformation is eliminated at 1.9% Sn. 3. The solubility^ of Sn in Fe is about 18% 
Sn at 1132°C. The solubility decreases with lowering temperatures. 4. Three com¬ 
pounds, FeSn, Fe,Sn, FeSn, form by peritectic reaction.*’ ’ A diagram of the Fe-Sn 
system has been published by Hansen^ 
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Titanium-Iron—The study of the iron-titanium equilibrium diagram is impeded 
by the dijfficulty of preparing pure Fe-Ti alloys. Lamort’, whose alloys contained, 
in addition to TiN (“not more than 2%, as a rule less than 1%“), certain amounts 
of silicon (in three cases, 0.57, 0.90 and 1.12%) and aluminum (in three cases 
1.15, 1.57 and 2.13%), determined that between about 5.4% to 22.2% Ti there occurs 
in this system a series of eutectiferous alloys consisting of the iron-rich solid solution 
and the compound FCsTi (22.2% Ti). The eutectic was placed at 13.2% Ti and 
at 1298“C. 

Seljesater and Rogers* studied the age hardening properties of iron-titanium 
alloys (0.5% to 7.1% Ti and containing “substantial amounts of A1 and Si”), and 
concluded that the solubility of titanium in iron is approximately 6% at the eutectic 
temperature and 3% or less at room temperature. 

Wever* considers titanium in the group of metals that cause the formation of 
a gamma loop, and this is confirmed by Michel and Benazet^ who concluded that 
the alpha-gamma transformation disappears between 0.78% and 1.77% Ti. 

By means of thermal analyses and X-ray examination Witte and Wallbaum® 
investigated the iron-titanium system between 18% and 38% Ti. For the preparation 
of these alloys they used ferrotitanium of the composition 38.0% Ti, 0.7% P, less 
than 1.0% Si, less than 1.0% Al, 59.5% Fe; metallic titanium, melted (about 95% Ti); 
and Krupp WW iron. The amounts of impurities of the alloys are not stated. Witte 
and Wallbaum’s results are not in agreement with Lamort, since they believe that the 
formula of the compound is Fe^Ti (30 02% Ti). The melting point of FeaTi was 
determined to be 1530°O., and its structure was reported to be isomorphous with 
MgZn,. , 
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Uranium-Iron—According to Hansen* the published work on the U-Fe alloys 
cannot be considered for determining their constitution since considerable amounts 
of carbon are prcvsent from the reduction of uranium ore by carbon. However, the 
work of Polushkin* may be mentioned, since it contains Information as follows: 
1. Uranium may form a compound Fe„U. 2. Neither U nor the compound Fe^U form 
solid solutions with iron. (Polushkin’s alloys contained from 0.21 to 7.42% C and 
appreciable amounts of Si and V.) 
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Zirconium-lron—From the work of AUibone and Sykes^ and Vogel and Tonn’ 
and others, Hansen’ has published an equilibrium diagram which may be briefly 
described as follows: 1. The two metals are mutually soluble in all proportions in 
the liquid. 2. Two eutectics are formed one at 16% Zr and 1330®O. between gamma 
iron (0.7% Zr) solid solution and the compound PCaZr,, and the other at 88% Zr 
and 1350®C. with FejZra and the beta Zr solid solution. 3. 0.3% Zr lowers the alpha- 
gamma transformation temperature to 835°C. The diagram published by JSinecke" 
is in substantial agreement with the above. 
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Equilibrium Relations in Binary Iron Alloys—The very considerable fund of 
information existing for binary alloys of iron has brought forth some quite worth 
while attempts to correlate the ninety-one possible systems. As early as 1890 Osmond’ 
noted a relation between the atomic volume of an element and its effect in iron 
aUoys on the alpha-gamma transformation. 

An especially interesting discussion of the application of concepts of alloy-ability 
to binary iron systems was written by Wever.* He recognized four types of binary 
diagrams whose differences were based on the character of the face-centered cubic 
gamma region. 

In Type 1 the gamma-delta transformation line rises to meet the liquidus line 
while the alpha-gamma transformation line is gradually lowered to the concentra¬ 
tion axis. The Fe-Ni diagram (see page 386) is an example of the first type. 
Besides Ni, Co, Ru, Rh, Pd, Os, Ir, Pt and Mn belong in this group. 

The equilibrium diagrams of Type 2 have the familiar gamma loop and the body- 
centered cubic alpha phase occupies the major portion of the solid region. The 
Fe-Cr system (see page 374) is an example of Type 2, to which Wever also assigns 
Be, Al, Si, P. Ti, V, Ge, As, Cb, Mo, Sn, Sb, Ta and W. 

The diagrams of Type 3 have divergent transformation lines which end in 
heterogeneous regions as represented by Fe-C (see page 366). N, Cu, Zn. and Au 
are also placed in this group. 

Type 4 has a constricted gamma field, illustrated by Fe-S. In addition to S, 
B, Zr and Ce are found in this classification. 

Wever also developed a relation between the atomic radii of the elements and 
their effect on the polymorphism of iron as differentiated above. The values for the 
atomic radii were not those computed from the lattice constants of the pure elements. 
They were modified according to the ideas of Goldschmidt,’ first to take into account 
the degree of ionization of the atoms of the element in its crystal lattice and 
second to correct for variation in co-ordination number.* When these values were 
plotted against the corresponding atomic number a wave-like curve resulted at or 
near the peaks of which were found most of the elements insoluble in iron, while 
all the elements that widen the gamma field were situated in the troughs. Those 
elements that restrict the gamma phase were located principally at intermediate 
positions. 

In this relationship Wever noted that “not so much the absolute size of the 
atom itself as the position in the atomic radii curve, or better the position in the 
periodic system, decides to which of the four groups of equilibrium systems of iron 
an element belongs”. This, of course, is the effect of valence which Hume-Rothery* 
showed so conclusively in his study of binary alloys of silver. The point is illustrated 
in Fig. 1. 


"Number of nearest neighboring atoms, that is. in a body-centered cubic arrangement each 
atom has 8 equidistant neighbors. 
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A somewhat different classification based on rather ingenious diffusion experi¬ 
ments was made by W. D. Jones/ Using the principle that a diffusion boundary 
is an indication of a phase change, Jones' classification is as follows: 

1. Al, Sb, As. Be, Cr. Mo, P, Si, Sn, Ti, W, U.»» V. Zn,« when allowed to diffuse 
into iron between 1000 and 1300®C. produced a diffusion boundary with columnar 
I ferrite grains and presumably, therefore, the binary system of each element with 
iron includes a gamma loop. 
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Fig. 1—The types of binary iron alloys arranged in the periodic system of the elements. After 
Wever 

Triangles: Elements Insoluble in iron 
Square dots: Type 1 equilibrium diagrams 
Circular dots: Type 2 equilibrium diagrams 
Open squares: Type 3 equilibrium diagrams 
Open circles: Type 4 equilibrium diagrams 


2, B, O, Co, Cu, Au, Ir, Ni, Mn and Ag, when allowed to diffuse into iron 
between 1000 and ISOO^C., do not produce a diffusion boundary and presumably 
they tend to stabilize the gamma modification of iron. 

3. Ba, Bi, Cd, Ca, Ce, Pb, Mg, Hg, K, Se, S, Ta and Te gave no evidence of 
diffusion in Jones’ experiments, but he did not infer that no diffusion occurred. 

Jones further noted that the heat of oxidation of each of the elements which 
inhibits the gamma phase is higher than that of iron and that, with the exception 
of manganese and boron, the converse is true. 

The above correlations and others®- •- • all contribute toward an understanding 
of the fundamental laws governing alloy systems. It is to be hoped more will be 
developed so that eventually our vast store of empirical knowledge of this subject 
may be completely systematized. 
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*>See Uranium-Iron above. 

<^Note difference from Wever’s classlflcatlon. 
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Constitution of Iron-Aluminum Alloys 

By Dr. T. D, Yensen* and Dr. F. R. Henselt 

General—The binary system is not fully understood yet, although the latest work 
by Gwyer.“* »»Iwase and Murakami,” Wever,” and Osawa,” has cleared up many 
points. There was never much doubt about the aluminum-rich part of the system, 
which was studied particularly by E. H. Dix, Jr. (see page 908, Constitution of 
Al-Pe Alloys). The changes occurring on the iron side of the diagram during solidifi¬ 
cation have also been well established, but the polymorphic changes in the solid 
state have been determined only recently by Iwase and Murakami and by Wever. 
The central portion of the diagram has not been satisfactorily explained and wds 
recently studied by Osawa. There were difficulties in bringing that part of the 
diagram into agreement with the rules of heterogeneous equilibrium. Gwyer’s first 
diagram'^ and Kurnakow*s diagram* give no solution. Guertler^ first tried to solve 
the problem by assuming a eutectic point at 55% iron at a temperature of 1068*0. 
However, he pointed out that the correct diagram would probably not show a eutec- 



Per Cent A/uminum 

Fig. 1—Iron-Aluminum Constitution Diagram. 


tic, but a eutectold at that temperature after a peritectic reaction during solidlflca- 
tion. This view is confirmed by the latest diagrams of Gwyer and Phillips,** Iwase 
and Murakami,” and Osawa.” 

Constitution Diagram of Iron-Aluminum Alloys—The diagram given in Fig. 1 
has been constructed from data of Gwyer, Dix, Hanson, Kumakow, Murakami, 
Iwase, Wever, and Osawa. A description of this diagram follows: 

Alloys from 0-37% Aluminum—Hhe alloys in tliis range form a continuous solid 
solution, which extends to 32% A1 at room temperature and to 37% at 1080*C. 
Iwase and Murakami pointed out already that the solid solution changes its com¬ 
position somewhat with decreasing temperature. Microscopically, the alloys were 
found to be homogeneous. The changes of the polymorphic transformations of iron 
by the addition of aluminum have been determined by Iwase and Murakami” and 
by Wever.” The assumption that the line of magnetic transformation, as shown 
in Gwyer’s original diagram* and also in Kumakow’s diagram,* coincide with the 
curve of the polyiiiorphio changes of alpha to gamma iron has been shown by later 
investigations (Wever, Iwase, and Murakami) to be incorrect. The iron-aluminum 
system belongs to the group of iron alloys in which the gamma field is bounded by 

^Manager, Magnetic Division, Westinghouse Electric jk Mfg. Oo., Pittsburgh. 

fP. R. Mallory Si Co., Indianapolis. 
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a continuous curve formed by the lowering of A 4 and the raising of As. The gamma 
field extends to 98.8 or 99% iron. The aluminum content required to close the 
gamma loop probably depends somewhat on the purity of the iron, particularly with 
respect to oxygen and carbon, as in the case of iron and silicon.^^ 

The dotted line of magnetic transformation is taken from Iwase and Murakami*s 
results,^ except that the As point for iron has been definitely established at 769^0.*^ 
and the magnetic transformation curve consequently starts from this point. The As 
transformation decreases slowly by the addition of aluminum up to 10 %, and then 
rapidly imtil 16.5% content is reached, at room temperature. 

More recently Sykes and Evans*' have shown that alloys in the region corre¬ 
sponding to the composition PciAl (13.9% Al) ^'possess many interesting and hitherto 
unsuspected properties” depending upon whether the lattice structure occurs in a 
disordered or an ordered state. The change from the disordered to the ordered 
state can be prevented for compositions of less than 13.9% by quenching from 
600^0. but not for higher aluminum contents. 

The physical properties of iron-aluminum alloys up to 17% aluminum were 
investigated by Sykes and Bampfylde."” They found that alloys from 0-5% alumi¬ 
num are ductile and can be cold worked similar to pure iron. Alloys of 5-16% 
aluminum are brittle in ingot form and when cold. These alloys must be hot worked. 
Alloys above 17% cannot be worked. 

Electrical resistivity curves show that alloys containing 12-16% of aluminum are 
affected by heat treatment whereas no effect occurs in those with from 2 - 12 % alumi¬ 
num. The general shape of the curves of the mean coefficient of expansion sug¬ 
gests that some form of transformation occurs in alloys having an aluminum con¬ 
tent greater than 12% in the range of 500-600*^0. 

The lattice spacings of iron-aluminum alloys were studied by Bradley and Jay.” 
They found that both annealed and quenched alloys with from 0 - 10 % aluminum 
have a random atomic distribution and show a linear Increase in lattice spacing. 
The lattice spacings of alloys of 10-20% aluminum are anomalous and affected by 
heat treatment. Above 20% aluminum both the annealed and quenched alloys have 
the PeAl type of structure. 

Alloys from 37-49.5% AZumfnurTi—During solidification the solid solution e Is 
formed peritectically at 1210®C. (a solid solution + melt (PeAl)„ . . . e) which 
exists in the range from 49.5-40.5% Al and resolves into the 0 and a solid solutions 
by the eutectoid reaction at about 1080®C. This eutectoid is of the lamellar type 
and is visible imder the microscope in the unetched condition. 

The line of eutectoid decomposition is shown by most of the earlier diagrams 
although within different concentration limits. 

Alloys from 49.5-55% Aluminum —^The solid solution 8 , mainly consisting of the 
compound FcAls is formed peritectically at 1150*’C. by the reaction between the melt 
and the e phase (c solid solution -f melt FeAL . . . 8 ). A noticeably large uni¬ 
form range of the 8 phase exists at the temperature just below the solidus 
though it becomes a smaller one at lower temperatures. The solid solution 17 mainly, 
composed of the compound FesAU is formed also by a peritectic reaction (8 solid 
solution -h melt ^ Fe 2 Al 6 ... 17 ), at a temperature slightly lower than 1150*’C.; 
this phase lies between 53 and 56^ aluminum. 

KurnakowV electrical conductivity measurements between 42.5-60.3% aluminum 
showed that these alloys have minimum conductivity and temperature coefficient 
and that there is but a slight difference in the conductivity values within this 
composition range. The possibility of single points corresponding to intermetallic 
compounds is therefore remote. Iwase and Murakami's diagram” showed a homo¬ 
geneous phase between 43-59% aluminum which was ponsidered a solid solution of 
iron in the compound FeAls. This was, however, not in agreement with the thermal 
curves of alloys of this type shown by Owyer. 

Qwyer found in this range a decomposition in the solid state at 1158^0., which 
was, however, difficult to distinguish. Alloys containing 50-60% aluminum dis¬ 
integrate to a powder within a few days when exposed to air. 

Alloys from 55-59% Aluminum—The solid solution 5 composed of FeAl# and ex¬ 
isting at about 59% aluminum has a maximum melting point on the llquidus. The 
rang? of this solid solution at a high temperature is about 2-3% aluminum. A 
eutectic reaction is found to occur between the ^ and v solid solutions, the eutectic 
temperature being slightly lower than that of the peritectic reaction: (Melt -f- 0 

ly). The heterogeneous range between n and ^ is confined to 56-59% aluminum. 
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Alloys containing 50-60% aluminum are viscous in the liq\iid and brittle in tbe 
solid state. * 

Alloy of 59,28% Aluminum —^A slight maximum occurs in the liquidus curve. This 
alloy is homogeneous. iMost investigators agree that this maximum corresponds to 
the intermetallic compound FeAl* although from electrical conductivity measure¬ 
ments by Broniewskl there is no evidence of the existence of the compound FeAlt. 
It is assumed that FeAU is a compound of the Bertholet type, whose chemical com¬ 
position Is not definite. This compound is extremely hard and brittle. 

Alloys from 60-100% AZuminum—These alloys form a eutectiferous series. The 
eutectic alloy contains 98.11% aluminum with a freezing point of 653*0. This 
eutectic point was placed at 98-98.3% aluminum by different investigators at 
temperatiues in the range between 648 and 655*C. 
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Constitution of Iron-Carbon Alloys 

By R. S. Archer* 

Cementite—Iron and carbon form a hard, brittle, crystalline compound, the com¬ 
position of which is represented by the formula FesC. This compound is referred to 
as iron carbide, or cementite. It contains 6.68% carbon by weight. Cement!te crystal¬ 
lizes in the orthorhombic system, the unit cell containing 4 FesC groups. The lattice 
parameter has been determined by Westgren and Phragmen,* by Wever,* and by 
Shimura* on cementite crystals obtained from splegeleisen. (The crystals probably 
contained some manganese and were, therefore, not pure iron carbide). The ayerage 
values reported by these investigators are: ao = 4.51 A; bo = 5.06 A; Co = 6.74 A. The 
average value for density corresponding to these determinations is 7.73, which is in 
good agreement with the value 7.74 obtained by Benedicks and 7.66 by Honeyman. 
The positions of the iron and carbon atoms in the cementite crystal as determined 
by Hendricks from the data of Westgren and Phragmen have been accepted by 
Westgren* as probably correct. On heating above 1100®C., iron carbide decomposes 
rapidly to iron and graphite. Its melting point has therefore not been observed 
but has been estimated at about 2000®C. Cementite undergoes a magnetic transfor¬ 
mation at about 200*’C.,* designated Ao. 

Graphite—Under certain conditions, some of the carbon of iron-carbon alloys 
is present in the form of graphite, which is a distinct crystalline modification of 
the element carbon. Graphite is soft and friable. Graphite formed by annealing, 
as in malleable castings, is commonly referred to as temper carbon. 

Allotropy of Iron—(See “Physical and Mechanical Properties of Iron,” p. 424, 
this Handbook, for more detail). Solid iron is crystalline in structure, belonging to 
the cubic system. There are two distinct crystalline modifications of iron which are 
distinguished from each other by the arrangement of the atoms within the crystals. 
Each modification is stable only within certain ranges of temperature. 


Modification 

Crystal Structure 

Range of Stability, *C. 

Delta 

Body-Centered Cubic 

1535-1400 

Qamma 

Pace-Centered Cubic 

1400- 910 

Alpha 

Body-Centered Cubic 

010 and below 


The appearance of the new crystalline form on heating or cooling through one 
of the critical temperatures is accompanied by complete recrystallization. 

Iron undergoes certain discontinuous changes in physical properties in the 
neighborhood of 770'’C. In particular, there is a marked decrease in magnetic 
properties on heating, this change being completed at 775**0.* A slight evolution of 
heat on cooling, and a corresponding absorption on heating reach maximum intensity 
at 768'*C. These changes are not accompanied by a change in crystal structure or by 
any corresponding phase change in the iron-carbon alloys. 

Metallic Solid Solutions—Many metals possess the ability to dissolve certain 
other elements in the solid state, forming solid solutions which in many ways are 
analogous to ordinary liquid solutions. Ordinary brass, for example, is a solid solu¬ 
tion of zinc in copper. Among the distinguishing characteristics of metallic solid 
solutions are: (1) Absence of definite atomic proportions; (2) capacity for change 
in chemical composition without abrupt change in physical properties; (3) ability 
of the dissolved elements to diffuse under suitable temperature conditions; (4) 
attainment of physical and chemical homogeneity when sufficient opportunity for 
diffusion is allowed. 

It is probable that all metallic solid solutions are characterized by the atomic 
dispersion of the dissolved elements. When the atomic volumes of the solvent and 
solute elements are similar, as in the case of iron and nickel, it seems that the 
solute atoms replace atoms of the solvent, the space-lattice of which is retained. 
When the solute atom is markedly smaller than the solvent atom, as in the case of 
carbon and iron, it is quite probable that the solute atoms are in between atoms 
of the solvent. 

Ferrite—Alpha iron is capable of holding in solid solution considerable amounts 
of various elements, such as nickel, silicon, and phosphorus. The maximum solu- 

*Chlef Metallurgist, Chicago District, Republic Steel Corp. 
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bility of carbon in alpha iron occurring at 723®C. (1333®P.) is approximately 0.035%/* •* • 
This decreases as the temperature falls to less than 0.01%*’’* “ at room temperature. 
The varying solubility of carbon in alpha iron although slight, as shown by these 
figures, has appreciable effects on the properties of the iron-carbon alloys. 

The term **ferrite** is applied to solid solutions in which alpha iron (or delta 
iron) is the solvent. 

Austenite—Solid solutions in which gamma iron is the solvent are called austen¬ 
ite. Gamma iron dissolves carbon to a great extent. The maximum solubility at 
2066®P. is 1.7%. This decreases with temperature to 0.80% at 1333*P. 

Constituents and Phases—Those portions of an alloy which imder the micro¬ 
scope appear to be definite units in the structure are called constituents. Thus the 
constituents of an annealed low carbon steel are ferrite and pearlite. Usually the 
term constituent is only applied to a portion of the alloy which appears homo¬ 
geneous. Pearlite appears homogeneous at low magnifications, but at higher magni¬ 
fications it is seen to be a mixture of alternate plates of ferrite and cementite. 
Another constituent, troostite, appears homogeneous at all except very high magni¬ 
fications, at which it is seen to be similar in structure to pearlite but much finer. 
Sometimes the term constituent is applied to structural bodies which are easily seen 
to be mixtures, even at low magnifications. This is true of the austenite-cementite 
eutectic, called Ledeburite. 

A phase is a portion of an alloy, physically and chemically homogeneous through¬ 
out, which is separated from the rest of the alloy by distinct boimding surfaces. 
The following phases ocur in the iron-carbon alloys: Molten alloy, austenite, ferrite, 
cementite, and graphite. It will be noted that any of these phases may likewise 
be called a constituent. Not all constituents are phases, however, since some are 
mixtures and are not '^physically and chemically homogeneous throughout.” 

Constitution—The constitution of an alloy is completely described when we 
state what phases are present and how much of each. The question of the arrange¬ 
ment of these phases is not involved. It is a sufficient description of the constitu¬ 
tion of an annealed low carbon steel at room temperature, for example, to say that 
it contains 3% cementite and 97% ferrite, although a description of the structure 
of this steel might give the added information that it contains about 22% of pearUte 
and 78% of free ferrite. 

The iron-carbon diagram deals only with the constitution of the iron-carbon 
alloys and not with their structure. 

Equilibrium—The iron-carbon diagram represents alloys in a condition of equili¬ 
brium. It may be considered that a state of equilibrium exists in an alloy at any 
given temperature where exposure to that temperature for any further period of 
time does not produce any change in constitution, provided the temperature in 
question is sufficiently high to allow constitutional changes to go to completion. 
The test of equilibrium is that the same condition is reached, no matter from which 
side it is approached, whether heating or cooling. 

How Diagram Is Plotted—In Fig. 1 the temperature is plotted vertically and 
composition horizontally. Any point in the diagram represents a definite alloy at 
a definite temperature. The carbon content of the alloy is shown on the horizontal 
axis directly below the point in question, while the temperature is shown on the 
vertical axis directly opposite the point. 

The various lines of the iron-carbon diagram represent phase changes, as will 
now be described. 

The Liquidus—The line “ABCD,” called the liquidus, represents the beginning of 
solidification on cooling and the end of melting on heating. All points above this 
line represent alloys in a completely molten condition. All points below ABCD 
represent alloys partially or completely solid. 

Solidification—Alloys containing from 0-0.55% carbon begin to solidify on cool¬ 
ing to the line AB by the separation from the liquid of crystals of delta iron con¬ 
taining in solid solution an amount of carbon indicated by the line AH. By this 
separation of delta iron, the melt is enriched in carbon until the peritectic line 
HJB is reached. If the composition is to the left of J, delta of composition H will 
undergo a peritectic reaction with the melt of composition B resulting in the solidi¬ 
fication of austenite of composition J, and the amount of delta of composition H 
w^l be thus reduced. On further cooling to the line NJ, the delta ferrite will trans¬ 
form to austenite. If the composition is to the right of J, the delta of composition 
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H Will transform to austenite of composition J and reduce slightly the amount of 
the melt of composition B. On cooling to JE, the molten phase will solidify to austen¬ 
ite. Alloys containing from 0.55-4.3% carbon begin to solidify on cooling to the line 
BC by the separation of austenite crystals from the liquid. 

Alloys containing more than 4.3% carbon begin to solidify wltli the separation 
of cementlte from the liquid, on cooling to the line CD. 

The alloy containing 4.3% carbon is the eutectic alloy and solidifies entirely 
at the point C, with the simultaneous formation of austenite and cementlte. 

In the case of alloys containing 0.55-1.7% carbon, austenite continues to freeze 
out on cooling from JBC to JE. At JE the alloy is completely solid and consists of 
one phase, austenite. 

In alloys containing from 1.7-4.3% carbon, austenite freezes out of the liquid 
from BC to EC. At EC there is some residual liquid, which is of eutectic composi¬ 
tion. This liquid then solidifies at constant temperature, forining the eutectic mix¬ 
ture of austenite and cementlte. 

In alloys containing more than 4.3% carbon, cementlte freezes out on cooling 
from CD to CF. At CF the residual liquid is of eutectic composition and solidifies 
at constant temperature. 



The Solidus—The line AHJEF is called the solidus. Below this line all alloys 
are completely solid. 

Ferrite Solubility Curve—The temperature at which alpha iron forms from 
gamma iron on cooling is lowered by the presence of carbon in solid solution in the 
gamma iron, that is, in austenite. This is represented in the diagram by the line 
GS, which shows that the temperature of formation of ferrite decreases from 1670*F. 
for pure iron to ISSS^^F. for an alloy containing 0.80% carbon. The formation of 
ferrite from the solid solution austenite is analogous to the precipitation of a salt 
from its solution in water. The line OS thus expresses the solubility of ferrite in 
austenite, and may be referred to as the ferrite solubility curve. 

The dotted line MO represents the discontinuous change in the physical prop¬ 
erties of alpha iron at about 768'’C. It does not represent a phase change in the 
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iron-carbon alloys. The thermal arrest occurs at MO, and in alloys of higher car¬ 
bon content is merged with the other arrests corresponding to the line OSK. Some 
diagrams show a sharp break in the ferrite solubility curve GOS at the point O. 
There seems to be sufficient evidence that GOS should be slightly curved, as shown 
in Pig. 1, but a sharp break at the point O is questionable. When austenite contain¬ 
ing less than 0.80% carbon is cooled to temperatures represented by the line GOS, 
ferrite separates from solution. Since the ferrite is almost carbon-free iron, its sepa¬ 
ration results in an enrichment of the remaining austenite in carbon. This causes 
a progressive lowering of the temperature at which ferrite separates out, and the 
austenite constantly diminishes in amotint and becomes richer in carbon. Consider 
a steel containing 0.40% carbon. At 1650°P. this steel consists entirely of austenite. 
On cooling to about 1435®P. ferrite begins to form, and continues to separate from 
the austenite as the steel cools further. When a temperature of ISSS^'F. is reached, 
the steel consists of one-half ferrite containing practically no carbon and one-half 
austenite containing 0.80% carbon. « 

Cementite Solubility Curve—At the eutectic temperature, 2066®F., austenite will 
hold 1.7% of carbon in solid solution. When austenite of this composition is cooled, 
cementite precipitates from solution. The solubility of carbon in austenite at vari¬ 
ous temperatures is shown by the line SE, which may be called the cementite solu¬ 
bility curve, as cementite is the phase which is precipitated. 

When a steel containing more than 0.80% carbon is cooled from a temperature 
at which it is austenitic, cementite begins to deposit at the line SE. Since cementite 
contains 6.68% carbon, its precipitation causes a lowering of the carbon content 
of the austenite. This lowers the temperature at which cementite precipitates, and 
the cooling of the steel results in a progressive precipitation of cementite and a pro¬ 
gressive decrease in the carbon content of the austenite! This continues until a tem¬ 
perature of 1333**F. is reached, and the residual austenite then contains 0.80% 
carbon. 

The Eutectoid—No matter what carbon content is started with, austenite reaches 
a temperature of 1333 ®F. on slow cooling with a carbon content of 0.80%. 

On cooling through this temperature austenite containing 0.80% carbon deposits 
simultaneously a mixture of ferrite and cementite. This mixture is called the 
euteetoid, from analogy to the eutectic. 

The euteetoid temperature 1333'’F. is the temperature at which austenite is 
simultaneously saturated with both ferrite and cementite. This is represented in 
the diagram by the intersection of the ferrite solubility curve GS with the cementite 
solubility curve SE, at the euteetoid point S. 

Pearlite—With moderately slow cooling, the decomposition of austenite contain¬ 
ing 0.80% carbon results in the formation of a constituent in which the ferrite and 
cementite occur as alternate thin lamellae. These lamellae refract light in a similar 
manner to the lines of a diffraction grating, giving the constituent a pearly appear¬ 
ance, from which it has received the name pearlite. 

Reversibility of Phase Changes—^The phase changes which occur on cooling, as 
described above, are reversed on heating. For example, on heating pearlite through 
1333*’F. the ferrite and cementite redissolve to form austenite. Considering the 
0.40% carbon steel again, we have at room temperature a mixture of approximately 
equal parts of ferrite and pearlite. On heating to the line PSK (Fig. 1) this pearlite 
changes at constant temperature to austenite of euteetoid composition; the ferrite 
is unaffected.* On heating above PSK the ferrite gradually dissolves in the austenite 
until all of the ferrite is dissolved on crossing the line GS, and the austenite con¬ 
tains 0.40% carbon. 

The Critical Points—The phase changes described liberate heat when they take 
place on cooling, and absorb heat on heating. These evolutions and absorptions of 
heat are shown by halts or arrests in cooling curves and heating curves, which indi¬ 
cate the temperatures at which the changes take place, and are usually called the 
critical points. 

The method of designating the various points, which is borrowed from the French, 
needs a word of explanation. The halt or *'arrest” in cooling or heating is designated 
by the letter A, standing for the French word arr6t. An arrest on cooling is re¬ 
ferred to by the letters Ar, r standing for refroidissement = cooling. An arrest on 
heating is designated by the letters Ac, the c standing for chauffage = heating. The 


*Except for dissolving the traces of carbon soluble below Al. 



370 


IRON-OARBON ALLOYS 


various arrests are distinguished from each other by numbers after the letters, being 
numbered in the order in which they occur as the temperature increases, as follows: 


Arrest 

Temp. •P. 

Significance 

AO 

390 

A magnetic change in cementite. Probably not a phase 
change. Hence shown in diagram by dotted line. 

Al 

1333 

The eutectoid transformation. 

A2 

1414 

A change in the magnetic and certain other properties 
of alpha^iron. Not a phase change. 

A3 

1333-1670 

The beginning of the precipitation of ferrite from aus* 
tenite on cooling, or the end of its solution on heating. 

A4 

2552 (in pure Iron) 

The change from gamma to delta iron on heating, and 
vice versa on cooling. 


Whfcn the critical point or the recalescent point is mentioned, it is usually the 
temperature of the eutectoid transformation, Al, that is meant. 

Lag—The temperatures given above, and in the diagram refer to conditions of 
equilibrium. Under practical conditions there is a delay or lag in the attainment 
of equilibrium, and the critical points are found at lower temperatures on cooling, 
and at higher temperatures on heating, than those given. That is, there is a differ¬ 
ence between the Ar points and the Ac points. This difference increases with the 
rate of cooling or heating. The equilibrium temperatures correspond to very slow 
cooling or heating. 

Classification of Alloys—Steels containing less than 0.80% carbon are called 
hypoeutectoid steels. Steel containing approximately 0.80% carbon is called eutectoid 
steel, or steel of eutectoid composition. Steels containing more than this amount of 
carbon are called hypereutectoid. Alloys containing less than 4.3% carbon are hypo- 
eutectic alloys: alloys containing more than 4.3% carbon are hypereutcctic alloys. 
The alloy containing 4,3% carbon is the eutectic alloy. 

Phase Fields—While the various lines of the constitution diagram represent 
phase changes, the areas bounded by these lines represent conditions of temperature 
and composition under which certain phases are stable. The phases stable within 
the various fields of the diagram are as follows: 


Above ABCD Liquid Solution 
AHB Delta 4- Liquid 

AHN Delta Iron Solid Solution 

HJN Delta + Gamma 

JBCE Gamma + Liquid 


DCF 

NJESG 

GSP 

ESKF 

Under PSK 

GPQ 


Cementlte + Liquid 
Austenite 

Ferrite + Austenite 
Cementlte + Austenite 
Ferrite 4- Cementlte 
Alpha Ferrite 


Proportions of Phases—^The amount of a certain phase present in a given alloy 
at a given temperature can be calculated in accordance with the following principle 
and examples: Determine the number of units on the composition axis between 
the points at which the alloy consists entirely of the phase in question, that is, the 
point at which the quantity of this phase is 100%, and the point at which the 
quantity of this phase has just decreased to 0.00%. Represent this number of xmits 
by the letter M. Determine the number of units on the composition axis between 
the composition of the alloy in question, and the point at which there is 0.00% of 
the desired phase. Represent this number by the letter N. Then the amount x of 
the desired phase, expressed in per cent, is 


N 

X = — X 100 
M 


If the compositions expressed by the letters “M” and “N*’ are in weight percent, 
then the amount “X” of the desired phase will also be in weight percent. In the 
case of the iron-carbon alloys, however, the density of cementlte is so close to that 
of iron, that “X” will also closely represent the volume percentage of the desired 
phase. In alloys whose constituents differ markedly from each other in density, 
a more general method of calculation must be employed which takes into account 
the densities of the various constituents. 

For example, it is desired to calculate the amount of cementlte in the austenite- 
cementite eutectic immediately after solidification; that is, at the eutectic tempera¬ 
ture. With 6.68% carbon the alloy is 100% cementlte. As the carbon is decreased the 
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amount of cementite decreases, becoming zero at 1.70% carbon, which ii^the amount 
soluble in iron at this temperature. The quantity M referred to above is then 
6.68—1.70=4.98. The eutectic alloy is 4.30—1.70=2.60 units from the point of zero 
cementite. Then 


2.6 

- X 100 = 52% cementite in the eutectic alloy, 

4.08 

100 — 52 = 48% austenite in the eutectic alloy 

Description of Phases According to Origin—^The austenite that freezes out of 
hypoeutectic alloys above the eutectic temperature is usually distinguished as pri¬ 
mary austenite. The austenite of the austenite-cehientite eutectic is referred to as 
eutectic austenite. Likewise, the cementite which freezes out of alloys containing 
more than 4.3% carbon is called primary cementite, and the cementite of the eutectic 
is called eutectic cementite. The ferrite which forms from hypoeutectoid austenite at 
GS is called proeutectoid ferrite, and the cementite which precipitates along SE is 
proeutectoid cementite. The ferrite and cementite of the eutectoid itself are de¬ 
scribed as eutectoid or pearlitic. Thus there are two kinds of ferrite from the struc¬ 
tural standpoint, and four kinds of cementite distinguished by their origin. 

Structural Constitution—The quantities of the structural constituents present in 
an alloy can also be calculated with the help of the equilibrium diagram, using 
the principle illustrated above. 

Suppose it is desired to calculate the amount of pearlite in a 0.35% carbon steel 
at room temperature. The carbon content corresponding to 100% pearlite is 0.80%. 
Assuming that the solubility of carbon in iron at room temperature is zero, which 
is practically the case, the point at which the amount of pearlite decreases to zero 
is 0.00% carbon. Then M = 0.80 — 0.00 = 0.80. 

N = 0.35 — 0.00 = 0.35 

The amoimt of pearlite in the steel 

N 0.35 

= — X 100 = - X 100 = 44% 

M 0.80 

The amount of ferrite in the steel = 100 — 44 = 56%. 

A steel containing 1.7% carbon, after cooling at a normal rate to room tempera¬ 
ture, is composed of pearlite and proeutectoid cementite. The amount of this 
cementite can be calculated as follows: The carbon content at which the structure 
would consist entirely of cementite is 6.68% (the composition of pure cementite). 
The carbon content at which the proeutectoid cementite decreases to zero is 0.80%. 
Then M = 6 68 — 0 80 = 5.88. N = 1.70 — 0.80 = 0.90. The quantity of proeutectoid ce¬ 
mentite in the 1.70% carbon steel is then 

N 0.90 

— X 100 = - X 100 = 15% 

M 5.88 

The amount of pearlite in the steel is 100 — 15 = 85%. Since 1.7% carbon is the max¬ 
imum amount soluble in austenite, 15% is the maximum amount of proeutectoid 
cementite possible. 

Effect of Other Elements—All comir.ercial steels contain more or less manga¬ 
nese, phosphorus, sulphur and silicon. Most commercial steel also contains residual 
amounts of copper and nickel. The data on temperature and composition which 
are represented in the iron-carbon diagram refer to iron-carbon alloys containing 
extremely low amoimts of other elements. The amoimts of these other elements 
which are present in commercial steel may alter appreciably the location of the va¬ 
rious lines in the diagram. When still larger amounts are present, even the form of 
the diagram may be substantially changed. The constitutions of various binary alloys 
of iron are discussed in the articles immediately following this one. It is hoped 
that it will later be possible to present complete data on the constitution of the 
ternary alloy systems comprising iron, carbon and one other element. The effect 
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of this othef element on* the constitution of the iron-carbon alloys will then be 
completely described. 

Stable vs. Metastable Equilibrium—Under certain conditions the carbon of iron- 
carbon alloys occurs as graphite. This is favored by extremely slow cooling, a 
condition which in general favors the establishment of stable equilibrium. It is, 
therefore, generally considered that iron and graphite represent the ultimately 
stable phases of the iron-carbon system, and that the occurrence of iron and 
cementite represents metastable equilibrium. Accordingly, alloys which at various 
temperatures consist of austenite and graphite, or of ferrite and graphite, with 

no cementite, are said to constitute the stable system. 
Alloys containing cementite but no graphite, which 
have been described above, are said to constitute the 
metastable system. 

Phases of Stable System—The phases of the stable 
system are: (1) Liquid alloy; (2) austenite; (3) ferrite; 
and (4) graphite. It will be noted that the first three 
of these also occur in the metastable iron-cementite 
system. 

Effect of Composition on Graphitization—The for¬ 
mation of graphite is favored by the presence of sili¬ 
con,* nickel and aluminum. In practice it is difficult 
to produce graphite in strictly pure iron-carbon alloys. 
The occurrence of graphite in such products as gray 
cast iron, malleable iron, and tool steel is usually due 
to the presence of silicon. 

Graphitization is opposed by the presence of car¬ 
bide forming elements such as chromium and man¬ 
ganese. Sulphur as iron sulphide strongly opposes 
graphitization, but is inactive when present as manga¬ 
nese sulphide. The first additions of manganese, there¬ 
fore, favor graphitization by neutralizing sulphur. For 
a given composition of alloy with respect to elements 
other than iron and carbon, graphitization takes place more readily the higher the 
totql carbon. 

Diagram for Stable System—The constitution diagram of the iron-graphite 
system is shown in Pig. 2 in full lines, the dotted lines representing the equilibria 
of the iron-cementite system. 

In the case of three lines, AC, AE, and GS, the dotted lines and full lines 
coincide. This is because these lines represent equilibria between those three 
phases which are common to the two systems. 

The rest of the diagram, in which the dotted lines and full lines do not 
coincide, merely expresses the fact that at all temperatures the solubility of 
graphite in iron is less than that of cementite in iron. Accordingly the eutectic 
and eutectoid temperatures of the iron-graphite system are higher than for the 
iron-cementite system. 

The diagram is qualitative in that it does not represent the exact differences 
in solubility and temperature. Thes^ differences are relatively slight. Wells” has 
made careful determinations in the region around the eutectoid, using alloys of high 
puri^, and Mehl and Wells* investigated metastable (iron-cementite) equilibria in 
the same alloys. They place the eutectoid at 0.80% carbon in the metastable system, 
and at 0.69% carbon in the iron-graphite system; the eutectoid temperature at 723°C. 
for iron-cementite, and at 738®C. for iron-graphite. 

Graphite and Cementite Together—Both stable and metastable equilibria may 
be^epresented in the same alloy, as illustrated by the following example: 

Well annealed malleable castings consist almost entirely of ferrite and graphite 
and, therefore, belong entirely to the stable system. Suppose a piece of malleable 
cast iron containing 2.40% graphite is heated to 1600*F. The graphite will begin 
to dissolve in the iron, forming austenite. This process will continue until the 
carbon content of the austenite reaches a value represented by a point where a 
1600*F. hori 2 Sontal Intersects the graphite solubility curve S'E', that is, at about 
1.00%. When this solution process comes to rest the alloy is in a state of equi¬ 
librium, the equilibrium belonging to the stable system. Now if the alloy is cooled 
slowly to room temperature, a rate of about 10-20^F. per hr. being required for 



Fig. 2—Stable and Metastable 
Equilibrium Diagrams. The 
Dotted Lines Represent Meta¬ 
stable Equilibrium and the Solid 
Lines Represent Stable Equilib¬ 
rium. For simplicity, some de¬ 
tails which are not pertinent to 
the iron-graphite system are 
omitted from this diagram (see 
Fig. 1). 
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ordinary malleable, graphite will be reprecipitated. However, if the alloy is cooled 
moderately fast, as by air cooling, only a little graphite will be formed from the 
1.00% of carbon dissolved in the austenite. Most of this carbon will precipitate 
as cementite, forming pearlite on passing through Ari. This pearlite belongs to 
the metastable system. 

Ordinary cast irons, which generally contain both graphitic and “combined” 
carbon, represent a combination of stable equilibrium, attained or approached at 
the higher temperatures, and metastable equilibrium, produced by the more slug¬ 
gish phase changes at the lower temperatures. 

Remarks—Attention is called to the fact that the diagram here given repre¬ 
sents conditions of equilibrium in iron-carbon alloys of the highest purity available 
to the various investigators upon whose work the diagram is based. Small amoimts 
of impurities have appreciable effects upon temperatures at which the phase 
changes occur, and it has not been easy to prepare and work with iron-carbon 
alloys of such purity that the impurities present could be said to have no appre¬ 
ciable effects. Oxygen, in particular, is difficult to eliminate. Temperatures are 
altered, and changes represented in the diagram as occurring at constant tempera¬ 
ture may take place over an appreciable range of temperature. In commercial 
steels the pearlite change at Ai, for example, takes place over a range of tempera-^ 
ture instead of at a constant temperature, as represented in the diagram by the* 
line PSK. 

The carbon contents and temperatures which define the various points in the 
diagram have been selected after a review df the work of the various investigators 
in this field. The reader who has further Interest in the subject is referred to a 
very thorough and critical review of the subject in the monograph on iron-carbon 
alloys.^ 

It will be noted that all of the lines in the diagram are drawn straight, with 
the exception of the line GOS. It is probable that most of these lines, with the 
exception of the horizontals, are curved, but it is considered that there is 
insufficient evidence at present on which to base the construction of lines having 
a definite degree of curvature. The line GOS, it seems, should be definitely 
curved in the direction shown and approximately to the extent shown.* 

References 

^A. Westgren and G. Phragm^n. X-ray Studies on the Crystal Structure of Steel, J. Iron Steel 
Inst., 1922, V. 105, p. 241. 

2F. Wever, Beitr&ge zur Kenntnls des Elsenkarbldes, Mitt. Kaiser-Wilhelm Inst. Eisenforsch., 
1922, V. 4, p. 67. 

*S. Shimura, Study on Crystal Structure of Cementite, proc., World Eng. Congr., Tokyo, 192». 
V. 34, p. 223. 

SA. Westgren, Cementltens kristallstruktur (The Crystal Structure of Cementite), Jemkontorete 
Ann., 1932, v. 116 (87), p. 457. 

^R. F. Mehl and C. Wells, Constitution of High Purity Iron-carbon Alloys, A.I.M.E., 1937, 
Tech. Pub. No. 798. 

^W. Koster, Der Einfluss einer W&rmebehandlung unterhalb Ai auf die Eigeuschaften des 
technischen Eisens (The Influence of Heat Treatment Below Ai on the Properties of Commercial 
Iron), Arch. Elsenhuttenw., 1929, v. 2, p. 503. 

«H. Scott. What Is Steel?, Chem. Met. Engr., 1922, v. 27. p. 1156. 

*J. H. Whiteley, The Solution of Cementite in Alpha Iron and Its Precipitation, J. Iron Steel 
Inst., 1927, V. 116, p. 293. 

i"N. B. Pilling, Mlcrographlc Detection of Carbides in Ferrous Alloys. Trans., A.I.M.E., 1924, v. 
70. p. 254. 

>*T. D. Yensen, Magnetic Properties of the Ternary Alloys Fe-Sl-C, Trans., Am. Inst. Elec. 
Bng’rs, 1924, V. 43, p. 145. Condensed, J. Am. Inst. Elec. Eng’rs, 1924, v. 43, p. 558. 

i^C. Wells, Oraphitizatlon in High Purity Iron-Carbon Alloys, Trans., A.S.M.. 1938, v. 26, p. 289. 

'*R. S. Archer, Oraphitizatlon of White Cast Iron, Trans., A.I.M.E., 1922, v. 67, p. 445. 

'<S Epstein, Alloys of Iron & Carbon, v. 1, Constitution, McGraw-Hill Book Co., 1936. 




374 


IRON-CHROMIUM ALLOYS 


Fe 1216 


Constitution of Iron-Chromium Alloys 

By Eds:ar C. Bain* and Robert H. Abom** 

Introduction—The fundamental concept of an iron alloy system wherein the 
alloying element is more soluble in alpha or delta iron than in gamma iron, and 
which, therefore, has a limited composition range for stable austenite, is so essential 
to the understanding of the iron-chromium system that reports of the early investi¬ 
gators who did not recognize this possibility need not be considered here. Prob¬ 
ably anticipated by Tammann' and certainly predicted by Hanson* and Oberhoffer*, 
the existence of the gradually restricted (and finally suppressed) temperature range 
of stability for the gamma iron solid solution was first definitely determined by 
Wever*. With Glanl and Reinecken he constructed the equilibrium diagrams for the 
iron-silicon and the iron-tin systems which, like the iron-chromium series, exhibit 
the **austenite loop”; a very important contribution to ferrous metallography. Shortly 
thereafter, the same characteristic in the iron-tungsten and iron-molybdenum sys¬ 
tems was independently discovered and announced by Sykes* who accurately con¬ 
structed their equilibrium diagrams, and the austenite loop in iron-chromium alloys 

was found by Bain*. 

Fig. 1 illustrates the growth of 
op the diagram as contributed to by 
various investigators." The original 
3200 view that chromium raises the Aa 
temperature even when present in 
small amounts was based upon tests 
on impure alloys and was rejected 
2S00 with further evidence. Recent 

studies by the present authors un¬ 
der proven equilibrium conditions 
and dilatometric researches"* cor- 
2400 roborate the Oberhoflfer and Esser'^ 
loop rather than Kinzers* horizontal 
As line. Adcock's® liquidus and 
solidus appear more probable than 
2000 Qj Oberhoffer and Esser, al¬ 

though the melting point'® of chro¬ 
mium seems somewhat uncertain. 
1600 Wever and Jellinghaus" corrobo¬ 

rate the existence of the brittle 
compound. The region of the com¬ 
pound is left uncertain (dotted) in 
1200 ^^6 diagram because of certain am¬ 

biguities in the interpretation of the 
data. As in the iron-aluminum and 
iron-silicon alloys, very large physi- 
600 cal effects seem to result from a 

3 pre-precipitation stage of the com¬ 

pound formation and the represen- 
^ tation of this condition in a phase 

diagram is still an undecided ques¬ 
tion. 

Characteristics of the Iron-Chromiimi Alloy Series—^The authors have drawn 
the diagram in Fig. 2 as representing a probable best compromise. While certain 
refinements will doubtless entail future revision, the diagram is not believed to be 
seriously in error. The principal characteristics of the iron-chromium alloy series 
are as follows: 

1. The melting range shows a single noneute(Stiferous minimum, at which solidus 
and liquidus are tangent, characteristic of homogeneous isomorphic series. 

2. Delta iron and chromium are completely miscible in all proportions in the 
solid state, and form therefore, at elevated temperature, a complete series of homo¬ 
geneous solid solutions. 


*Asst. to Vice Pres, and **Research Laboratory, United States Steel Corp., Pittsburgh. Pa., 
and Kearny, N. J. 



Pig. l-Iron-Chromium Constitution 
contributed to by various Investigators. 
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3. Gamma iron, even at the temperature of its greatest chromium dissolving 
capacity (925-950'’C.) holds only about 12.8% chromium in saturated solid solution. 

4. Increasing chromium content rapidly lowers the A 4 or delta gamma 
transformation temperature, and likewise in proportions up to about 7 or 8 % lowers 
the Aa or alpha ± 1 ; gamma transformation; beyond this, higher concentration 
of chromium, while it continues to lower the A4 temperature, rapidly raises the A« 
temperature until Aa and A4 coincide. 

5 . The Aa transformation which, for pure iron, occurs at a single constant 
temperature requires a range of temperature in irori-chromium alloys, a circum¬ 
stance necessitating a two phase (alpha + gamma) region in the equilibrium dia¬ 
gram. This temperature range, however, of the mixed structure is narrow and 
vanishes at the single composition (about 7 or 8 % chromium) corresponding to the 
minimum A# temperature. All compositions, excepting pure iron, show a tempera¬ 
ture range for the A 4 transformation, with the corresponding delta + gamma field 
in the diagram. 


The very circumstance of the disappearance of transformation in alloys carry¬ 
ing more than about 12 . 8 % chromium forces the conclusion that alpha iron and 
delta iron are in reality the same phase of crystalline entity. This point is of suffi¬ 
cient significance to warrant consideration. If chromium be added continuously to 

iron, at for example, 800®C. (hence 
to alpha iron or ferrite) then no 
phase change is encountered even 
when an alloy of 18 or 20 % chro¬ 
mium is reached. If such an alloy 
is heated to a very high tempera¬ 
ture (1425®C.) no change of phase 
occurs; and if gradually the chro¬ 
mium content is reduced to zero, 
the same phase is still preserved 
and the final pure iron is in the so- 
called delta condition. The lattice 
parameter of the crystal unit 
of pure iron at this temperature 
(2.93A) is in accord with the ob¬ 
served thermal expansion of alpha 
iron from its room temperature 
crystal dimension (2.860A). Alpha 
iron and delta iron are therefore 
in reality the same allotropy. 

6 . The temperature of rapid 
magnetic change in iron (As) is, ex¬ 
cept for a possible slight elevation 
accompanying the first small addi¬ 
tions, uniformly lowered by increas¬ 
ing chromium content. 

7. In all probability a com¬ 
pound, FeCr, is formed in alloys 
carrying more than perhaps 30% 
and less than 55% chromium. The 
rate of the transformation of ferrite 
to this brittle phase (B constit- 



PerCent Chromium 

Fig. 2—Iron-Chromium Constitution Diagram rep¬ 
resenting best compromise from various Investiga¬ 
tors- (Bain and Aborn.) 


uent)*® is extremely slow in pure alloys unless cold worked,” but rapid in the pres¬ 
ence of a few per cent of nickel and other elements. The rate of formation of FeCr Is 
the more rapid the nearer the temperature is maintained to its upper limit of 
stability. The constituent when developed appears to be converted to ferrite at tem¬ 
peratures above about 900**C. even for the pure constituent, and at lower temper¬ 
atures when it forms only part of the alloy. Pon example, a temperature of 
about 700®C. destroys the phase when developed in a 30% chromium alloy. The 
compound, as would be expected, is extremely hard and brittle, and is nonmagnetic. 
Although several investigators offer evidence for the existence of this compound 
(see references 13, 14,15, 16,17 and 19), Adcock hds not been able to verify it in his 
purest alloys. 

8 . All iron-chromium alloys containing even up to about 40% chromium are 
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(in the absence of the brittle phase FeCr) definitely plastic even at ordinary tem¬ 
perature. The malleability and plasticity decreases with increasing chromium con¬ 
tent and grain size. At high temperature the alloys are forgeable with chromium 
up to 60 or 70%; even pure chromium exhibits definite high temperature plasticity. 

9. The alloys containing less than about 12.8% chromium, and therefore exhibit¬ 
ing allotropy, are definitely hardened by quenching from temperatures establishing 
the gamma iron solid solution. The higher chromium alloys in this range undergo 
greater hardening by quenching, which forms a carbonless martensite with definite 
acicular markings as observed microscopically. Alloys carrying more than about 
5% chromium may be quenched from terpperatures which establish the high tem¬ 
perature alpha iron solution (d ferrite), without any transformation, to yield un¬ 
changed the high temperature structure. The allotropic change to austenite, and 
its reversion, is thereby obviated entirely. 

10. Carbon, nickel, manganese, and cobalt when present in the iron-chromium 
alloys rapidly increase the maximum chromium solubility in the gamma iron solu¬ 
tion (austenite); whereas silicon, tungsten, molybdenum, vanadium, aluminum, tan¬ 
talum, and phosphorus, reduce the chromium solubility in austenite. The ternary 
iron-chromium-carbon system is relatively complex due to the formation of several 
different carbides and to the unusual circumstance of the existence at equilibrium 
of carbide and ferrite in contact at high temperature with no austenite. 

11. When about 11.5% chromium is present in homogeneous solid solution in 
iron the resultant alloy is substantially unattacked in many oxidizing environments. 
The abruptness of the acquisition of this corrosion resistance from the standpoint 
of composition calls to mind the Tammann rule of eighths since the critical com¬ 
position for this passivity is practically 1 atom of chromium to 7 of iron—1 in 8. 
The corrosion resistance is believed to be effected by a passive surface layer con¬ 
taining oxygen, and is a characteristic common to all members of the stainless 
steel family. 
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Constitution of Iron-Copper Alloys 

By J. L. Gregg* and B. N. Daniloif t 


General—The iron-copper diagram has assumed a new importance because of 
the recent discoveries that marked precipitation hardening can be produced in the 
iron-rich alloys and that the quenching preceding the aging treatment need not 
be at all drastic, thus making it possible to harden the alloys by merely reheating 
the air cooled specimens to a temperatme at which precipitation occurs. The dia¬ 
gram is also interesting because its liquid immiscibility field appears to be miique 
among metallic systems. 

As a part of the Alloys of Iron Research program the literature on the allosrs 
of iron and copper was reviewed by the authors, while at the Battelle Memorial 
Institute, and the results were published in the book “Alloys of Iron and Copper” 
in 1934. A thorough search of the literature in connection with this work has 
proved that the available data 
are not sufficiently reliable and 
consistent to permit the con¬ 
struction of an accurate and 
certain iron-copper equilibrium 
diagram, but what is believed 
by the authors to be the most 
probable diagram has been 
drawn and is described at right. 

Review of Early Work on 
Iron-Copper Diagram—Though 
earlier workers had studied 
iron-copper alloys, an attempt 
to actually determine the iron- 
copper diagram was first made 
by Sahmen’ in 1908. In disa¬ 
greement with some of the 
earlier observers, notably Pfeif¬ 
fer® he found that the alloys 
were completely miscible in the 
liquid state. Work of Ruer and 
Pick® and Ruer and Goerens*, 
reported in 1913 and 1917 re¬ 
spectively, definitely established 
the fact that 2 liquid layers 



Per Cent Copper, By Weight 
Fig. 1—^Iron>Copper Constitution Diagram. 


could occur in the iron-copper system. Presumably accurate thermal analyses, how¬ 
ever, failed to indicate a horizontal portion of the liquidus required by the phase 
rule when alloys melt to form 2 conjugate liquids. In commenting on iron-copper 
alloys in 1925, Ostermann® pointed out that the discordant results of the various 
investigators and the Inconsistency with the phase rule would be explained if the 
region of liquid immiscibility approached but did not intersect the liquidus. This 
hypothesis was in part supported by the observation of Ruer and coworkers that 
the region of immiscibility narrowed as the temperature decreased. Experimental 
data secured by Mtiller® also supported Ostermann's hypothesis, although Ruer^ 
was not convinced that the field of liquid immiscibility was closed at the low tem¬ 
perature. A recent investigation by Maddocks and Claussen” indicated that there 
is no liquid immiscibility at temperatures as high as 1570®O. in alloys containing 
almost no carbon. 


Iron-Copper Constitution Diagram—In the constitution diagram given in Pig. 1 
the region of immiscibility is shown as closed at about 20®C. above the liquidus. 
As far as the authors are aware, this is the only known binary metallic system in 
which alloys of all compositions melt to form a single liquid but in which alloys 
within a given range of composition separate into two conjugate liquids as the 
temperature is raised. This behavior has been observed in a number of nonmetallic 
systems. 

No compounds are formed in the iron-copper system, and the solid phases pres- 


*Bethlehem Steel Oo., Bethlehem, Pa. 
♦United States Navy Yard, New York 
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ent are merely a solution of one component in the other. In the diagram they are 
described as follows: 

delta—Iron-rich phase with body-centered lattice stable at high temperatures, 
gamma—Iron-rich phase with face-centered lattice, the **austenite*' of this system, 
alpha—iron-rich phase with body-centered lattice stable at low temperatures, the *'ferrite’* 
of this system. 

epsilon—the copper-rich phase, containing not more than 4% iron. 

The iron-rich portion of the iron-copper system is strikingly similar to that 
of the iron-carbon system. Like iron-carbon alloys, in certain concentrations the 
melt reacts peritectically with the delta phase to form the gamma phase. The tem¬ 
perature of this reaction as determined by Ruer and Klesper® is 1477®0. In the 
diagram, delta solid solution of composition h reacts with melt of composition b 
at this temperature to form gamma solid solution of composition i. 

The Eutectoid—A eutectoid occurs in the iron-copper system in which the gamma 
solid solution is converted into alpha and epsilon solid solutions. The eutectoid point 
Is shown as p in the diagram and the alpha and epsilon phases in equilibrium with 
the gamma phase at the eutectoid temperature are represented as o and q respec¬ 
tively. Ruer and coworkers found the eutectoid temperature to be 833°C. and located 
point p at 2.3% copper, but Buchholtz and Kdster® gave the temperature as 810°C. 

I op and the concentration as 5.5% cop- 

I * per. The latter values were used In 

drawing the diagram, but it is not 
1600 known whether or not they are more 
reliable than the others. A recent 
investigation by Norton^ indicated 
that the eutectoid was in the neigh- 
borhood of 850°C., but this transfor- 
mation temperature was not deter¬ 
mined with certainty. 

Phases of Iron-Copper System- 
Line np corresponds to the Aa line of 
800 the iron-carbon system. Along this 
line the alpha phase whose composi¬ 
tion is represented by line no Is 
formed on cooling. Line Ip corre¬ 
sponds to the A,.in line of the iron- 
carbon system. Along this line, epsi¬ 
lon phase of composition mq is 
formed on cooling. 

Line il, separating the gamma from 
the gamma plus liquid phase, has not 
been accurately determined. If its 
• direction is as shown, certain alloys 
partially melt on cooling, and accord¬ 
ing to Ostermann® this surprising 
phenomenon does occur. However, Vogel and Dannohr® in a recent publication 
reported that the solubility of copper in gamma iron is 8% at 1470®O. and increases 
to 8.5% at 1094®C. 

A second peritectic reaction occurs at 1094®C. in which melt of composition e 
reacts with gamma of composition 1 to form epsilon of composition m, as was 
established by Ruer and coworkers. 

The temperature of magnetic transformation, as determined by Ruer and co¬ 
workers, is shown by the line rtu. 

The solubility of copper in alpha iron below the eutectoid temperature and the 
solubility of* iron in copper decrease with decreasing temperature, thereby suggest¬ 
ing the possibility of dispersion hardening in both iron-rich and copper-rich alloys. 
As was shown by Hanson and Pord,^® the degree of dispersion hardening that can 
be produced in copper-rich alloys is not great, but recent workers, including Kin- 
near,*^*“ Nehl,“ and Buchholtz and Koster,® have shown that marked precipita¬ 
tion haMening can be produced in the iron-rich alloys. It has also been found 
that the iron-rich alloys need not be drasticallv ouenched in order to bring about 
supersaturation at room temperatures, and remarkable hardening can be produced 
by air cooling, followed by reheating in the neighborhood of 600®C. 



Pig. 2—Solubility of copper In alpha 
(Buchholtz and Kdster.) 
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The solid solubility of copper in alpha iron as shown by xto in Figs. 1 and 2 
is as given by Buchholtz and Kdster. In a recent determination of this line by 
X-ray diffraction methods Norton found that the solubility of copper in iron at 
the eutectoid temperature and temperatures down to 650®C. was appreciably less 
than that indicated in the diagram. According to Norton the limit of solubility 
of copper in alpha iron at the eutectoid temperature (point O) is only 1.4%, and 
the solubility at 650®C. and lower is 0.35%. 
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Constitution of IroijL-Manganese Alloys 

By Dr. V. N. Krirobok* and Dr. Cyril Wellst 


General—Since the publication of the comprehensive studies of iron-manganese 
alloys, the last of which appeared in Jime, 1936, no further work appears to have 
been done and, consequently we are still lacking complete understanding of the iron- 
manganese system. For example, the relationship, under equilibrium conditions, 
between the epsilon phase (presently to be described) and other phases is not yet 
known. 

In common with many metallic systems, alloys of iron and manganese exhibit 
a marked tendency for hysteresis between the phase transformations on heating and 
cooling. Thus, the study of equilibrium conditions at various temperatures is com¬ 
plicated and much care in interpreting experimental observations is required if 
erroneous conclusions are to be avoided. 

The iron-manganese phase diagram is reproduced in Pig. 1. It is believed that 
this diagram represents most accurately the constitutional changes which take place 
in this system, and is based on the work of several investigators. Liquid plus delta, 
delta, delta plus gamma and liquid plus gamma fields are drawn from Gayler’s data,^ 
while the remaining fields, indicating the changes in the solid state from the data 
of Walters, Wells and co-workers.^’ 


The results obtained by Walters and Wells concerning the changes in the solid 
state of the manganese-rich series of alloys are in much closer agreement with the 

work of dhman’ than with 
that of Gayler. It may 
now be definitely stated 
that the principal fields 
of the diagram and the 
reactions taking place in 
the iron-manganese sys¬ 
tem are well established, 
with the exception, how- 
-ever, of the epsilon phase 
which is discussed later. 
There still may be some 
doubt as to the accuracy 
of determined limits of 
temperature and concen¬ 
trations. For this reason 
the alpha-gamma trans¬ 
formation in Fig. 1, and 
also the transformations 
taking place in manga¬ 
nese-rich alloys are shown 
with broken lines above 
certain concentrations. 



Per Cent Mongenese 

Fig. 1—Iron-Manganese Constitution Diagram. 


Some specific information is still lacking, such as the limit of solid solubility for 
manganese in alpha iron. 


Phases in the Iron-Manganese System—^The characteristics of various phases 
that are found in practically carbonless iron-manganese alloys are given below. The 
regions occupied by such phases are clearly indicated in Fig. 1. 

Delta—The delta iron-manganese solid solution has body-centered cubic atomic 
arrangement and is most probably of the replacement type.** 

Gamma—The gamma iron-manganese solid solution has face-centered cubic lat¬ 
tice arrangement. The volume of the unit cell is increased with an increase in 
manganese concentration.* 

AZp/io—The alpha iron-manganese solid solution has body-centered cubic atomic 
arrangement, similar to that of delta iron-manganese solid solution. As in the 


*Prof. of Metallurgy. Carnegie Institute of Technology, Pittsburgh, and Associate Director of 
Research. Allegheny-Ludlum Steel Co., Brackenridge, Pa. 

fAbsistant Metallurgist, Bureau of Metallurgical Research. Carnegie Institute of Technology. 
Pittsburgh. 

**Probably this and all other solid solutions mentioned are of the replacement type, since the 
size of the atoms for iron and manganese are nearly Identical. 
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gamma phase, the volume of the unit cell increases with increase in manganese 
concentration.* 

EpsiloTU—ThQ epsilon phase was only recently discovered by Schmidt.* The 
atomic arrangement in this phase is found to be hexagonal close-packed. Although 
sufficient evidence concerning the nature of this phase is not available at present* 
it is likely that it is a solid solution and not an intermetallic compound. 

The question of stability of the epsilon phase (and consequently its place in 
the constitution diagram) presents a controversial point. Some of the investigators 
believe that It is not a stable phase and should be regarded as quite comparable 
to martensite of iron-carbon alloys.* Since, however, the fact of its formation in 
iron-manganese alloys under certain conditions (Fig. 2) is definitely established, 
its existence should be recognized. 

Dilatometric Evidence—Fig. 2 is based on dilatometric evidence. The formation 
of epsilon from gamma on cooling and of gamma from epsilon on heating is clearly 
indicated. 

It is to be observed that the hysteresis associated with the gamma to epsilon 
and the epsilon to gamma transformations is much less pronounced than in the 
case of the gamma to alpha and alpha to gamma transformations.* In fact, the low 
hysteresis associated with such a low temperature transformation and involving 
such high melting point constituents is rather striking; it might be considered as at 
least some evidence in favor of stability of the epsilon constituent within certain 

temperature limits. Once the epsilon is formed, it 
of:^ persists to below room temperature, as dilatometric 
evidence indicates. 

Alpha manganese-iron solid solution possesses a 
complex lattice structure with 58 atoms in the unit 
cell, of body-centered cubic type and with 29 atoms 
in a group at each lattice point. In pure manganese 
the allotropic change (from alpha to beta man¬ 
ganese) occurs at 742^0. According to Dhman the 
addition of iron does not, at first, materially change 
the temperature of transformation. 

BOO Beta manganese-iron solid solution has also a 
complex structure, cubic with 20 atoms in the unit 
cell. In pure manganese this phase is present at 
temperatures above 742 and below 

Gamma manganese-iron solid solution is be¬ 
lieved to have a face-centered tetragonal atomic ar¬ 
rangement with 4 atoms in the unit cell. In pure 
Q manganese it forms at 1191 and exists up to the 
melting point of manganese (1245**C.). 

Gamma iron and gamma manganese are be¬ 
lieved by some to form a continuous series of solid 
solutions, but Ohman suggests another possibility. 
The experimental data of Ohman' in regard to this 
question is not conclusive. No X-ray or microscopic 
evidence has been published indicating the presence 
of gamma iron and gamma manganese existing to¬ 
gether in a two phase region. The conclusion of Ohman that a narrow two phase 
region (gamma iron plus gamma manganese) may exist is based only on the fact 
that his data suggested a cubic lattice up to approximately 70% manganese and 
a tetragonal one from 70-100% manganese. Gayler’s conclusions are in agreement 
with those of Ohman. 

Phases, Iron End of Diagram—At the iron end of the diagram and at tempera¬ 
tures above 500**C. the phase relationship is quite simple (Fig. 1). Upon further 
lowering of the temperature the relationship becomes more involved, mostly because 
of the appearance of the epsilon phase. 

Fig. 2 reproduces the results of the dilatometric studies regarding the relation¬ 
ship between various phases at the iron end of the diagram.* The dilatometric 
method of analysis is quite adaptable to this system because of the definite volume 
changes that accompany the phase trazisformations. The same dilatometric method 
is particularly useful for the study of the epsilon phase,* since the latter is not as 

*For detailed description of volume changes see reference S, part XV. 





\1200 


Pig. 2—Formation of ei 
from gamma on cooling an 
gamma from epsilon on heat! 
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yet identified by means of a microscope. It will be seen from Fig. 2 that the line 
representing the upper part of the alpha to gamma transformation on heating 
agrees very well with data by Ohman. Similarly, on cooling, the lower limit of 
gamma to alpha transformation is practically the same as in Fig. 1. The existence 
Of hysteresis previously mentioned is quite obvious. In this respect iron-manganese 
alloys are quite similar to those of iron-nickel. 

The regions are indicated in Fig. 2 wherein the epsilon phase co-exists with 
gamma. The curves outlining the indicated areas do not represent the limits of 
the double phase regions, but merely the temperatures of the end of transformation 
(epsilon to gamma on heating and gamma to epsilon on cooling) as determined by 
dilatometric analysis. The experimental data do not permit a definite statement 
as to the type of reaction governing the relationship between gamma and epsilon 
phases. In fact, as has already been mentioned, the epsilon phase is held by some 
to represent metastable condition, which of course would exclude its presence in 
the equilibrium phase diagram. 

Although Fig. 2 is not a constitution diagram, and consequently gives no in¬ 
formation in regard to either the composition or the amounts of phases present, it 
shows that the addition of manganese to iron results in the following tendencies: 
First, a lowering of the gamma to alpha and alpha to gamma transformations, the 
former being affected more rapidly than the latter; second, as more manganese is 
added, a marked tendency of the alloys towards the formation of epsilon along 
with alpha as a product of the partially decomposed gamma phase; and third, 
formation of epsilon alone as a decomposition product. At the same time the 
amount of undecomposed gamma phase increases with the increase in manganese 
content. 

Generally, a 10% manganese-iron alloy will contain on cooling alpha (pre¬ 
dominating). some epsilon, and some untransformed gamma; a 13% manganese 
alloy will contain considerable amounts of all three phases; a 16% manganese alloy 
probably a little of alpha and considerable amounts of epsilon, and untransformed 
gamma. Beyond this concentration, the decomposition product will be almost en¬ 
tirely epsilon, the amount of which decreases as further additions of manganese 
are made. When concentration of manganese reaches about 40%, the gamma to 
alpha transformation, according to available information, does not take place at alL 
At this and higher concentrations, up to about 50% manganese, and at all tempera¬ 
tures from solidus down, the alloys consist of only one phase, gamma iron. At 
elevated temperatures gamma iron changes imperceptibly into gamma manganese 
with practically uniform changes in atomic volume.^ Ohman, however, found a 
break in the lattice dimensions when exploring a complete series of alloys from 
100% iron to 100% manganese, and, on the strength of his findings, indicated a 
heterogeneous field extending to the solidus line, the area of which is shown in 
Fig. 1 by broken lines. The type of reaction pertaining to this part of the system 
is shown, on a larger scale, in the upper right-hand comer of Fig. 1. 

Eutectoids—Alloys of high manganese concentration show the existence of two 
eutectoid reactions; one, taking place at about 1000*^0., in which the phases in¬ 
volved are gamma iron, gamma manganese, and beta manganese, and two, occur¬ 
ring at approximately 735*’C. between gamma iron, beta manganese, and alpha man¬ 
ganese. The results of recent investigations of these alloys, using metallographic 
and X-ray methods fully substantiate the existence of the second eutectoid reaction. 

Effect of Quenching on Phases—^High temperature phases are retained, by 
quenching, much more easily in alloys of high manganese content than in alloys 
high in iron. In fact, quenching low manganese, high iron binary alloys seems to 
accelerate rather than inhibit the transformation to the low temperature phases. 
Hence, the study of the various phases and their relationship under equilibrium 
conditions is quite difficult. It is clearly shovm by the complex structures of the 
low manganese iron alloys, when attempts are made to preserve high temperature 
phases by quenching.* 
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Constitution of Iron-Molybdenum Alloys 

By W. P. Sykes* 

The most recent and complete reports on studies of this alloy system are those 
imblished by Sykes,Take! and Murakami,* and Arnfelt.* The constitution dia¬ 
gram in Fig. 1 is dmwn from the data included in these reports. As this diagram 
indicates, the system may be described as follows: 

(a) By the addition of about 3% molybdenum the gamma form of iron is com¬ 
pletely eliminated. 

(b) The solidus and liquidus temperatures pass through a minimum of 1440*^0. 
at about 36% molybdenum. 

(c) At 1450^0. the alpha solid solution is formed by a peritectic reaction be- 


Atomic Pen Cent Molybdenum 
6 12.7 20 28 37 47 57.5 70 84 



Per Cent Molybdenum, By IVe/ght 


Fig. 1—Iron-Molybdenum Constitution Diagram. 

tween the iron-rich liquid and the solid epsilon phase (PesMoz). Some 38% 
molybdenum is dissolved in alpha at 1450®C. The solubility decreases to about 5% 
Mo at 500<’C. 

(d) Epsilon (Pe»M 02 ) decomposes upon heating above 1480®O. to form an iron- 
rich liquid and a solid phase, eta. 

(e) The eta phase appears to have a maximum molybdenum content of about 

63%. This corresponds to the composition of an 
Atomic Percent Molybdenum intermetallic compound having the formula PeMo. 


12.7199 27.9 69.9 859 100 (f) The eta phase in cooling undergoes a 



eutectoid transformation at about 1180^0. (SQR) 
the products being Pe 8 Mo 2 and a molybdenum-rich 
solid solution containing about 6% iron. When 
heated above 1540'’C. the eta phase decomposes 
into an iron-rich liquid and a solid solution of 
molybdenum (delta) containing about 11% iron. 

(g) The solid solubility of iron in molybdenum 
decreases from about 11% at 1540*’C. to about 5% 
at room temperature. 

Properties of Pure Iron-Molybdenum Alloys— 
The Rockwell and Brinell hardness numbers of the 
iron-rich alloys increase continuously with the ad¬ 
dition of molybdenum up to about 40% by weight 
of molybdenum. Pure iron as quenched from 
1425^0. has a Brinell hardness of about 60. An 
alloy containing 40% of molybdenum quenched 
from the same temperature has a Brinell hard¬ 
ness of about 450. 


*Oetieral Electric Oo., Incandeteent Lamp Department, Cleveland Wire Works, Cleveland. 
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Compositions lying between 40 and 80% of molybdenum are composed largely 
of the intermetallic compounds and are glass-hard, but brittle. Compositions 
within the solid solutions ranges at either end of the system are markedly suscep¬ 
tible to precipitation hardening as shown by Fig. 2. Those alloys containing about 
20% molybdenum will develop a Brinell hardness of 500-550 by aging at 625®0. for 
20 hr. after having been quenched from 1400®C. The hardness so developed wiD 
persist over a long period at temperatures up to 650*'C. 

Due to their normal coarse grained structure, however, these alloys are rela¬ 
tively brittle and consequently, in their present stage of development, have a de¬ 
cidedly limited field of application. 

References 

^W. P. Sykes, The Iron-Molybdenum System, A.8.S.T., Trans., 1926, ▼. 10, p. 839. 

>T. Takel and T. Murakami, On the EquUibrium Diagram of the Iron-Molybdenum System, 
A.S.S.T., Trans., 1929, T. 16, p. 339. 

*H. Arnfelt, On the Constitution of the Iron-Tungsten and the Iron-Molybdenum Alloys, Car¬ 
negie Scholarship Memoirs, Iron Steel Inst., 1928, v. 17, p. 1. 

«W. P. Sykes, Notes on the Solidus Temperatures in the Systems Iron-Tungsten and Iron- 
Molybdenum, Trans., A.S.M., 1936, r. 24. 



386 


IRON-NICKEL ALLOYS 


Fe 1245 


Constitution of Iron-Nickel Alloys 

By Paul D. Merica* 

The structure and equilibrium of the binary iron-nickel alloys have engaged 
the attention and interest of metallographers from the earliest days of the science 
when Osmond' presented the first constitution diagram of this series. Exhibiting a 
marked case of temperature hysteresis of transformation change in the alloys con¬ 
taining up to 34% nickel, and a curious anomaly in magnetic and elastic behavior 
of the alloys containing between 30 and 78% nickel, it is not strange that this series 
should have been the subject of so much study and discussion through the inter¬ 
vening years. Even today there are many questions regarding the Iron-nickel 
equilibrium that are far from being solved or clearly understood. 

The diagram reproduced in Fig. 1 is a composite based upon the work of most 
of those cited in the references, but chiefly: Hanson and Hanson” (transforma¬ 
tions) ; Hanson and Freeman** (liquidus and delta region); and Honda and 'Miura** 
(irreversible transformations). 

The equilibrium above OOO^C. is dear. The temperature interval of freezing Is 

not known with accuracy, but It 
is small. The freezing point dis¬ 
plays a flat minimum at above 
65% nickel. 

In the solid state the alloys exist 
in three solid solution phases as 
follows: 

JDdfa—Body-centered cubic lat¬ 
tice; parameter similar to that of 
alpha; exists within the field acb. 

GaTytma—Face-centered cubic 
lattice; parameter varies nonaddl- 
tively over that of nickel 3.517 x 
10-* cm. to 3.588 x lO"* cm. at 39 
atomic per cent of nickel, then de¬ 
creasing to 3.575 X 10“* cm. at 28.6 
atomic per cent of nickel; exists 
at all temperatures beyond 34.4% 
nickel, at temperatures above e f 
for lower nickel contents and occa¬ 
sionally within area e f h i. 

Alpha —Body-centered cubic lat¬ 
tice; parameter varies nonaddi- 
tively from that of iron (2.86 x 10-* 
cm.) to 2.875 X 10-* for 32% nickel- 
iron; exists below e i and occa¬ 
sionally within area e f h i. 

The delta and alpha phases are 
similar in all respects and should be regarded as the same phase with separated 
temperature ranges of stability. 

Below 34.4% nickel the y phase, upon cooling, suffers a transformation to the 
a phase, and because of the marked temperature lag between cooling and heating 
this has been called the “Irreversible” transformation, and the alloys, the “irreversi¬ 
ble" steels. Due to the marked temperature hysteresis of this transformation the 
true or equilibrium temperature position is not known. It is Indicated on the dia¬ 
gram by the two temperature ranges actually observed on slow cooling and on slow 
heating. 

The opinion is that these two temperature ranges ( e f g and e h 1) represent 
in reality one range of heterogeneous equilibrium, which lies somewhere between 
the two and which is the equilibrium range of the transformation and of the stable 
existence of both the 7 and the a phases. That there is such an equilibrium tem¬ 
perature range of duplex phase structure is evident from a consideration of meteor 
structure. Below 780*’C. the two phases 7 and a are distinguished by the fact that 
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the former is para, while the latter is ferromagnetic. The magnetic method has 
been widely used as a means of Identifying the two. The line MN represents the 
temperature of the A 2 magnetic transformation, which is known only approximately. 

Beyond 34.4% nickel the alloys suffer a magnetic transformation shown on the 
diagram by the line 1 k, but it is the present opinion that this does not correspond 
to a phase transformation. The chief evidence for this point of view is that of 
X-ray analysis which has demonstrated that there is no change in lattice type in 
passing through the transformation 1 k, and no discpntinuous change in lattice 
parameter. The evidence therefore seems to support'the view that whereas the 
“irreversible” transformation is a true phase transformation, definite and clear, the 
“reversible” one is associated with changes within the atom or perhaps within a 
small group of atoms^ which does not affect primarily the lattice organization and 
is hence not a true phase transformation. 

This transformation is thus similar to that of iron at At and to that of nlckeL 
In consequence of their reversible transformation, these alloys have been called the 
“reversible” nickel steels or ferronickcls. 

The reversible transformation also proceeds in the alloys of lower nickel con¬ 
tent insofar as they contain the 7 phase as indicated on the diagram. Alloys having 
between 26 and 34% nickel may therefore undergo either the “reversible” or the 
“irreversible” or both transformations, depending on their past thermal history^ 

Between 30 and 78% nickel the magnetic transformation is the origin of the 
so-called “anomaly” of the “reversible” ferronickels. Associated with it are marked 
but apparently quite continuous changes in all physical properties, particularly 
density (dilatation or expansion) and elasticity. At 36% nickel there is such a pro¬ 
nounced arrest in the thermal expansion below the magnetic transformation that 
industrial use has been widely made of the alloy, under the name Invar.** * 

The simple conception outlined above of the nickel-iron equilibrium below 900*C. 
is not shared by all authorities. The principal point of dispute is the nature of the 
“reversible” transformation. 

Benedicks'^ believes that there is an actual phase change associated with the 
reversible transformation between 30 and 78% nickel, which explains the dilata¬ 
tion and contraction observed on aging the alloys showing the dilatation anomaly. 
Those who share this belief are inclined to suspect the existence of a eutectoid 
transformation: 7 a plus magnetic 7 ', which has been placed variously at 0 ®O. 
and 345°C., although no direct evidence of this transformation is available. In 
some iron-nickel meteors, structures have been observed strongly suggestive of 
eutectoid structure, but this is not necessarily adequate evidence of eutectoid trans¬ 
formation. Chevenard**'" believes that the reversible anomaly is associated with 
a molecular (but not a phase) transformation involving the formation and disso¬ 
ciation of the compound FeaNi (34.4% nickel). He has pointed out the significance 
of the fact that it is at this composition that the irreversible transformation ends. 

It is evident from this discussion that the irreversible alloys are subject to heat 
treatment in the same sense and in much the same manner as steel. The segregate 
of a phase resulting from its separation from 7 resembles the structure and the 
mode of formation of martensite. These alloys are often called martensitic nickel 
steels, since they are fairly hard even after air or slow cooling. 

The reversible alloys are not affected in the usual sense by heat treatment and 
are only moderately hard under all conditions. 
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Constitution of Iron-Nitrogen Alloys 

By John T. Norton* 

General—Iron and nitrogen combine over a limited range of compositions to 
form solid metallic alloys. The maximum nitrogen content which can be obtained 
is about 11% by weight. It must be understood that an equilibrium diagram cannot 
be set up for this system without resorting to 3 dimensions, because the stability 
of the various phases is profoimdly influenced by the hitrogen pressure. With this 
limitation in mind, it will be possible to set up a constitution diagram which will 
represent to a certain extent the relations between the phases of this system. 

When iron is treated 
with nitrogen gas in its 
molecular form, it is pos¬ 
sible to obtain alloys with 
only a fraction of 1% of 
nitrogen. Even with pres¬ 
sures of the order of 
100 atmospheres, little in¬ 
crease in nitrogen con¬ 
tent is found. However, 
by the use of dissociated 
ammonia gas, elementary 
or monatomic nitrogen Is 
obtained with an effec¬ 
tive nitrogen pressure corresponding to a very high value; under these circum¬ 
stances, it is possible to form compounds of much greater nitrogen content. In the 
formation of the phases containing nitrogen, the diffusion rate of the nitrogen 
plays an important part, particularly at the lower temperatures where this rate 
is low. Consequently, in order to obtain a uniform distribution of nitrogen it is 
necessary to use samples having a very small cross section, such as powder, wire, 
or thin sheet, so that the composition will be the same in every part of the sample. 

Iron-Nitrogen Constitution Diagrams—^The first systematic attempts to set up 
a constitution diagram for this system seem to have been made independently by 
Sawyer' and Fry*. These 
diagrams redrawn to the 
same scale are shown in 
Figs. 1 and 2. 

Sawyefs Iron-Nitro¬ 
gen Diagram — Sawyer 
employed microscopic and 
thermal analysis and his 
samples consisted of thin 
disks. The low mtrogen 
end of the diagram re¬ 
sembles that of the Fe-C 
system. He shows a solu¬ 
bility of nitrogen in alpha 
iron of about 0.03% by 
weight. The eutectoid 
point occurs at about 1.8% nitrogen by weight and at a temperature of about 620®C. 
Sawyer's thermal analysis curves on heating indicated another eutectoid at a temper¬ 
ature of about VOO^’C. He concludes that the first eutectoid is formed from the alpha 
solid solution and the compound FesN and the second between FesN and FeeN. In the 
case of his nitrlded disks, he decides that the outermost layer is Fe 4 N, and that the 
two intermediate layers are FecN and FeaN. 

Fry*s Iron-Nitrogen Diagram—Yvy's diagram is based on microscopic examina¬ 
tion and magnetic measurements. The low nitrogen end is similar to that shown 
by Sawyer except that an increasing solubility with increasing temperature is indi- 



Plg. 2—Pry’s Iron-Nitrogen Diagram. 
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cated. He places the solubility limit of nitrogen in alpha iron as 0.015% at room 
temperature and about 0.5% at the eutectoid temperatme of SSO^'C. The eutectoid 
composition is 1.5% nitrogen and is believed to be a eutectoid of the alpha solid 
solution and the compound PCiN. It has been named Braunite. In the case of 
nitrided blocks, he observed two layers which he called Fe^N and Fe4N, but does not 
indicate the relations between these two compounds. Fry also mentions a phase 
resembling martensite in certain quenched samples. 


Epstein's Iron-Nitrogen Diagram—The work of Epstein*, which is really a mod¬ 
ification* and extension of the work of Sawyer and Fry, is based upon microscopic 
and thermal methods, together with some X-ray data (Fig. 3). The low nitrogen 

portion of Pry’s diagram 
is generally confirmed. 
Epstein finds the two se¬ 
ries of thermal arrests on 
heating which were 
found by Sawyer but, be¬ 
cause the microscope 
does not show the ap¬ 
pearance of a eutectoid 
between the Intermediate 
and inner layer of ni¬ 
trides, he suggests that a 
peritectoid reaction takes 
place corresponding to 
the decomposition of 
Pe,J^, the innermost layer 

of nitride. The intermediate layer of nitride corresponding to Pry’s outer layer is 
called Fe 4 N by Epstein and the thin outer layer is supposed to be FesN. The X-ray 
data are not particularly conclusive. 



Fig. 3—Epstein’s Xron-Nltrogen Diagram. 


X-Ray Determinations—Because of the possibility of nitriding a fine powder to 
a substantially uniform nitrogen content, the X-ray diffraction method seems to be 
particularly suited to the study of the phases present in this system and their ranges 
of homogeneity. Two such investigations have been carried out independently by 
Eisenhut and Kaupp* and by Hagg,* which are generally In good agreement. Eisen- 
hut and Kaupp (Fig. 4) place the maximum solubility of nitrogen in alpha iron as 
0.42%. The eutectoid temperature is found to be 591®C. with a nitrogen content 
of 2.35%. The existence of two compounds is claimed by these workers. The first, 
which is stable over a narrow range in the vicinity of 5.9% of nitrogen, has a face- 
centered structure and is designated as FeiN. This phase, called gamma prime, has 
a cell size somewhat larger than, and evidently not continuous with, the gamma 
phase, which seems to be a simple solid solution of nitrogen in gamma iron. *rhe 
second compound has its iron atoms arranged in a hexagonal close-packed struc¬ 
ture and is stable at room temperature from about 8% of nitrogen up to the max¬ 
imum limit of the system at 11.3%. This compound is designated as epsilon and 
believed to be FeaN. The compound FCiN is supposed to decompose at 650®C. into 
the gamma and epsilon 
phases. It is interesting 
to note that in certain 
samples quenched from 
the gamma range, a 
tetragonal structure is 
found which is very sim¬ 
ilar to the tetragonal 
martensite recently 
found In the iron-carbon 
system. 

In the work of Hagg,* 
the results are in sub¬ 
stantial agreement with 
those cf Eisenhut and 
Kaupp (Fig. 5). Hagg, however, finds indication of another phase, orthorhombic in 
structure beyond the epsilon phase. The high nitrogen limit of the epsilon phase 



Fig. 4—^Eisenhut and Kaupp’s Iron-Nltrogen Diagram. 
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is about 11% nitrogen and the low nitrogen limit of the new phase is set at spoilt 
11.3% nitrogen. The theoretical composition of PEjN corresponds closely to the low 
nitrogen end of the orthorhombic phase. 

Conclusion—A study of the work of these several investigators indicates the 
extreme difficulty of obtaining satisfactory working conditions. Nevertheless, cer¬ 
tain aspects of the system appear quite definitely established. The alpha and gamma 
phases can be considered as true interstitial solid solutions of nitrogen in alpha and 
in gamma iron. The gamma prime phase seems to be definitely the compound 
FCaN and the nitrogen atoms have been located* in the interstices of the close 
packed iron lattice. Undoubtedly there is a more definite relation than is shown 

by the present diagrams 
between the gamma and 
the gamma prime phases, 
and this point merits fur¬ 
ther investigation. 

The epsilon phase Is 
another interstitial com¬ 
pound in which the iron 
atoms are again ar¬ 
ranged in a close packed 
way, but this time in a 
hexagonal rather than a 
cubic structure. All of the 
phases of this system rep¬ 
resent a structure in which 
nitrogen atoms are situated in the interstices of a lattice made up of iron atoms 
in what is essentially close packing. This undoubtedly depends upon the difference 
in size between the two kinds of atoms. It has been shown that practically all 
structures of this type have pronounced metallic properties. The X-ray evidence 
shows that definite compounds of the formulae FesN and FeeN do not exist in 
this system. 

Much work remains to be done to settle the details of this interesting system 
and a careful correlation of microscopic and X-ray evidence would be most helpful. 
The relations between the phases at the higher temperatures are still rather in 
doubt and a further study of the **nitrogen martensite” seems to have very prom¬ 
ising possibilities because of its similarity to the analogous phase in the iron-carbon 
system. 
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Alloys of Iron and Oxygen 

By Dr. C. H. Herty, Jr.* 

Oxygen in SteeL-Throughout this article the term *'iron-oxygen alloys’’ is used 
to denote iron oxide (probably FeO) dissolved in iron. It is realized that the term 
may not be correct but it does express fairly satisfactorily the intended meaning. 

The element oxygen is found alloyed in iron in varying amoimts in all steels. 
Oxygen exists in steel either as iron oxide (FeO) in solid solution, in small amounts 
of manganese oxide (MnO) in solid solution, or as nonmetallic matter distributed 
throughout the steel. The oxygen in this nonmetallic matter generally consists of 
manganese oxide, silica, and alumina, as such or in various combinations. If spe¬ 
cial deoxidizers are use^, there will generally be small amounts of resultant oxides 
present in the steel. Oxygen in these forms, however, is not to be considered as 
alloyed with the iron, as it is present as a nonmetallic inclusion. 

In all steel making processes iron oxide is dissolved in the steel at some stage 
of the melting. In the basic electric furnace the amount present is at a minimum, 
whereas in the open hearth furnace and in the Bessemer converter there may be 
as high as 0.50-0.60% FeO dissolved in the liquid steel. Upon deoxidation the amount 
of iron oxide is reduced to an extent depending entirely upon the type and quantity 
of deoxidizers used. 

From a commercial standpoint, alloys of iron and oxygen are of little impor¬ 
tance. However, it is necessary to have a high oxygen content in steel to reduce the 
carbon to a low concentration. Oxygen is, therefore, of considerable importance in 
the manufacture of very low carbon steels where the desired factor is low carbon 
rather than high oxygen. In this respect, oxygen may be considered a necessary evil. 



Fig. 1—^Zron-Oxygen Alloys Oonstitutlon Diagram. 


Constitutional Diagram of the Iron-Oxygen Alloys—Iron oxide lowers the melt¬ 
ing point of iron approximately 10®C. when 0.94% FeO (0.21% oxygen) is present.^ 
The solubility of iron oxide in iron is 0.94% at the melting point.* With Increasing 
temperature above the melting point, the solubility increases and at 1600*’C. the 
solubility is 1.37%. In commercial steels the iron oxide in liquid steel is less than 
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the amounts stated, so that the finished steel contains from traces to 0^0% FeO. The 
solid solubility of iron oxide in iron is about 0.22%^—an estimate based on microscopic 
evidence, and therefore to be considered merely an approximation. In a recent in¬ 
vestigation, Krings* found the solid solubility of oxygen in iron to be 0.11% (0.494% 
PeO) at 715*0. 

The constitution diagram of the iron-oxygen alloys, as determined by Vogel and 
Martin* from various sets of data, is shown in Fig. 1. 

Hot Working of Iron-Oxygen Alloys—Alloys of iron and oxygen forge well at 
high temperatures. Austin* found that the alloys were difFicult to work in the neigh¬ 
borhood of 900*C., but this was not confirmed by other investigators. Cain” has 
found that oxygen in the presence of considerable amounts of sulphur causes steel 
to be red short, but that if the sulphur content is very low the steel is not red short 
up to fairly high oxygen contents. Tritton and Hanson^ and Bureau of Mines investi¬ 
gators” found no difficulty in hot working iron-oxygen alloys, and in both these 
cases the sulphur content was very low—below 0.010%. Austin gives no sulphur 
values for his alloys, and it is possible that the red shortness might have been due 
to a combination of oxygen and sulphur. 

Effect of Iron-Oxide on the Physical Properties of Steel—Iron-oxygen alloys, 
according to Austin,* are fairly resistant to corrosion in air, being better than mild 
steel, but they are more easily corroded in water and in weak acid than mild steel 
or wrought iron. Austin found that the 900*C. critical point was lowered slightly, 
but this was not checked by the work of Tritton and Hanson, who found no change 
in critical points. 

The iron-oxygen alloys are brittle under impact testing.'*” The hardness In¬ 
creases slightly with increasing oxygen content”* * and the ductility decreases wit}i 
increasing oxygen content.' Very high oxygen contents make iron cold short.' The 
electrical resistivity of iron is increased considerably by oxygen”; apparently this 
increase is due to the FeO in solid solution as the resistivity is unchanged over a 
considerable range of oxygen contents above this solid solubility limit. 

The ultimate strength of iron is not affected by the oxygen content, but the 
elastic limit is lower than reported values for pure iron.” 

According to Yensen and Ziegler,” oxygen has a great effect on the magnetic 
properties of iron. Yensen” states that high silicon steels used for magnetic pur¬ 
poses probably owe their excellent properties to the extremely low oxygen content 
rather than to the high silicon content. The age hardening of steel is increased by 
increasing its oxygen content. 

Iron-oxygen alloys when carburized show structures in which the cementite is 
always massive and very little pearlite is present, when observed under the condi¬ 
tions of the McQuaid-Ehn test.” 
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Constitution of Iron-Phosphorus Alloys* 

By Louis Jordant 

The constitution diagram for iron-phosphorus alloys has been investigated up 
to only 30% phosphorus. Pig, 1 is the diagram as given by Haughton*. In its gen¬ 
eral form, this diagram agrees rather well with that portion of the diagram above 
SOO^C. and up to 21% phosphorus, given by Konstantinow*. Konstantinow, however, 
indicated no field of gamma solid solution. Stead's^ still earlier classification of 
iron-phosphorus alloys is consistent with Haughton’s diagram. Saklatwalla's* con¬ 
stitutional diagram appears to be in error in several respects. 

The iron-phosphorus liquidus falls from the melting point of iron to a eutectic 
of the alpha solid solution with Fe«P at lOSO'^C. and 10.2% phosphorus. It then rises 
to a maximum of 1370**O. at 21.7% phosphorus, which is the composition of FeaP. 

During this rise the liquidus curve 
breaks at the peritectic temperature, 
1166°C., and at a phosphorus content 
slightly below 15.6%, which is the com¬ 
pound PeaP. Prom the maximum of 
1370°C. the liquidus again falls to a 
second eutectic at approximately 27% 
phosphorus and 1262®C., which is a 
eutectic between Fe^P and a constit¬ 
uent as yet unidentified. 

Haughton determined the limits of 
solid solubility of phosphorus in iron 
between the melting point of iron and 
the eutectic line at 1050®O. by heat 
treatment and microscopic examina¬ 
tion of the specimens, and also from 
the eutectic line down to 600®C. by both 
metallographic examination and ther¬ 
mal analysis. The solubility of phos¬ 
phorus at the eutectic temperature is 
2.8% and at the Az point is 1.1% (A* 
is at 745®C. in a 1.1% phosphorus alloy). 

The solution of phosphorus in iron 
rapidly lowers the A* transformation 
and raises the As. The two lines Join 
at about 1050*’C. and 0.5% phosphorus 
which gives an enclosed field of gamma 
solid solution. The boundary between 
the fields of gamma solid solution and 
nonmagnetic alpha solid solution is a 
narrow two^ phase field (represented in Fig. 1, however, as a single line). 

Magnetically determined heating and cooling curves show the As transforma¬ 
tion in all alloys up to 13% phoi^phorus and a second magnetic point at 420**C., 
which is attributed to a transformation in FesP similar to the Ao in FesC. Conse¬ 
quently this magnetic point at 420°C. is indicated in the diagram as continuing to 
the composition FezP. 

Hagg*» “ from X-ray analyses has assigned to the compound FeaP a body-cen¬ 
tered tetragonal lattice and to FesP a hexagonal lattice of the dimensions a = 
5.852 A and c = 3.453 A. He also foimd some evidence indicating the existence of 
FeP. FriauP^ confirmed Hogg’s results for the structure and lattice dimensions of 
FesP. Two higher phosphides, FeP and FePs, were prepared by Franke, Melsel, and 
Juza^. MeiseP* determined lattice constants for FePs. Roth, Meichsner and Rich¬ 
ter* have given heats of formation for FesP, FeP, and FePs. 

Kdster” observed precipitation hardening in iron-phosphorus alloys containing 
over 1.2% P when quenched from 1000®0 and reheated to 450-600®0. 
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Fig. 1—Iron-Phosphorus Constitution Diagram 
(Haughton). 


*Publl8bed with the approval of the Director, National Bureau of Standards, Washington, D. O. 
t Assistant Sec., American Institute of Mining and Metallurgical Engineers, New York. 
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Phosphorus as a Steel Alloying Element—Phosphorus has recently been recog¬ 
nized as a useful alloying element in certain steels.^^ It raises the yield strength 
and improves the resistance to atmospheric corrosion in low-carbon, low-alloy 
steels.*® 

Ferrophosphorus—Ferrophosphorus has some use as an addition to certain open 
hearth steels which are to be rolled to sheets, particularly for light gages. A small 
amount of phosphorus in the steel tends to prevent sticking of the sheets. Ferro¬ 
phosphorus also may be added to a cupola charge when the pig iron is too low in 
phosphorus to meet the casting requirements. Two* grades of the alloy are 
made a 17-19% alloy and a 23-25% alloy. The latter is an electric furnace 

product while the former may be produced in the blast furnace. 
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The Constitution of Iron-Silicon Alloys 

By Bradley Stoughton* and Earl S. Greiner** 

Since the publication of the initial constitutional diagram of iron-silicon alloys 
by Guertler and Tammann,^ in 1905, a number of investigators have studied this 
system and proposed revised constitutional diagrams. The literature relating to 
these investigations prior to 1933, has been critically reviewed in an Alloys of 
Iron Research Monograph* and a constitutional diagram of the iron-silicon system 
proposed. The portion of this diagram relating to alloys containing from 14-33.4% 
silicon has been modified in accordance with the results of a later investigation by 
Jette and Greiner.* The revised diagram is shown in Pig. 1. The parts of this 
diagram which have not been definitely established are designated by asterisks. 

The Iron-Rich Field—As shown in Fig. 1, silicon raises the A, transformation 
and lowers the A 4 transformation of iron. This results in a closed gamma loop 
having a limit at 2.2% silicon at 1170°C.* 

The solubility of silicon 
in alpha iron* (Fig. 1) is 
15.2% at 600'’C., increases to 
20.4% at 1030°C. and de¬ 
creases to 18.5% at 1200®C. 
The solubility limit for tem¬ 
peratures above 1030®C. is 
uncertain due to disagree¬ 
ments in the available ex¬ 
perimental data, and has not 
been determined for tem¬ 
peratures below 600®O. The 
discontinuities in the solid 
solubility curve, resulting 
from phase transformations, 
occur at 16.6% silicon at 
825®C. and 20.4% silicon at 
1030®C. 

By an X-ray investiga¬ 
tion of the iron-rich iron- 
silicon alloys, Jette and 
Greiner® found that the curve 
of lattice constant (ao) versus 
atomic per cent silicon, for 
temperatures below 800®C., exhibits a discontinuity at about 4.7% silicon (9 atomic 
per cent) as shown in Pig. 2, and have advanced two hypotheses as possible explana¬ 
tions of their data in addition to the following generalizations: 

“1. In the range between 0 and approximately 6 atomic per cent silicon (0-3.1 
weight per cent) completely homogenized alloys should have properties that vary 
regularly in a way that would be expected of a series of solid solutions. 

“2. In the region of 9 atomic per cent silicon (4.7 weight per cent), or perhaps 
between 6 and 9 atomic per cent, irregular behavior may be expected. 

“3. In the range above 9 atomic per cent silicon, regular variation in the 
properties should again be expected up to 25 atomic per cent, but the absolute values 
of the quantities measured will probably indicate that the alloy is less ‘typically 
metallic* as the composition approaches Fe,Si.t (Sihce there is no conclusive 
evidence that Fe,Si exists as a compound, it is simply regarded as a distinguishing 
point in the solid solution.)*’ 

The Remainder of the System—The diagram shown in Fig. 1 indicates that 
several intermediate phases exist in the alloys containing more than 15% silicon. 
These phases are as follows: 

*Dean, Engineering College, Lehigh University, Bethlehem, Pa. 

^^Metallurgist, Bell Telephone Laboratories. New York. 

n4.4% 81. 



Fig. 1—^The Iron-silicon constitution diagram. 




THE CONSTITUTION OP IRON-SILICON ALLOYS 397 



Corresponding 

Wt. % Chemical 

Designation Silicon* Formula Structure 


Bta . 25.1 FesSla (Unknown) 

Epsilon . 33.4 FeSl Cubic* 

Zeta . 53.5-56.6 . Tetragonal* 


The eta phase (Pe,Sia), formed by a perltectoid transformation, is stable between 
825 and lOSO^’C. However, the transformations occurring at these respective tempera¬ 
tures are sluggish. As a result, the eta phase may occur fn these alloys below 825®C. 
or above 1030°C. if equilibrium has not been attained. The epsilon phase (PeSi), 
and the zeta phase, formed directly from the respective liquids on cooling, are 

reported by Haughton and Becker^ to 
be stable at all temperatures to O^’C. 
Phragm^n** • has shown the zeta phase 
to have a tetragonal structure corre¬ 
sponding to the compound PeSi, (50.1% 
silicon), and considers the compoimd to 
have some of the iron atoms in the lat¬ 
tice replaced by silicon atoms, in order 
to form a stable phase. This explains 
the results obtained by Haughton and 
Becker,^ who found the homogeneous 
zeta phase extends from 53.5-56.5% sili¬ 
con. 

The solubility of iron In silicon Is 
shown in Pig. 1 as being very small. 

O ^ ^ 6 IB t6 20 B4 which is in accordance with the results 

Atomic Pen Cent Silicon of Phragm6n,* and of Haughton and 

Pig. 2—Relation between lattice constant (ao) Becker.’ MurakamP however, has re- 

and composition of lron-8illc«n alloys (Jette and ported a solubility Of 4% iron in silicon, 

orciner) . Magnetic Transformations—Accord¬ 

ing to Haughton and Becker,* silicon 
lowers the alpha phase magnetic transformation (A,) to 490^0. at 14.5% silicon, while 
further additions to 25% silicon do not change the transformation temperature. 
Murakami^^ report^ the alpha phase magnetic transformation at 450®O. in alloys 
containing from 16-30% silicon. Since Jette and Greiner* have shown the alpha 
phase to be stable below 825°C. in the alloys containing from approximately 15-33% 
silicon, the magnetic transformation should occur in the alloys containing up to 
approximately 33% silicon, as shown in Fig. 1. 

A magnetic transformation at 90 ®0. in the alloys containing from 16-30% 
silicon, was reported by Murakami.^ Later, Haughton and Becker’ found the tem¬ 
perature of this magnetic change to be 82®C. This transformation has been asso¬ 
ciated with the eta phase (Fe,Sia), but since this phase has been found to be unstable 
below 825®0.,’ the magnetic transformation at 82 or 90®C. probably would not have 
been observed if the alloys had been in equilibrium. 
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Constitution of Iron-Sulphur Alloys 

By G. F, Comstock* 

The elements iron and sulphur form a compound FeS which contains 36.5% 
sulphur. Since for practical consideration in the metallurgy or metallography of 
Iron and steel it is unnecessary to deal with alloys of higher sulphur content, this 
discussion will be confined to the alloys of iron and iron sulphide (FeS). 

Nearly all authorities seem to be agreed that the system Fe-FeS is a simple 
eutectiferous one, and there is fairly general agreement in regard to the complete 
miscibility in the molten state. The constitution diagram has been determined by 
Friedrich.’ by Loebe and Becker,* and more recently by Kozo Miyazaki.* who took 
special precautions to avoid contamination by oxide. These diagrams agree closely. 
Starting with the freezing point of pure iron at 1530®C., the liquidus descends in an 
irregular curve to the eutectic at 985®C.. then rises to the freezing point of FeS 
at 1190*0. The form of the liquidus curve may be reproduced quite closely with 
the following data, taken from Miyazaki’s paper: 

With 20.9% FeS, the liquidus is at 1404*0.; 
with 61.34% FeS, it is at 1295*0.; the eutectic 
contains 83% PeS; and with 98.63% FeS the 
liquidus is at 1183*0. 

The shapq of the liquidus curve given by 
Benedicks and Ldfquist* is similar, but they 
state that the eutectic contains 30.9% sulphur, 
or 84.6% PeS. Sauveur* states that this eutectic 
contains 85% FeS and melts at 950*0. McOance 
has given the eutectic temperature as 980*0. 
Friedrich showed the eutectic to contain 85% 
FeS and to melt at 983*0., and the melting 
point of PeS at 1171*0. Shibata found the 
melting point of FeS to be 1163*0. within 4* 
plus or minus,® instead of 1190*0., according to 
Benedicks and Ldfquist. However, these values 
are in fair agreement, and probably Miyazaki’s determinations can be accepted as 
practically correct. 

In regard to the solubility of sulphur or PeS in solid iron, the information 
available is not definite. By electrical resistance measurements Miyazaki showed 
that the solubility must be less than 0.5% PeS, and from microscopic observations, 
he concluded that it was “practically zero at ordinary temperature.” Benedicks 
and Ldfquist state that “the solubility of sulphur in solid iron may be estimated 
at about 0.015-0.020% sulphur,” and give good authority for this estimate in their 
recent book.* The solubility probably increases somewhat with rise in temperature. 
Wohrman agrees that only about 0.05% FeS is held in solid solution by pure iron 
at atmospheric temperature. Some investigators seem to have found a slight low- 
.ering of the critical points of iron due to the presence of sulphur, but in general 
this effect has been inappreciable. 

Iron sulphide (FeS) is easily recognized in polished sections of iron or steel by 
its bright yellow color, and its property of being readily attacked by boiling alkaline 
sodium picrate. Cementite, also darkened by this reagent, is much harder and paler 
in color, and could hardly be confused with the sulphide. The Pe-FeS eutectic 
structure has not been observed with the microscope, probably because (according 
to Wohrman) the components coagulate readily in the presence of excess iron. 

The presence of carbon and manganese, as in commercial steels and cast iron, 
or of oxygen as in ingot iron, has of course an important influence on the equilibrium 
relations of iron and sulphur. These ternary alloys however are not included in 
the present discussion. 


•Chief Metallurgist, The Titanium Alloy Mfg. Co., Nlflgara Falls, N. Y. 
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The Conslitiition of Iron-Titanium Alloys 
By George F. Comstock* 

The equilibrium relatitins in iron-titanium alloys of high purity are not known 
with any degree of accuracy, since it is practically certain that the samples used 
by all the investigators of this system were seriously contaminated by impurities. It 
is probable that titanium in small amounts profoundly alters the metallography of 
iron, but the information which leads to this belief is not exact on account of the 
interfering effects of such impurities as aluminum, nitrogen, and carbon which 
change the state of the titanium in iron alloys and should not be neglected as has 
usually been done. There is scarcely a single reliable piece of information available 
on the nature and properties of even approximately pure iron-titanium alloys, and 
further work on this system under modern conditions is desirable. 

The best equilibrium diagram available is that of Lamort\ which was based 
on remelted buttons from thermit reactions containing up to 1% silicon, 2% alumi¬ 
num, and 2.8% nitride. This diagram which is shown in Fig. 1, is therefore not 
wholly reliable and is obviously Incomplete. A eutetic of iron and a compound 
which is presumably FcsTi (containing 22.31% Ti) occurs at about 13.2% titanium 
and melts at 1298®C. The International Critical Tables (v. 2, p. 453) give this tem¬ 
perature at 1330®C., but since no later reference than Lamort is noted there as 
authority for the diagram presented, no reason is apparent for altering its value. 
The eutectic arrest was found by Lamort in cooling 
curves of alloys containing 6.3-19.9% Ti, but by 
metallographic examination the eutectic range at 
room temperature was estimated to extend hDom 5.4 
to at least 21.5% Ti. 

Lamort’s estimation of 5.4% for the maximum 
solid solubility of titanium in iron at room tempera¬ 
ture is probably erroneous, as is also GuilletV pre¬ 
vious estimation of 7%. KrolP, Wasmuht* and Sel- 
Jesater and Rogers® all agree in finding marked age 
hardening properties in the alloys containing 3-6% 
titanium, so that it is most probable that the solid 
solubility of the compound FeaTi in iron drops from 
about 6% at 1298®C. to only about 3% at room tem¬ 
perature. 

There are serious disagreements among various 
investigators as to the effect of titanium on the 
critical points of iron, and the diagram given in the International Critical Tables 
and copied in Seljesater and Rogers’ paper must be considered as tentative and not 
well established below 1300®C. Portevin® concluded that Ara was lowered from 860®C. 
by 0.42% Ti, to 830®C. by 1,40% or 2.57% Ti, and that Arz and Ari were not affected 
by titanium. Michel and B^nazet^ however, in a later discussion of the same sub¬ 
ject reached the opposite conclusion in regard to As. They found that titanium 
forms a closed gamma loop, both Aa and A* being eliminated at some undetermined 
titanium content above 0.78%. Their data showed Acs at 980°C. with 0.51% Ti, 
at 1080®C. with 0.78% Ti, and not below 1120“O. with 1.77% Ti, in steels of 0.04- 
0.17% carbon. Further data supporting this effect of titanium were obtained with 
13% chromium steels. Wever® in his discussion of the effect of various elements on 
the polymorphism of iron, has included titanium among those the presence of which 
favors the formation of the closed gamma loop in steel, without supporting experi¬ 
mental data, however. 

Lamort gave no data regarding the effect of titanium on As, but found that it 
lowered the temperature of the magnetic change point or As from 780‘’C. with no 
titanium, to 690®C. with 21% titanium. Portevin, however, reported no effect on 
Aj with as much as 2.57% titanium, and Michel and B^nazet reported no effect 
with titanium up to 1.77%. Both the latter disagree therefore with the International 
Critical Tables diagram. There is agreement, however, on the practically non¬ 
magnetic quality of the compound FcsTi. 


*Chief MetaUurglst, The Titanium Alloy Mfg. Co., Niagara Falls, N. Y. 



Pen Cent Titenium 

Fig. 1—^Iron-Titanium Constitu¬ 
tion Diagram, according to Lamort 
with solubility line added as sug¬ 
gested by Seljesater and Rogers. 
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It is evident that our knowledge of this system is satisfactory only in the gen¬ 
eral outline, but that many details regarding the equilibrium relations in it are in 
need of further Investigation. Indeed, the entire diagram should be redetermined 
with idloy sneclmens at least approaching modem standards of purity. 
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Constitution of Iron-Tungsten Alloys 

By W. P. Sykes* 

The constitution diagram of the binary iron-tungsten system is given in Fig. 1. 
The data used in drawing this diagram were taken from reports of Honda 
Murakami,^ Sykes,*** Amfelt,* and Chartkoff and Sykes.* As shown by the dia¬ 
gram, the system may be described as follows: 


Atomic Pen Cent Tungsten 
5 7 n.5 /7 PS Sf 54. S PS 



Fig. 1—^Iron-Tungiten Constitution Diagram. 


(a) With the addition of about 6% of timgsten the gamma form of iron is com¬ 
pletely eliminated. 

(b) The solidus and liquidus temperatures pass throiigh a minimum of 1525*C. 

at a composition of about 15% tungsten. 
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(c) The alpha solid solution is 
formed at 1540®C. by a peritectic reac¬ 
tion between the iron-rich liquid and the 
solid epsilon phase (FesWi). At 1540*0. 
about 32% tungsten is dissolved in solid 
iron and the cube edge of the iron lat¬ 
tice has been increased about 1%. The 
solid solubility of timgsten in iron de¬ 
creases to about 6% at 500*C. 

(d) Upon heating to about 1640*C. 
the epsilon phase <FetW«) decomposes 
to form an iron-rich liquid and a tung¬ 
sten-rich solid, delta. The latter dis¬ 
solves about 0.8% iron with a slight con¬ 
traction of the tungsten lattice. 

(e) A second intermetalllc phases 
beta, corresponding to the formula 


0 PO 40 60 80 ^ 

PenCent Tungsten, By Weight 
Fig. S—Hftrdneu'of iron-tungston alloyi. 


by Amfelt. This appears to be formed* 
by a peritectoid reaction at about 1040*0. 
As shown in Fig. 2, the hardness of 
the iron-rich alloys increases continuously with the addition of tungsten up to about 
50% tungsten. Compositions lying between 50 and 90% tungsten are rendered 


^General Electric Co., Incandescent Lamp Department, Cleveland Wire Works, Cleveland. 
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especially brittle by the presence of a large amount of the intermetallic compound 
PetW.. 

The iron-rich solid solutions containing more than 10% tungsten are susceptible 
to precipitation hardening, as shown by curve 2 in Pig. 2. An alloy containing 30% 
tungsten when quenched from 1500**C. has a Brlnell hardness of about 200 as a single 
phase solid solution. By reheating at 700^0. for a period of 5 hr. the Brinell num¬ 
ber is increased to about 550. 

The tensile strength of these alloys is increased by aging, as is the hardness. A 
decrease in ductility accompanies the increase in tensile strength. 

Alloys containing as much as 20% tungsten can be forged, rolled, and drawn 
at temperatures from 700-800*0. As formed by sintering or casting, the iron-rich 
alloys containing more than 5% tungsten tend to have a coarse grain structure 
which can be eliminated only by mechanical working. 
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Constitution of Iron-Vanadium Alloys 

By Jerome Strauss* 


In 1908 Vogel and Tammann* published the results of the first systematic study 
of the iron-vanadium system. They determined, however, only the liquidus and 
solidus lines, reporting no transformations in the solid state; part of this omission 
was obviously due to their failure to examine any alloys* containing less than 10% 
vanadium. More recent investigations have not significantly altered the results 
reported at that date. By metallographic examination Oya*' confirmed findings that 
in the light of recent general investigation must obviously be correct, namely, that 
the isomorphous metals alpha iron and vanadium, being both of body-centered 
cubic structure, form a continuous series of solid solutions. Wever and Jellinghaus'* 
studied the melting ranges of a series of alloys containing up to about 70% 
vanadium. With above 10% vanadium these alloys were not of high purity, con¬ 
taining 0.03-0.14% carbon and 0.16-2.01% silicon. At the same time the alloys 
of Vogel and Tammann were also not of high purity. Furthermore, the melting 
point of vanadium is not known with precision, having been placed variously between 
1680 and 1750®C. The liquidus and solidus curves of Pig. 1 are therefore a com¬ 
promise between the values on low vanadium alloys of Vogel and Tammann,* those 
on the purer alloys of Wever and Jellinghaus^' and the melting point determination 
of most probable reliability, namely, the 1700®C. by Marden and Rich.’ The min¬ 
imum solidification temperature is taken from Wever and Jellinghaus*^ at 31% 
vanadium and 1468®C., but the correct temperature may be slightly higher. 




Putz* and Portevin* 
both observed an increase 
in the temperature of the 
gamma to alpha transfor¬ 
mation on the addition of 
vanadium to low carbon 
steels (0.1 and 0.2% carbon 
respectively) and Maurer 1200 
who first proclaimed the 
existence of the “gamma ^ooo 
loop” also used carbon- 
containing alloys, with 0.04- 
0.09%. All were correct in 
their deductions although 
not establishing the alpha- 
gamma boundary for puie 
alloys. There is still much 
disagreement concerning 
this boundary. The values 
for the extreme limit of 
the gamma phase ranges 
from l.l-2.5% vanadium®'•• 

11.14. In view of the pro- 
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Fig. 1—Iron-Vanadlum Constitution Diagram. 


found effect of impurities, notably carbon, upon the outline of this field'® and the 
reported impurities of some investigations and obvious though unreported impurities 
of others t, the limit of the gamma phase is here placed at 1.0% vanadium with 
the extreme of the adjacent gamma plus alpha field at 1.1%. This places max¬ 
imum weight upon the work of Wever and Jellinghaus, whose low vanadium alloys 
contained as maximum impurities 0.01% carbon, 0.07% silicon, and 0.03% aluminum. 


On the occurrence of the magnetic transformation there is also disagreement. 
Oya" reported a slow increase in temperature with increased vanadium content, 
especially in the lower concentrations, with a maximum of about 850®C. at 15%; 


•Vice-Pres., Vanadium Oorp. of America, BridgevUle, Pa. 

^Description of the nature, appearance, and method of preparation of some of the materials 
employed by ^ome Investigators leads the author to question some of the statements of purity 
which are not supported by detailed analyses; this applies especially to the vanadium used. 

This article was not revised for this edition. 
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then a slow decrease changing to a rapid decrease above 20% and reaching room 
temperature at about 36% vanadium. Wever and Jelllnghaus“ reported a similar 
slow increase of the magnetic change up to 785^0. at 1.4% vanadium, then remaining 
at about this temperature (790°C. maximum) up to 29.5%; above this amount their 
^ conclusions require checking due to the presence of another phase associated with 
I or replacing the solid solution. Their curve was similar to that of Oya but reached 
room temperature at 58% vanadium. Vogel and Martin'* showed a rise from 768®C. 
to about 820^ at 3% vanadium and stated that the increase continued up to a 
content noted in different parts of their paper at 25 and 32%. Edlund'* noted values 
differing not too greatly from those of Wever and Jellinghaus up to about 25% 
vanadium, but a slower decrease above this percentage and no magnetic change 
above about 43%; the precision of the work was such that his data are used here. 

As noted above, Wever and Jellinghaus described a new phase. Osawa and 
Oya** had observed that the change in the lattice parameter of the alloys did 
not proceed from that of iron (2.852A) to that of vanadium (3.004A) in accordance 
with Vegard’s addition law. The later investigations conffrmed these findings and, 
as a result of combined metallographic, thermal. X-ray, and magnetic data, out¬ 
lined the field of what they assumed to be an intermetallic compound corresponding 
to the formula FeV and capable of dissolving limited amounts of either iron or 
vanadium; marginal two phase fields were also described. The separation of the 
pure compound was placed at 1234®C. and 48% vanadium (47.7 by formula). The 
lattice type was not definitely identified but stated to be complex. As there has 
been no published work in confirmation of the existence of this phase, its boundaries 
are Indicated by dotted lines in the present diagram. The central Held is here 
designated as epsilon since it is a solid solution and not a compound of constant 
composition. 

It is apparent from this description that although parts of the iron-vanadium 
constitutional diagram are qualitatively correct, more work is required for precise 
location of the lines and definite confirmation of the intermetallic compound. 
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Constitution of Iron«Carbon*Molybdenuni Alloys’^ 

The first attempt at complete determination of the lron-carbon*molybdenum 
system was made recently by Takes! Take!. This report represents a vast amount 
of experimental work. It is worthy of special note that this is probably the first 
time that the initial diagram of a ferrous ternary system is constructed in ac¬ 
cordance with phase rufe requirements. It is probable, then, that future contribu¬ 
tions to this system will chiefly bring adjustments .rather than effect radical 
changes. 

In Fig. 1 is given the steel comer from the iron-carbon-molybdenum diagram. 
Although not given in Fig. 1, the phases in the complete diagram are identified as 
follows: 


Phase 


Explanation 


a Solution of Mo and C In a Fe 

7 Solution of Mo and C in 7 Fe 

c FesC (capable of dissolving Mo, c 
and Fe) 

ta Double carbide of Fe and Mo 
€ Fe«Moa containing Fe and C ip solution 
i| FeMo containing Fe and C in solution 
$ MoaO (capable of dissolving Fe and Mo) 
d Solution of Fe and C in Mo 
r The melt 

Isothermal sections show the nature 
of the ternary system for the iron- 
carbon-molybdenum alloys. At 800°C. the 
diagram discloses the presence of the 7 
phase and at 1200^0. a liquid phase is 
present. 

The complete diagram becomes spec¬ 
ulative at high molybdenum and carbon 
concentrations. Fortunately, the portion 
which has already been established with 
reasonable certainty is also the portion 
of greatest usefulness—for low molyb¬ 
denum contents. 

Although isothermal sections alone 



Pig. 1—Steel corner of the iron-carbon-molyb- 
denum diagram. 


do not tell what happens to alloys as they are heated or cooled, the trends of the 
various boundaries may be inferred from an Inspection of the diagrams. The sec¬ 
tions of the diagram at 2, 4 
and 10% molybdenum are 
shown in Fig. 2, 3 and 4. The 
complex nature of the system 
is caused principally by the 
appearance of the or 
double carbide phase. While 
these section diagrams of 
constant molybdenum con¬ 
tent cannot be used to esti¬ 
mate relative proportions 
and compositions of phases 
present, they are useful in 
indicating the number and 
nature of phases present at 
any temperature and compo¬ 
sition. 

Structural Diagrams for 



Fig. 9—Xiotlieniiftl diagrams 
alloys with 2% molybdenum. 


for lron-carbon>molybdenum 


Iron-Carbon-Molybdenum Alloys—Twelve structural diagrams for the iron-carbon- 
molybdenum system up to 1.2% carbon and 6.0% molybdenum were established from 


*Ab 8 tracted from the literature by the editorial staff. 
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microscopic and hardness examinations of 41 alloys. The results of this study were 
reported in a paper by Blanchard, Parke and Herzig before the A.S.M., October, 1938, 
and published in the Transactions of the A.S.M. in 1939. The analysis range of the 
alloys used in this study follows: C 0.05-1.33%, Mo 0.04-6.34%, Mn 0.11-0.31%, 
Si 0.07-0.33%. All compositions were low in S and P. 

Alloys were melted in a 


30 lb. high frequency induc¬ 
tion furnace. No aluminum 
additions were made. The 
ingots were forged into 1 in. 
round bars and ground to 
% in. round. Specimens 1^ 
in. long were held at tem¬ 
perature for 1 hr. Hardness 
measurements and mfcro- 
scopic observations were 
made at a point equidistant 
from the center and the sur¬ 
face of the specimen. In 
these diagrams the constitu¬ 
ents are designated as fol- 



0 to SiO SO 4.0 SO 

Condon, 


lows: 


Pig. 3->aaine as Pig. 2. but witn molvhdenum. 
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Carbide 
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Pearllte 
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Martensite 


Double Carbide 
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The diagrams in Fig. 5, 
6, 7 and 8 show the struc¬ 
tural compositions for alloys, 
water quenched from 1550 
and 1650'’F. and normalized 
at the same temperatures. 
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Fig. 6—Iron-carbon-molybdenum alloy air oobled 
from ISSO-’P. 
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Constitution of lron«Chromium-Carbon Alloys 

By Walter Crafts* 

Chromiam-Carbon System—The chromium-carbon system has received atten¬ 
tion since as early as 1856 when Sainte-Claire Deville investigated the reduction of 
chromium oxide by carbon. Since that time many investigations have been carried 
on for the purpose of establishing an equilibrium diagram for the system. A diagram 
was proposed by Hatsuta' and is probably the most accurate representation of 
equilibrium conditions available. The carbides Cr 4 C, CrTC,, CrgCa are well estab¬ 
lished, but existence of CrC has not been verified. Recent work by Westgren* has 
shown that the carbide Cr 4 C is really Cr^C*. The eutectic between chromliun 
and Cr 40 is placed at 1485®C. and 3.7% carbon. 

According to X-ray analysis the carbide Cr 40 is face-centered cubic, 0r,0, is 
trigonal and Cr.Ca is orthorhombic. With reference to the ternary system Iron- 
chromlum-carbon, only Cr 40 and Cr,C* need be considered, since CriC, does not 
occur in any of the usual alloys. 



Fig. 1—Iron-chromium-carbon system at 0.10, 0.5, 1.0, and 1.5% carbon. 


Iron-Chromium-Carbon System—The system iron-chromium-carbon has been 
studied by many investigators, and sufficient data have been obtained to Justify 
the construction of a ternary diagram for the iron-rich corner of the system. While 
some details of the contiguous binary systems are not certain, the general features, 
of the partial system iron, iron-carbide, chromium-carbide, chromium are so well 
recognized that the diagrams taken chiefly from the investigations by Tofaute, 
Sponheuer, and Bennek* and Tofaute, Ktittner, and Btittinghaus,* may be con¬ 
sidered satisfactory for practical interpretation of the behavior of the usual iron- 
chromium-carbon alloys. 

Sections at 0.1, 0.5, 1.0, and 1.5% carbon are given in Fig. 1. Fig. 2 shows the 
sections at constant chromium contents of 5, 12, 20, and 30%. An isothermic section 
of the iron-chromium-carbon diagram* at temperatures of 1150®C. is given in Fig. 3. 

Tlie carbide phases designated as C,, C,, and C, in the diagrams have the 
following formulae and compositions: 


•Union Carbide and Carbon Research Laboratories. Inc, Niagara Falls, N. Y. 
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Cl— (Pe.CDsC—Iron carbide capable of dissolving up to about 15% chromium. 
C 2 —(Cr.Fe)jC 8 —Chromium carbide capable of dissolving up to about 65% iron. 
C^(Cr,Pe) 4 C—Chromium carbide capable of dissolving up to about 25% iron. 

The other phases have been designated as follows; 

L—Liquid 
X—Perrlte 
Y—Austenite 
(r->-€lgma (PeCr) 



Percent' Coftan 


Percent Carton 


r 

P55P 

Pf9P 

fSSP 

J4P2 

JttP 



nercent Carton 


Pig. 2—Iron-chromium-carbon system at 5. 12. 20, and 30% chromium. 


The orthorhombic carbide (Fe,Cr)aC is 
found in only the lowest chromium steels, 
and as the chromium content is increased 
the trigonal carbide (Cr,Fe) 7 C 3 makes its 
appearance. The presence of cubic carbide 
Cr 4 C is dependent upon both the carbon 
and chromium contents. For example in 
low carbon steels it appears at about 10% 
chromium whereas with 3% carbon present 
it is found only in alloys containing more 
than about 35% chromium. It is fairly 
certain that (Cr,Fe) 4 C forms as a result 
of peritectic transformation, and the same 
is probably true of (Cr,Fe)7C3. 

Four 4-phase equilibria exist in the 
iron-chromium-carbon system. Three of 
these are of the transition-plane type 
while the other is of the eutectic type. The 
ternary eutectic point lies close to the 
plane of the iron-carbon diagram. The 
nonvariant equilibrium of greatest practical 
importance is the one involving the phases 
alpha, gamma, (Fe,Cr) 3 C and (Cr,Fe),C,. 
which exists at about 800^*0. In view of 



Conton^PGnoent 


Pig. 3—Iron-chromlum-carbon system at 
1150"C. 


the position of the co-ordinates for this 

quadrangle, namely 2.6% chromium and 0.05% carbon for the alpha corner and 2% 
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chromium and 0.7% carbon for the gamma corner, it is possible for the chromium 
carbide, Cr,C„ to appear in many steels containing more than 2% chromium. 

The constitution of the alloys with less than about 2% chromium is not 
markedly different from that of iron-carbon alloys. With Increasing chromium 
content, however, the single phase gamma region is shifted to lower carbon con¬ 
tents and disappears entirely at about 20% chromium. The temperature limits of 
the region are also restricted with increased chromium content. From a practical 
standpoint this means that higher heat treating temperatures must be used for 
those operations that depend upon transformation to and from the gamma phase. 

The solubility of carbon in the alpha phase of iron-rich alloys at temperatures 
just below the freezing point increases slightly with increasing chromium con¬ 
tent. The carbon content of the *'eutectoid'’ is decreased by increasing the 
chromium content. 

At chromium contents above about 40% it will be noted that the phase 
designated as ''sigma” makes its appearance. It appears likely that this phase 
results from the allotropic transformation of a saturated alpha solid solution 
although it has been classed as a compound and assigned the formula FeCr. This 
phase is not stable at temperatures above 900®C. and in most cases is developed 
only after extended holding times in the temperature range of 600-1000'’C. 
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Constitution of Iron-Manganese-Carbon Alloys 

By C. Wells* 

Historical—The iron-manganese-carbon diagram derived by Bain, Davenport, 
and Waring,* published in 1932, was the first to give reasonably complete data con¬ 
cerning the constitution of the industrially important ternary alloys in the solid 
state when brought approximately to equihbrium at various temperatures. 



Fig. 1—A diagrammatic representation of the iron-manganese-carbon 
ternary diagram. 


Between 1888, when Hadfield steel was discovered, and 1932 a number of inves¬ 
tigations were conducted using various experimental methods for the purpose of 
determining the effect of heat treatments on the constitution of the ternary alloys 



0 apo 040 0.60 0.60 wo 1.20 140 160 
Per Cent Cordon 

Fig. 2—2.5% manganese section of the ternary diagram 
for alloys of iron, manganese, and carbon. 


^Metals Research Laboratory, Carnegie Institute of Technology, Pittsburgh. 
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Of commercial purity.* In general, however, this effort was concentrated on the 
high and low manganese steels of industrial importance, and the supposedly brittle 
alloys of intermediate manganese content were neglected. Furthermore, in only 



Pen Cent Cerbon 


Fig. 8—4.5% manganese section of the ternary diagram for 
alloys of iron, manganese, and carbon. 


one or two of these investigations were the heat treatments prolonged sufficiently 
to bring the high manganese ternary alloys close to equilibrium. It is not surpris¬ 
ing, therefore, that the rather uncertain diagram published by Guillet,* showing 



Pig. 4—7% manganese section of the ternary diagram for 
alloys of iron, manganese, and carbon. 


simply the constitution of iron-manganese-carbon alloys after being forged and air 
cooled to room temperature, was the best available until the paper of Bain, Daven¬ 
port, and Waring was published. 

Although the diagram of Bain and his co-workers may not be considered en- 
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ttrely satisfactory, because commercial rather than high purity alloys were used, 
this objection from a practical standpoint is not serious, since the broad aspects 



0 0.20 040 0.60. 080 lOO 120 MO l£0 

Per cent Carbon 

Fig. 6—10% manganese section of the ternary diagram for 
alloys of Iron, manganese, and carbon. 

of the constitutional diagram have since been shown to remain the same. This is 
clear from a series of papers^* ^ which describe the constitution in the solid state 



Pen Cent Corbon 

Fig. 6—13% manganese section of the ternary diagram for 
alloys of iron, manganese, and carbon. 

Of high purity iron-manganese-carbon alloys containing up to about 13% manga¬ 
nese and* 1.5% carbon. 
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Iron-Mansranese-Carbon Constitution Diagram—The diagrams published by E.C. 
Bain and co-authors and by F. M. Walters and co-authors were determined by 
examination under the microscope of quenched specimens, previously brought close 
to equilibrium at crucial temperatures. In the determination of the 2.5 and 4.5% 
manganese sections of the ternary diagram dilatometric studies also proved useful. 

A comparison of the results using alloys of commercial purity with those 
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Wf. 7*>-0.2% carbon section of tne ternary diagram 
for aUoys of iron, manganese, and carbon. 
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Per Cent Manganese 


Fig. S^.4% carbon section of the ternary diagram 
for aUoys of iron, manganese, and carbon. 


obtained using high purity alloys shows general agreement. For the purpose of a 
general understanding of the behavior of the ternary alloys as a whole, a diagram¬ 
matic representation of the ternary diagram is given in Fig. 1. The space indicated 
by e ? is of doubtful significance because it is not Imown whether epsilon is a stable 
or transition constituent. At temperatures Just above those indicated by the upper 
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Fig. 9>~0.6% carbon section of the ternary diagram 
for alloys of iron, manganese, and carbon. 
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Fig. 10—0.8% carbon section of the ternary diagram 
for alloys of iron, manganese, and carbon. 


surfaces only the gamma phase is stable. Below these the stable phases are as 
reprecented and occur between limits indicated by the lUniting Ixiundaries. The 
line between the upper two surfaces represents the upper eutectoid compositions and 
temperatures (723'’C. and 0.80% carbon for pure iron-carbon alloys, and eoO'^C. 
and 0.30% carbon for 13% manganese ternary alloys). As alloys of suitable composi- 
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tions are cooled at an extremely slow rate from the gamma field (above ABC, 
Pigs. 2-6) proeutectoid carbide separates between temperature limits indicated by 
CBE and proeutectoid alpha solid solution between limits indicated by ABD. Cool¬ 
ing further (below DBE) at a similarly slow rate results in a simultaneous precipita- 



0 9 4 6 a W 12 14 

Pen Cent Manganese 

Fig. 11—1.0% carbon section ol the ternary diagram 
for alloys of Iron, manganese, and carbon. 
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Pen Cent Manganese 

Fig. 12—1.3% carbon section ol the ternary diagram 
for alloys of Iron, manganese, and carbon. 


tion of alpha solid solution and carbide from the gamma solid solution giving a 
binary eutectoid of varying composition as the temperature is lowered, until tem¬ 
peratures represented by FO are reached, at which point the remaining gamma 
solid solution in the alloys is completely transformed into alpha solid solution + 
carbide. 


700 

600 

500 



Pen Cent Manganese Per Cent Manganese 


Fig. 13—Curve showing the Influence of manganese 
on the upper eutectoid temperature limit in 
alloys of eutectoid composition. 


Fig. 14.—Curve showing the influence of manganese 
on the carbon concentration in alloys of 
eutectoid composition. 


Adding manganese to iron-carbon alloys makes possible the co-existence of 
three phases, alpha, gamma, and carbide, in equilibrium (field between DE and 
FO, Figs. 2-6) .t As carbon is added to iron-manganese alloys of constant man¬ 
ganese content, the upper and lower temperature limits at which the three phases 
can exist in equilibrium are raised.* 


fA discussion of tho conditions which may give rise to the type of sectional diagram Indi¬ 
cated In Figs. 2-6 is given in “Principles of Phase Diagrams,” by J. S. Marsh^, p. 134-146. 

*Whpn the carbide, gamma, and alpha phases co-exist in equilibrium, the components, carbon, 
manganese, and Iron are so distributed that the concentration of the manganese and of the carbon 
is highest in the carbide, intermediate in the gamma, and lowest in the alpha phases. Due to this 
distribution of components in the phases, an increase in carbon in iron-manganese-carbon alloys of 
constant manganese content results In a decrease of manganese in the gamma In equilibrium with 
alpha and carbide phases at the upper and lower temperature limits of the eutectoid reaction and 
therefore in a raising of the upper and lower temperature limits of' the three-phase cone. 
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The effect of manganese upon the temperature zones of stability for the phases 
in alloys of constant carbon content is indicated in Fig. 7-12. 

The upper temperature limit of the eutectoid reaction as indicated by B (Fig. 
2-6) is lowered with an increase of manganese in the ternary alloys (Fig. 13), and 
the carbon concentration in these ternary alloys of eutectoid composition is also 
lowered with increase of manganese (Fig. 14). 

Bain and co-authors have indicated a small single alpha phase field in their 
sectional diagrams; but Walters and co-authors have preferred not to do this, 
because there are insufficient equilibrium data available to Indicate the limits of 
this field with certainty. The single alpha phase field if indicated in the sectional 
diagrams (Fig. 2-6) would appear to the left of and above DF. 

An epsilon phase field is not indicated in any of the diagrams, because there 
is much uncertainty regarding the stability* of epsilon, and because the knowledge 
of the phase relationships between epsilon and other phases is uncertain. 

Since the sectional diagrams presented are neither binary nor pseudobinary 
diagrams, they give no indication of the proportions or compositions of two or more 
phases co-existing in equilibrium. Until such time that the chemical compositions 
of each phase in equilibrium with the other phases are known, only an incomplete 
knowledge of the portion of the ternary diagram studied is possible. At the present 
time little data of this kind are available. 

Phases Present—Up to 13% manganese and 1.5% carbon no phases crystallo- 
graphically different from those found in the binary iron-manganese and iron- 
carbon alloys have been observed. 

Carbide—Iron-manganese carbide, (Fe, Mn),C, which occurs in the ternary 
alloys containing up to 13% manganese and 1.5% carbon has an orthorhombic 
structure” similar to that of cementite in iron-carbon alloys, and contains about the 
same concentration of carbon as iron carbide. The concentration of manganese in 
the carbide occurring in these ternary alloys depends upon the concentration of 
manganese in the alloys.'” Under equilibrium conditions the percentage of man¬ 
ganese in the carbide is always much higher than that in the alloy, and in high 
manganese steels of the Hadfield type the carbide present may contain between 
20 and 25% manganese, in which case there would be 1 atom of manganese to 
every 3 or 4 atoms of iron in the carbide. The analysis of carbide separated from 
alloys containing 1% carbon and 5-13% manganese is given by Arnold and Read" 
as approximately 7% carbon and 22% manganese (iron by difference). In ternary 
alloys of much higher manganese content other carbides (Mn, Fel^C, (Mn, Fe),Cs, 
and (Mn, Fe),C,] may exist. This is evident from a comparison of the data of 
Westgren and Phragm6n'^ with those of Holmquist'* and Wells" which show that 
the carbides of manganese (probably Mn^C and Mn^Ca) are very similar to those 
of chromium (Cr^C and Cr,Ca) in structure and dimensions. 

Gamma Iron-Manganese-Carbon Solid Solution—In the gamma phase man¬ 
ganese atoms replace some of the iron atoms at the lattice points of the face-cen¬ 
tered cubic gamma iron lattice while carbon atoms enter the interstices^. Both 
manganese and carbon in solution in gamma iron increase the size of the unit cell. 

Alpha Phase—This is an iron-manganese solid solution in which the solubility 
of carbon is quite low." In this phase manganese atoms replace some of the iron 
atoms in the body-centered cubic alpha iron lattice and cause an increase in the 
size of the unit cell. 

Epsilon Constituent—This constituent has a close-packed hexagonal crystal 
structure and occurs most readily in iron-manganese-carbon alloys containing high 
manganese and low carbon concentrations. The formation of epsilon in iron-man¬ 
ganese alloys containing very low carbon concentrations is described in this hand¬ 
book. See chapter on “Constitution of Iron-Manganese Alloys.” 

Epsilon also forms from the gamma phase in high manganese steels of the Had¬ 
field type during cooling after a heat treatment to precipitate most of the carbide 
from the gamma phase. 
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The Constitution of Iron-Nickel-Aluminum Alloys 

By L. L. Wyman* 

The iron-nlckel-aluminum ternary system has only been partially explored, 
the work on this being done by Kdster,* and more recently by Bradley and Taylor.* 

The room temperature plots of these two diagrams do not entirely conform to 
the best available information on the three binary systems involved, and need some 
modihcation in order to do so. 

The Kdster diagram consists essentially of the ranges of the alpha (Bcc) and 
gamma (Pcc) alloys, established by thermal, microscopic, and magnetic analyses. 



Fig. l—Llquldus surface ol the iruh-nlckel-aluminum system. 
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at various nickel contents in the iron comer of the iron-nickel-aluminum 

The Bradley and Taylor diagram, while it incorporates essentially the same “two 
phase** area, shows that this range is made more complex by the formation of 
superlattices. 

The work of other investigators has shown that the magnetic properties are 
related to the formation of superlattices rather than to the phase relationships, so 
that the Bradley and Taylor diagram, taken as confirmation of the Kdster ternary, 
and the best knowledge of the binary systems, might be considered the nearest to 
the true construction which is known at present. 

Fig. 1 shows the plot of the liquidus surface of the ternary system, as worked 
out by Kdster, while Fig. 2 shows the elevation at various nickel contents, in the 
iron comer of the ternary system (Kdster). 

^Research Laboratory, General Electric Co., Schenectady. 


Pig. 2—^Elevations 
system. 
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Fig. 3 shows the room temperature plot of the ternary system constructed 
according to the best information, using the phase and magnetic limits established 
by Kdster, and the superlattice fields according to Bradley and Taylor, having both 
conform to the most reliable binary systems as limits. 



Pen Cent Ntcke/ 


Fig. 3—Room temperature arrangement of the iron-nlekel-alumlnum system. 

The nomenclature used is in conformity with the iron structures, alpha being 
body-centered cubic, and gamma being face-centered cubic. 

Beginning in the iron-rich corner of the diagram it will be noted that the 
alpha Fe-Al alloys have two superstructures, the a, being of the Fe^Al type, having 
iron atoms at the cube comers and iron and aluminum atoms alternating in the 
center positions in adjacent cubes, while the a, has the FeAl type of superlattice 
with iron atoms at the cube comers and aluminum atoms at the cube centers. 

The shading lines in the alpha and gamma, alpha and a., a, and theta, gamma 
and theta fields are in accordance with the Bradley and Taylor diagrams and are 
intended to show that the products of decomposition of any alloy having a com¬ 
position represented as a point on these or similar lines would be represented by the 
phases corresponding to where these lines intersect the adjacent fields. 

The nickel-rich ternary alloys have not been clearly established as yet, for 
Bradley and Taylor believe that the nickel-rich Al-Ni solid solution has a super¬ 
lattice, while Alexander and Vaughan* clearly reveal the presence of a new face- 
centered phase theta. Consequently this portion of the diagram does not conform 
to equilibrium relationships. 

The interesting alloys in this system are the permanent magnet materials in the 
neighborhood of the compound FegNlAl (29.7% Ni, 13.7% Al) which on proper 
cooling set up a superlattice, and give rise to remarkable magnetic properties. 

The slow cooling of FCaNiAl places it in a two phase field made up of alpha, 
having its atoms at random, and the a, phase having a superlattice. The former 
also has a lattice spacing 0.3% less than the latter. Cooling the alloys in this 
range at the proper rate permits a portion of the above reaction to take place, 
but does not carry on to completion. This gives rise to a condition of,immense 
strain, due to the differences in lattice size, to which Bradley and Taylor* attribute 
the high coercivity of these compositions. 
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The Iron-Nickel-Chromium System 

By Edflrar C. Bain* and Robert H. Abomt 

The ternary system iron-nickel-chromium is particularly interesting from the 
•clentiflc standpoint in that it is relatively simple, and at the same time carries the 
liflection of phase shifts accompanying allotropy in one of its components, iron. 

While there is little evidence that 
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ng. 1—Iron-Nickel Constitution Diagram. 


the chromium-rich ternary all 03 rs 
have been explored, there is never¬ 
theless a fair degree of probability 
that the phases at equilibrium in 
H ^^00 the entire system may be predicted 
now with considerable assurance; 
the character of the system in the 
iron or nickel-rich range permits of 
some reasonably valid inferences 
concerning the remainder of the 
system. Before the several phases 
J 800 in the three component alloys are 
considered it may be well to review 
the three binary equilibrium dia¬ 
grams, Pe-Ni, Pe-Cr and Cr-Ni, as 
set forth in Fig. 1, 2 and 3. 


/600 



Wg. 2—^Zron-Cbromium Constitution Diagram. 


At the outset it is obvious that iron, in one or the other of its allotropic 
states, forms a complete series of solid solutions with chromium and also with 
nickel. Thus ferrite, the alpha or delta iron solid solution, may carry only limited 
amounts of nickel, but approach 
100% chromium without any new 
phase appearing. Similarly austen¬ 
ite, the gamma iron solid solution, 
may carry only limited chromium, 
but approach 100% nickel. Thus, 
except for intermetallic compounds 
(and one does exist below about 
1650°P.)^ the entire system must 
consist only of two phases (body- 
and face-centered cubic) which, 
however, will vary considerably as to 
composition range depending upon 
temperature. In spite of the fact 
that the words austenite and ferrite 
are usually applied only to relatively 
dilute solid solutions in the two 
forms of iron, it is nevertheless so convenient to extend the terms for the present 
consideration, to higher concentrations of dissolved elements that this procedure 

< 5 ^ will be adopted. 

From various sources, a fairly 
accurate approximation of the melt¬ 
ing temperatures of the binary sys¬ 
tems have been assembled; with 
reference to the ternary alloys little 
is known, but commercial melting 
experience shows that the custom¬ 
ary iron-chromium-nlckel alloys 
melt at temperatures not much be¬ 
low the fusion temperatures of the 
binaries, especially in the iron-rich 
compositions. From this it may be 
inferred that in the three-dimen¬ 
sional phase diagram the solidus- 
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*ABst. to Vlee-Pres., United States Steel Corp., Pittsburgh. 

fAsst. Metallurgist, United States Steel Oorp. Research Lab., Kearny, N. J. 
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liquidus surfaces are fairly fUit. With respect to the conditions in the solid state the 
knowledge is more abundant. 

Fig. 4t shows the state of affairs as regards the constituent phases just below 
the solidiffcation range. The high temperature alpha iron (delta iron) solid solutions 
make themselves felt by a strong sweep of the ferritic crystal structure into the iron- 

nickel side of the diagram. Fig. 4 
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may be regarded as a plan view of 
the ternary diagram with the two 
9400 phase (solid and liquid) regions 
removed. 

As the temperature is lowered 
tfinn distribution of phases is consid- 
^ erably altered, until within the tem¬ 
perature range approximately 1650- 
2370®P. (the exact temperature de- 
600 pending upon the composition) the 
gamma iron solid solution reaches 
its maximum extent, and, corre¬ 
spondingly, the purely ferritic fam- 


82% 92Fe 


ily of alloys is reduced to its mini¬ 
mum extent. This is illustrated in 


Pig. 9—The effect upon constitution of (left) nickel 
in an 18% chromium alloy, and of chromium (right) 
upon an 8% nickel alloy. 


Pig. 5. 

A plane section through the 
(solid) ternary constitution diagram 


at the IGSO^’F. temperature level is shown in Pig. 6. The iron-chromium compound 


(probably Fe-Cr) first appears at this level and thereby introduces some six new 


phase fields, owing to its binary and ternary equilibria with ferrite, austenite, and 


chromium-rich solid solution. A curious feature of the iron-rich comer is shown In 


enlarged detail in Fig. 6A. This is occasioned by the fact that the As transformation 
in purified iron is in the vicinity of 1670^F. and that small additions of either nickel 
or chromium then tend to stabilize austenite and thereby lower the As transforma¬ 
tion to temperatures below 1650*F. 

The compound, based upon the approximate composition Fe-Cr, forms only 
from compositions which are, at least in part, ferritic, and then relatively slowly, 
so that in rapidly cooled alloys it is never found. Its rate of formation is at a 
maximum on^ a few degrees below the maximum temperature at which it may 
exist at equilibrium.* The approximate iron-chromium composition range in which 
it may form is illustrated in Fig. 2, but it may form also in alloys carrying as much 
as approximately 30% nickel. (See Fig. 6 and 7). Apparently it may not form 
from ferrite richer in chromium than about 55%. Nickel slightly raises the 
maximum temperature of stability of the compound so that in the solid diagram 
its phase boundary is seemingly a mound rising to somewhat above 1650°F. at 
some 5% nickel and slightly under 50% chromium. 

The compoimd itself is hard and brittle and nonmagnetic; its crystal structure 
has not been reported and the diffraction pattern is such as to suggest a complex 
crystal of low symmetry. When it is formed in an iron alloy of some 30% 
dmnnium after long periods at about 900'’F. it is located in a thin intergranular 


fThe usual triangular portrayal of phase distribution at constant temperature for three com¬ 
ponents is employed here not only for single temperatures but also for certain qualified conditions 
over a temperature range. It should be borne in mind that only two independent variables are 
really possible of representation on a plane surface and that three component systems are really of 
such a nature since the concentration of any one component of the three is a funcflon of the sum 
of the concentrations of the other two; that Is, 100%—^A%~B%—c%. The triangle merely cuts 
off the unreal magnitudes of any two components at the 100% maximum. 

It should be noted that all diagrams shown here are only approximate but they are drawn 
in such a way as to be consistent both with the available information and with thermodynamic 
oonsiderations as expressed in the phase rule. 

*It is, of course, nearly impossible to prove that the compound, based on FeCr would form 
in absolutely pure iron-chromium alloys, with or without nickel. Adcock is inclined toward the 
Interpretation that the compound forms as a result of possible contamination. The present 
authors on the other hand believe that the large number of instances in which the compound has 
been observed warrants including it in the equilibrium system. One of them found this con¬ 
stituent formed throughout the whole of a 1 in. section of iron-chromium alloy prepared by 
melting puic electrolytic metals in vacuum and subsequently maintaining the metal at the most 
rapid transformation temperature, also in vacuum. It is suggested that Adcock used a temperature 
too low to develop the transformation in the compositions employed to an extent sufficient for 
detection. 
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network and extreme brittleness results. Some brlttlene^ or loss of ductUlly 
appears In such compositions, however, before evidence of any precipitation of 
the compound exists. 

At temneratures much below about 1290°?. the alloys carrying more than 16% 
T'tnifgi or even less nickel if accompanied by perhaps 10% chromium, are unable to 
reach’the eouUibrium state in any ordinary time interval; Instead they tend to 

preserve the constitution set 
up at some higher temperature 
during a previous heating. 
This means, in general, that 
the alloys are more austenitic 
at room temperature than cor¬ 
responds to the true equilib¬ 
rium at that temperature. As 
a result, special time consum¬ 
ing methods of working the 
alloys (“stirring” them, in ef¬ 
fect) followed by prolonged 
heating is necessary to dis¬ 
cover what the trend toward 
equilibrium really Is. When 
this is done the indications 
are that at temperatures at or 
below about 570®P. the equilib¬ 
rium state shown in Fig. 7 
would result. In contrast, Fig. 
8 shows the distribution of 
the alpha iron-chromium and 
the gamma iron-nickel phases 
and the mixed phase regions 
over their respective composi¬ 
tion ranges when the alloys 
are rapidly cooled from the 
temperature level of Fig. 5. 

A wide variety of iron al¬ 
loys essentially carbon free but 
carrying either chromium or 
nickel, or both, to the extent 
of perhaps 8 or 10%, become 
martensitic as to structure 
after even a moderately rapid 
cooling from the austenitic 
hardness, although definitely 



Pig. 10—The effect of nickel upon the constitution of 
Tarlous alloys of constant chromium content. (Constant 
chromium secUons of the Solid Three Dimensional Ter¬ 
nary Diagram, temperature vertical). 
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Fig. 11—Probable Equilibrium 
Diagram of the 18 chromium-8 nickel 
alloys of various carbon contents. 


temperature. The 
greater in this condition than when composed of 
polyhedral ferrite grains, is not comparable with 
the martensite of carbon steel carrying even as 
little as a quarter of one per cent carbon. These 
carbonless martensitic structures serve to indicate 
that the acicular mode of transformation relates 
to the low transformation temperature rather than 
to composition. 

Apart from the behavior of the brittle com¬ 
pound, the only significant difference between slow 
and rapid cooling within the ordinary range of rates 
is observed with low alloy content, when the alpha 
iron product is “massive” or polyhedral ferrite in 
the former instance and marten^te in the latter; 
but beyond a few per cent of nickel or of chromium 
the transformation product is always a “carbonless” 
martensite. 

Furthermore, the alloys which are diown as 


being whoUy or largely ferritic in Pig. 7 (which represents equilibrium conditions 
at 670°P.), and as being normally austenitic in Pig. 8 (which represents maximum 
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austenite retained by rapid cooling to room temperature), are subject to Inordinate 
hardening by cold work, that Is, in the manner of Hadfield’s manganese steel. This 
extraordinary pick up of strength and hardness is regarded as being due to the 
formation of ferrite from austenite at a room temperature at which the condition of 
the ferrite must be that of martensite. This view Is strengthened by the observa¬ 
tion that higher carbon content enhances this hardening effect of cold work, m 
any event, tl^ hardening, accompanied by the acquisition of ferromagnetism denotes 
an allotropic change in an imstable alloy brought about by the stirring action of 
cold deformation. 

Since the compositions carrying about 18% 

chromimn and about 8% nickel are commercially ^c. -— T -—3-rn 

familiar, the sections of the ternary diagram rep- ___ LiQuicf 

resenting each of these two constant concentra- 

tlons, with the other element variable, are shown ^^Aust -f-Fen. - 2aoo 
in Fig. 9. A somewhat more extended assortment —Austenite— 
of constant chromiiun sections is shown in Pig. 10. 1 .. “ ^ooo 

Thft nraf.tiratl naftfiilnfisa of a discussion Of the >°00 — 
iron-chromium-nlckel system is increased by some o/* i ^^oioe\ _ 
consideration of the effects of carbon since it is 

extremely difficult to produce the alloys free from | Carp/de Pre- <Pap/^ _ 

carbon. The solubility of carbon in the aus- f^OO — 

tenite-nickel (gamma iron) solid solutions rapidly I yerySion^ 

decreases as the chromium content increases. ^—'-‘- 

Graphite may form in the high nickel alloys with ^ 

low chromium. The characteristic influence of Pen Cent Carbon 

carbon upon the commercial austenitic iron- Fig. i 2 ~echematic chart of carbon 

chromium-nickel alloys is exemplified In Pig. 11 J?romium-8^»ickli‘aUw^ *“ “ 

for the 18 chromium-8 nickel alloy. This shows 

the state of affairs to be foimd at equilibrium and is far different from what is 
ordinarily encountered, as shown in Fig. 12, owing to the extreme sluggishness and 
negligible reaction rate at the lower temperatures. 

Nickel lowers the dissolution rate of its solid solution in iron in essentially 
all reagents, and hence retards corrosion. When this effect is superimposed upon 
the passivating effect of chromium when present in excess of some 10%, an 
unusual resistance to any attack under oxidizing conditions is conferred upon the 
alloy. When, then, nickel and chromium are so added as to produce an austenitic, 
work hardening alloy, remarkable properties are realized, as in the *T8-8” composi¬ 
tion now widely employed. 

Under the special case of gaseous corrosion in which atmospheric oxygen 
attacks metal at elevated temperatures, the iron-nickel-chromium alloys are like¬ 
wise remarkable. Fortunately, these higher chromium-nickel alloys also possess 
good strength at elevated temperatures, and this combination of slow oxidation 
and good high temperature strength makes these materials almost indispensable in 
the various chemical industries. 

In this article little can be included of the industrial signiflcance of the 
commercial, carbon-bearing, iron-nickel-chromlum alloys, and the reader is there¬ 
fore referred to the chapters on “Stainless Steels” in this handbook. 
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PHYSICAIj and mechanical properties op iron Pe 3001 


Physical and Mechanical Properties of Iron 

By Reid L. Kenyon* 


General—The purpose of this article is to give a condensed statement of the 
physical and mechanical properties of the metal, iron, as reported in scientific 
literature. 

Acknowledgment—The data and information for this article have been se¬ 
lected from a number of sources, but mainly from the book, “The Metal—Iron” 
by H. E, Cleaves and J. G. Thompson, edited by Prank T. Sisco, and published by 
the Engineering Foundation, New York. This very complete volume contains an 
extensive bibliography of over one thousand references. The statements and data 


from the volume, “The Metal—Iron”, have 



Pig. 1—Crystalline form of Iron, (a) Body- 
oentered eubie packing, alpha and delta iron; 
(bi alpha and delta iron, body-centered cubic; 
(Cl face-centered cubic packing, gamma iron; 
and (d) gamma iron, face-centered cubic. 


been freely used in the compilation of 
this article, and the cuts are repro¬ 
duced by permission of the Engi¬ 
neering Foundation. 

Also, data were selected from 
the U. S. Bureau of Mines Bulletin 
No. 296, by O. C. Ralston. Data 
from other sources have been se¬ 
lected and in such cases an en¬ 
deavor has been made to give credit 
to the particular author. 

The data are usually from tests 
on material prepared by special 
methods in the laboratory, so it 
must be appreciated that consider¬ 
able variation in the property values 
must result in many cases. An at¬ 
tempt has been made, as far as the 
data were available, to include the 
results of tests on commercially 
available materials, such as car¬ 
bonyl iron, electrolytic iron, and in¬ 
got iron.! 


On account of the variability in composition and treatment of the many differ¬ 
ent samples of iron used by various investigators, the values given should be 
considered as the best approximations now available for the different properties 
and should not be used for specification purposes. 

Composition—Table I gives the typical composition of several common forms of 
iron which are available commercially. The analyses of a number of individual 


Table I 

Typical Composition of Commercial Irons 


C Mn PS Si Cu Ni Os Na Description 


0.012 

0.017 

0.005 

0.025 

Trace 


0.006 


0.005 

0.004 

0 005 



o.ooi 


Trace 

0.015 

0.004 

0.005 

0.028 

0.004 

0.003 

0.0012 


0.0007 ) 
0.000165 

• 

• 

• 

• 

• 


^Unable to identify, also Cr, Co, Mo, and Zn. 
fTotal reported impurities 0.024%. 


Armco Ingot iron 
Electrolytic iron 
0.004 Kahlbaum iron 

0.003 O.OOOlt Hydrogenized iron 

• <0.01 Carbonyl iron 


samples used by various investigators in determining various property values are 
g^ven elsewhere in this article. 


*Re8earch Metallurgist, American Rolling Mill Go., Middletown, Ohio, 
tin this article *'ingot iron*' refers to **Armco ingot iron." 
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Atomic Structure 

Isotopes^The Aston mass spectrograph has shown the existence of two isotopes, 
Pe (54) and Pe (56), which are present in the proportions of 1-20. 

Atomic Number—The atomic number is 26. 

Atomic Wefflrbt—The atomic weight is 55.84. 

Nuclear Sfrucfwrc—The nucleus of the iron atom consists of 14 alpha particles 
and two negative charges. The nucleus therefore carries a 26-fold positive charge 

which is compensated by 
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Fig. 2—Effect of temperature on lattice parameter of Iron. 
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the density of cold hammered ingot Iron. (Ishigakl.) Fig. 6— 
Effect 01 cooling rate on Ars point of iron. (Uoeienb.) 


the 26 electrons in the 
outer shells. The ratio of 
the number of outer elec¬ 
trons to the total positive 
charges is 0.536. This quan¬ 
tity is a measure of the 
nuclear stability which is 
quite large for iron. 

Arrangement of Elec¬ 
trons—The 26 outer elec¬ 
trons are believed to be 
distributed on four shells 
as follows: The inner K- 
shell 2, L-shell 8, M-sheU 
14, and the outer N-shell 2. 

Atomic Radius—As re¬ 
ported by Morse, the atomic 
radius for alpha iron is 
1.236 X 10-* cm. and for 
gamma iron is 1.284 x 10** 
cm. 

Atomic Volum e—By 
this term is usually meant 
the volume of a gram- 
molecular weight, and for 
iron at room temperature 
this is 7.1 cm.* The volume 
of an individual atom can 
be derived from this by 
dividing by Avagadro's 
number which gives 11.7 x 
10"** cm.* for alpha iron at 
16^0. 

Crystallographic Prop¬ 
erties—Iron is found to 
have two crystallographic 
forms: Body-centered cubic 
for alpha, beta, and delta 
iron, and face-centered 
cubic for gamma iron (Pig. 
1). The dimensions of the 
unit cube (lattice param¬ 
eter) vary with tempera¬ 
ture as shown in Pig. 2. 
The body-centered cubic 
lattice can be considered as 
two interpenetrating sim¬ 
ple cubic lattices whose 
coordinates are (0 0 0) 
and (H H W. The face-centered lattice is really made up of four interpene¬ 
trating simple cubic lattices and there are, therefore, four atoms in the elementary 
cell whose coordinates are (0 0 0) (^0 ^ 0) and (0 ^ V4). 
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Density—The density determinations on individual specimens may be conducted 
with great precision but the results apply only to the small pieces used in the test 
and results carried out to several significant figures are therefore of questionable 
value, at least as a measure of the density of the material as a whole. Three com¬ 
mon methods for determining density of iron are: Direct measurement, calculation 
firom the lattice constant as determined by X-ray examination, and extrapolation 
to zero content of alloying element of a series of iron alloys. Table II gives average 
values computed by Cleaves and Thompson from the work of a number of investi¬ 
gators. 

Variation of Density with Temperaftire—The density at temperatures above 
room temperature are generally determined by calculation from either the coeffi¬ 
cient of thermal expansion or the lattice constants. Lack of accurate data on 

Table n 

Density of Iron at Boom Temperature 

Average ValueM by Direct Measurement, Calculation from Lattice Constant and Extrapolation 


Type of Iron 


Direct 

Measurement 


Ingot . 7.866 

Carbonyl . 7.860 

llectrolytlo . 7.874 


Variety of 50 samples, 


Calculated 
from Lattice 

Constant Extrapolation 


7.865 


7.868 


Table in 

Density of Iron at Elevated Temperature* 


•C. ‘F. 

(1) 

(2) 

— PCJT wc.;— — 

(3) 

Molten Iron 

100 

212 

7.85 




200 

390 

7.82 




300 

570 

7.78 




400 

750 

7.74 




600 

930 

7.71 




800 

1110 

7.67 




700 

1290 

7.63 




800 

1470 

7.59 




{800- J 

[1472— 





1826 

11617 


7.55 



006 

1663 



7.571 (alpha) 


906 

1663 



7.663 (gamma) 


1400 

2652 



7.408 (gamma) 


1400 

2552 



7.390 (delta) 


1425 

2597 


7.32 



Melting Point 




6.92 ± 0.07 

1530 

2785 




7.45 

1530 

2785 




7.38 

1533 

2790 




7.23 

1535 

2795 



7.356 (delta) 


1535 

2795 




7.10 

1600 

2910 




7.16 

1670 

3040 




6.94 


*Data in column (1) calculated by Cleaves and Thompson from thermal expansion data of 
Souder and Hldnert and of Austin and Pierce with 7.87 g. per cc. as the density of iron at 25*C. 
Column (2) calculated from lattice constants determined by Westgren and Phragmen. Column (3) 
calculated by Ralston from thermal expansion data of Honda and Sato. 


volume changes at the transformation points results in the values for density 
above the A* point being unsatisfactory. Table III combines data from several 
sources on the density of iron at elevated temperature. 

Variation of Density with Cold lYorkinp—Cold working lowers the density of 
iron as shown by the data obtained by ONeill on ingot iron, Fig. 3. Tamaru and 
Ishigaki studied the effect of annealing at various temperatures on the density of 
cold worked ingot iron and their results are shown in Fig. 4 and 5. When heated 
above the At point, the density is restored to the value it had before cold working. 












PHYSICAL AND MECHANICAL PROPERTIES OF IRON 


427 


Transformation Points~The transformation points are the temperatures at 
which the various polymorphic changes occur. Some of these points are weU 
accepted, while others are in much question, being merely discontinuities In some 
physical property curve. 

Owing to the wide variation in the methods used for determining these trans¬ 
formation points, considerable difference in the results is to be expected. Some 
of the methods that have been used are: Heating and cooling curves and variations 
of this method, including differential curves; calorimetric measurements; magnetic 
tests; thermoelectric phenomena; electrical resistance measurements, and dilatation. 

Afl Transformation Range—This is the Curie point of pure iron below which iron 
is magnetic and above which it is not. X-ray methods have shown paramagnetic 
a iron (formerly called to be of the same crystal structure as magnetic a iron. 
The’magnetization is not all lost at one point, most of it being gone on heating 
up to 768*C., but remaining traces being detectable up to 791®C. This upper tem- 
peratiure depends on the sensitiveness of the instruments used. 

Heating and cooling curve methods have yielded quite consistent results and 
for several investigators show that the greatest thermal effect of the As transition 

occurs at 768®C. Sauveur has found 



Temperature,deg C 

Pig. a—Effect of temperature on the thermal 
conductivity of iron. 


that previous heat treatment has some 
effect on the determination, successive 
heatings tending to gradually raise 
the value to a constant temperature. 

Calorimetric methods have been 
used by many investigators, and Ral¬ 
ston has studied and interpreted their 
data and gives an average value of 
781®C. corresponding, to the discon¬ 
tinuity in heat content. 

Values obtained by means of mag¬ 
netic tests are influenced by strength 
of field and sensitiveness of instru¬ 
ments. As already stated, the mag¬ 
netic effect falls off rapidly at about 
768®C., but Honda claims it does not 
reach a constant value until about 
790®O. 

Thermocouples made of iron and 
platinum or iron and copper have been 
used for determination of the trans¬ 
formation points, but contamination of 
the couples has been one frequent 
source of error in these measurements. 
Bronlewski and Belloc found a dis¬ 


continuity in the emf.-temperature curve at about 795®C. The work of Burgess 
and Scott showed a definite change in direction of the curve at 768®C. This was 
an electrolytic iron sample against platiniun. All of their curves (for heating) 
had maxima at about 780*0. It has been suggested by Ralston that the latter is 
the real A* point as revealed by thermoelectric means, the 768*0. point being due 
to heat absorption known to reach a maximum at that temperature. 

Some experimenters have reported discontinuities in the electrical resistance 
curve at a temperature corresponding to the A* point. For example, Honda and 
Ogura report such a point at 798*0. Burgess and Kellberg used a method esti¬ 
mated to give a precision 1,000 times greater than that of Honda and Ogura and 
found a perfectly smooth curve. This would indicate that electrical resistance 
data fail to show the existence of the At point. 


The only evidence available on the dilatometric changes corresponding to the 
At point are those contributed by Benedicks whose dilatometric measurements 
have been accepted as precise, but whose temperature measurements and control 
have been criticized. His data show a slight indication at 760-775*C., but this is 


subject to interpretation. 
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Fig. 9—Coefficient of linear thermal expansion of iron 
at low and high temperatures. 


As Transformation 
This is the tem¬ 
perature at which pure 
iron undergoes a crystal¬ 
lographic change from a 
body-centered to a face- 
centered cubic lattice. 
The change is not instan¬ 
taneous and consequently 
there is some difference 
between the transition 
temperature on heating 
and cooling and also 
with variation in heat¬ 
ing and cooling rate. 
Values are given for Acs 
(heating) and Ats (cool¬ 
ing) . Ralston believes the 
best values to be those 
of Burgess and Crowe, 
who tried several cool¬ 
ing and heating rates 
and extrapolated to zero 
rate. Their corrected fig¬ 
ures for zero rate are 
Acs, 909 ± 1®C., and Ars, 
898 ± 2"C. These values 
are determined from the 
heating and cooling 
curves. Oberhoffer quotes 
the later work of Ruer 
and P. Goerens, which 
established the 7 /3 

transformation at 906**C. 
± V (Fig. 6 ). 

The specific heat 
method is regarded as 
giving the value for Ac» 
and the method of carry¬ 
ing out such tests gives 
results corresponding to 
zero heating rate. Ober¬ 
hoffer and Grosse, and 
Umino both report 906®C., 
but the values are not 
considered precise. 

Magnetic methods give 
the values in Table IV. 


Table IV 

Experimental Values for As Transformation Points Determined by 
Magnetic Methods 


Obienrer _Date_ Acs, *C._ Ars, *C. 


Honda ani Takagi. 1915 911 898 

Honda and Takagi. 1916 908 889 

Milwara . 1917-18 898 890 

Terry . 1917 918 903 
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Thermoelectric methods using platinum for reference have been used by Burgess 
and Scott. They found that the Acs transition begins at 906'’C. on heating and con¬ 
tinues to 912®, while the Ar* transition begins at 900®C. on cooling and is complete 
at 896®C. Later work by Berliner confirmed these temperatures. 

Electrical resistance methods are not so sensitive as some of the others, but 
Burgess and Kellberg, by using high precision methods, showed Acs beginning at 
about 900®C. and continuing to 911®C., while Ar» began at 
about 887®C. and finished at 872®C. 

Honda and Miura working with ingot iron at heating or 
cooling rates of 2®C. per min. found Acs begins at 860®C. and 
ends at 905®C., while Ara begins at 889®C. and ends at 850®O. 
Recent work on hydrogen annealed carbonyl iron showed a 
spread of only 2 or 3®C. and even of only 1®C. between Ac 
and Ar temperatures. An Aca value of 907 ± 2®C. was ob¬ 
tained using a heating rate of 0.125®C. per min., while the 
Ara point for the same cooling rate was 907®C. Cleaves and 
Thompson observe that “the spread between Aca and Ara 
points can be practically eliminated by technique and meth¬ 
ods which are now available, but further work is necessary 
to decide whether or not the temperature of the Aa trans¬ 
formation is appreciably higher for extremely pure iron than 
for somewhat less pure material." 




Pomt5xfICrmp205) -I "P- 
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Pig. 10—Effect of tern- Aa Transformation Rangfe—Magnetic and thermal tests 
pressure of'iro^n* ^**^°*^ principal ones that have been used to determine this 

point. It was first discovered by Ball and later by Osmond 
and Curie. The samples of these investigators were impure, which is no doubt 
the reason for their low results (1300®C.). More recent determinations are given 
in Table V. 


Table V 

Experimental Values for Ai Transformation Point 


Observers 


Thermal Methods: 

Oontermann . 

Ruer and Kaneke.... 
Ruer and Klesper... 
Hanson and Freeman 
Wever . 

Magnetic Method: 

Weiss and Foex.. 

Ishiwara .. 

Terry .. 


Date A4. «C. 


1908 

1411 

1914 

1420 

1914 

1401 

1923 

1400 

1927 

1401 


1911 

1395 

1917 

1390 

1917 

1406 


Ralston gives the above values (except Wever) and concludes that the work 
of Ruer and Klesper and of Terry seems to be the most consistent and best de¬ 
scribed, and averages their data to get A* at 1403.5®C. 

Specific heat determinations of WUst, Meuthen, and DUrrer showed A 4 to be 
at 1404.5®C., while Oberhoffer and Grosse found it to be at 1401®C. As Ralston 
points out, these methods are not as precise as magnetic or thermal tests but give 
good confirmation of the above values determined by those methods. 

Heat Capacity, Specific Heat, Entropy—^Although considerable data have been 
published on these properties, there are numerous discrepancies between them which 
makes a concise presentation difficult. Both Ralston and Austin have made critical 
surveys of the results available. Cleaves and Thompson prefer Austin’s review 
because it is more recent than Ralston’s and includes data obtained by improved 
methods. 

The variation in specific heat with temperature is shown in Fig. 7. In this 
discussion “specific heat" refers to the rate of change of heat content at a given 
temperature (sometimes called “true specific heat" in the literature), and “mean 
specific heat" refers to the average rate of change over a given temperature range. 
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Table VI, adapted from Cleaves and Thompson, gives values selected by Austin 
for entropy, heat content, free energy, and specific heat of both alpha and gamma 
iron over the entire range from absolute zero to the melting point. The specific 
heat of liquid iron has been reported by various investigators (Wtist, Meuthen, and 
Diirrer; Umino; Oberhoffer and Grosse), at values varying from 0.142-0.222 cal. 
per g. The average of four reported data is 0.177 cal. per g. 

Table VI 

Specific Heat,. Heat Content, Free Energy, and Entropy 

,-Alpha Iron-- 

^Heat Content~^ Free 


•K. 

—Temp - 

•c. 

•P. 


,—Specific Heat—. 

cal./g.- 

cal./g.*C. atom 

(H) Referred to 

H = O at O-K. 

cal./g.- 

oal./g. atom 

Energy (F) 
F = H-TS 
cal./g.- 
atom 

Entropy 

(S) 

cal./g.- 
atom ”C. 

0 

—273.1 

—459.6. 


0 

0 

0 

0 

0 

0 

20 

—253.1 

—423.6. 


- 

0 005 





23 

—250.1 

—418.2. 








30 

—243.1 

—405.6. 


0.003 

0.105 





40 

—233.1 

—387.6. 


0.007 

0.367 





50 

—223.1 

—369.6. 


0.013 

0.710 

0.09 

5 

—8 

0.248 

73 

—200.1 

—328.2. 








75 

—198.1 

—324.6. 


0.032 

1.80 





100 

—173.1 

—279.6. 


0.051 

2.85 

1.88 

105 

—45 

1.40 

123 

—150.1 

—238.2. 








125 

—148.1 

—234.6. 


0.065 

3.65 





150 

—123.1 

—189.6. 


0.077 

4.33 

5.20 

290 

—134 

2.83 

173 

—100.1 

—148.2. 








175 

— 08.1 

—144.6. 


0.086 

4.80 





200 

— 73.1 

— 99.6. 


0.092 

5.15 

9.4 

525 

—303 

4.24 

223 

— 60.1 

— 58.2. 








225 

— 48.1 

— 54.6. 


0.097 

5.40 





250 

— 23.1 

— 9.6.. 


0.101 

5.66 

14.5 

810 

—572 

5.53 

273.1 

0 

32.0. 


0.104 

5.84 

17.0 

950 

—715 

6.10 

203 

10 

50.0. 


0.1060 

5.919 





293 

20 

68.0. 


0.1075 

6.002 





208 

25 

77.0. 


0.108 

6.051 

19.6 

1096 

-871 

6.60 

303 

30 

86.0. 


0.1087 

6.070 





313 

40 

104.0. 


0.1097 

6.126 





323 

50 

122.0. 


0.1105 

6.170 

22.4 

1250 

—1014 

7 01 

333 

60 

140.0. 


0.1112 

6.209 





343 

70 

158.0. 


0.1119 

6.248 





353 

80 

176.0. 


0 1126 

6.288 





363 

90 

194.0. 


0 1133 

6.322 





373 

100 

212.0. 


0.1141 

6.395 

28.0 

1566 

—1455 

8.10 

423 

150 

302.0. 


0 121 

6.78 

33.9 

1894 

—1887 

8.94 

473 

200 

392.0. 


0 128 

7.13 

40.2 

2246 

—2389 

9.80 

523 

250 

482.0. 


0.134 

7.48 

46.7 

2610 

—2850 

10.44 

573 

300 

572.0. 


0 140 

7.82 

53.7 

2998 

—3368 

11.11 

623 

350 

662.0.. 


0.146 

8.14 

60.8 

3394 

—3970 

11.82 

673 

400 

752.0. 


0.151 

8.43 

68.2 

3814 

—4585 

12.48 

723 

450 

842.0. 


0.167 

8.74 

76.0 

4244 

—5206 

13.07 

773 

500 

932.0. 


0.163 

9.10 

84.0 

4689 

—5911 

13.72 

823 

550 

1022.0.. 


0.172 

9.58 

92.4 

5159 

—6581 

14.26 

873 

600 

1112.0. 


0 188 

10.54 

101.2 

5653 

—7293 

14.83 

923 

650 

1202.0. 


0.208 

11.62 

111.1 

6204 

—8028 

15.42 

973 

700 

1292.0. 


0.230 

12.84 

122.0 

6810 

—8894 

16.14 

1023 

750 

1382.0. 


0.276 

15.40 

133.4 

7451 

—9460 

16.53 

1033 

760 

1400.0. 


0.320 

17.89 





1073 

800 

1472.0. 


0.210 

11.70 

146.0 

8151 

—10573 

17.45 

1123 

850 

1562.0. 


0.194 

10.84 

156.5 

8737 

—11566 

18.08 

1173 

900 

1653.0. 


0.186 

10.39 

165.6 

9250 

—12427 

18.48 

1170 

906 

1662.0. 


0.160 

9.94 

166.4 

9294 

—12500 

18.51 

1223 

950 

1742.0. 




174.9 

9765 

—13300 

18.86 

1273 

1000 

1832.0. 




184.1 

10280 

—14261 

19.27 

1323 

1050 

1922.0. 




193.5 

10795 

—15215 

19.66 

1373 

1100 . 

2012.0. 




202.5 

11310 

—16219 

20.85 

1423 

1150 

2102.0. 




211.8 

11825 

—17233 

20.42 

1473 

1200 

2192.0. 




221.0 

12340 

—18239 

20.76 

1023 

1250 

3282.0. 




230.3 

12855 

—19325 

21.13 

1573 

1300 

2372.0. 




239.4 

13370 

—20339 

21.43 

1023 

1350 

2463.0. 




248.6 

13885 

—21448 

21.77 

1073 

1400 

2552.0. 




257.9 

14400 

—22540 

22.08 

1723 

1450 

2642.0. 



•• 

267.1 

14915 

—23645 

22.36 

1773 

1500 

2732.0. 




276.3 

15430 

-^4782 

23.68 

1808 

1535 

2795.0. 




282.8 

15791 

—25400 

23.88 


(Continued) 
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Table VI—Continued 

Specific Heat, Heat Content, Free Energy, and Entropy 


•K. 

-Temp.- 

•c. 

•P. 




_rt 

amma Ire 

-Heat Coi 
Hs = 9( 

cal./g. 




Specific Heat—> 
cal./g.- 
cal./g.*C. atom *C 

-Heat Content (Hi)< 
Based on Hi = O 
at O^K. 
cal./g.- 
cal./g. atom 

itent (Ha)- Free 
{0 at 0‘*K. Energy (P) 
cal./g.- cal./g.* 
atom atom 

Entropy (8) 
cal./g.- 
atom *C. 

0 

—273.1 

—459.6.. 

0 

0 

0 

0 

17.19 

960 

960 

0 

20 

—253.1 

—423.6.. 


0.10 







23 

—250.1 

—418.2.. 



0.018 

1 0 

17.21 

061 

957 

0.06 

30 

—243.1 

—405.6.. 

. 0.004 

0 25 







40 

—233.1 

—387.6.. 

. 0.010 

0.53 







50 

—223.1 

—369.6.. 

. 0.024 

1.36 







73 

—200.1 

—328.2.. 



1.196 

66.8 

18.37 

1026 

939 

1.20 

75 

—198.1 

—324.6.. 

. 0.052 

2 90 







100 

—173.1 

—279.6.. 

. 0.071 

3.95 







123 

—150.1 

—238.2.. 



4.67 

261 

21.9 

1221 

842 

3.08 

125 

—148.1 

—234.6.. 

. 0.089 

5.00 







150 

—123.1 

—189.6.. 

. 0.100 

5.60 







173 

—100.1 

—148.2.. 



9 63 

538 

26 8 

1498 

636 

4 98 

176 

— 98.1 

—144.6.. 

. 0 109 

6.10 







200 

— 73.1 

— 99.6.. 

. 0.114 

6.35 







223 

— 50.1 

— 58.2.. 



15.4 

862 

32 6 

1822 

336 

6.66 

225 

— 48.1 

— 64.6.. 

. 0 116 

6.50 







250 

— 23.1 

— 9.6.. 

. 0 118 

6.60 







273. 

1 0 

32.0.. 

. 0 120 

6.70 

21.2 

1185 

38 4 

2145 

—12 

7.90 

283 

10 

50.0.. 









293 

20 

68 .0.. 









298 

25 

77.0.. 

. 0.122 

6 80 

24 3 

1357 

41 5 

2317 

—228 

8.54 

303 

30 

86 .0.. 









313 

40 

104.0.. 









323 

50 

122 .0.. 

0 124 

6 90 

27 5 

1529 

44.6 

2489 

—420 

9.00 

333 

60 

140.0.. 









343 

70 

158.0.. 









353 

80 

176.0.. 









363 

90 

194.0.. 









373 

100 

212 .0.. 

0 127 

7.11 

33.7 

1880 

50.5 

2840 

—867 

9 94 

423 

150 

302.0.. 

0 131 

7 30 

40.2 

2244 

57.6 

3214 

—1377 

10.83 

473 

200 

392.0.. 

0.134 

7.49 

46.9 

2617 

64.1 

3577 

—1933 

11.65 

523 

250 

482.0.. 

0.137 

7 67 

53 65 

2996 

70.8 

3956 

—2550 

12.44 

573 

300 

572.0.. 

0.141 

7 86 

60.6 

3384 

77 8 

4344 

—3185 

13.14 

623 

350 

662.0.. 

0 143 

8 01 

67.7 

3781 

84 9 

4741 

—3856 

13.80 

673 

400 

752 0.. 

0.146 

8 18 

75.0 

4186 

92 2 

5146 

—4545 

14.40 

723 

450 

842.0.. 

0 148 

8 30 

82.4 

4601 

99.6 

5561 

—5284 

15.00 

773 

500 

932.0.. 

0 151 

8 43 

89 8 

5016 

107.0 

5976 

—6083 

15.60 

823 

550 

1022 .0.. 

0 153 

8 54 

97 5 

5442 

114.6 

6402 

—6807 

16.08 

873 

600 

1112 .0.. 

0 1.55 

8 66 

105.1 

5872 

122.4 

6832 

—7607 

16.54 

923 

650 

1202 0.. 

0 156 

8.71 

112.9 

6307 

130.1 

7267 

—8452 

17.03 

973 

700 

1292.0.. 

0 157 

8 77 

120.8 

6744 

136.2 

7604 

—9314 

17.49 

1023 

750 

1382.0.. 

0 158 

8.81 

128.7 

7184 

145.8 

8144 

—10116 

17.85 

1033 

760 

1400.0.. 









1073 

800 

1472.0.. 

0.158 

8 88 

136.5 

7625 

153.7 

8585 

—11083 

18.33 

1123 

850 

1562.0.. 

0.159 

8 91 

144.5 

8069 

161.7 

9029 

—11971 

18.70 

1173 

900 

1652.0.. 

0.160 

8 98 

152.5 

8515 

169.7 

9475 

—12954 

19.13 

1179 

906 

1662.0.. 

- 

- 

153.3 

8552 

170.3 

9512 

—13004 

19.17 

1223 

950 

1742.0.. 

0 161 

8.99 

160.5 

8961 

177.7 

9921 

—13524 

19.50 

1273 

1000 

1832 0.. 

0.162 

9.02 

168.5 

9411 

185 7 

10371 

—14911 

19.86 

1323 

1050 

1922.0.. 

0 162 

9.05 

176.6 

0862 

193 8 

10822 

—15916 

20.21 

1373 

1100 

2012 .0.. 

0.163 

9.10 

184.8 

10319 

202 0 

11279 

—16940 

20 55 

1423 

1150 

2102 .0... 

0 164 

9 16 

192 9 

10774 

210.1 

11734 

—17964 

20 87 

1473 

1200 

2192.0... 

0.165 

9 21 

201 2 

11234 

218.1 

12194 

—19020 

21.19 

1523 

1250 

2282.0... 

0 166 

9 27 

209.4 

11695 

226 6 

12655 

—20120 

21.52 

1573 

1300 

2372 0... 

0 167 

9 32 

217.8 

12160 

236.6 

13120 

—21171 

21.80 

1623 

1350 

2462.0.. 

0.168 

9 38 

226.1 

12627 

242.8 

13587 

—22265 

22.09 

1673 

1400 

2552.0... 

0.169 

9 44 

234.6 

13098 

251.8 

14058 

—23367 

22.37 

1723 

1450 

2642.0... 

0 170 

9.50 

243.0 

13571 

260.2 

14531 

—24495 

22.65 

1773 

1500 

2732.0... 

0.171 

9 56 

251.6 

14048 

268.8 

15008 

—25630 

22.92 

1808 

1535 

2795.0... 










Heats of Transition—There is no discontinuity in the total heat curve at the 
Afl point and Ralston interprets this as indicating only a change in specific heat 
and not a real heat of transition. Numerous values of heat of transformation are 
given in the literature for the As point, but these may be the magnetic component 
of the specific heat integrated over a more or less wide range of temperature. 
Ralston states: *'The true heat of transition of As is therefore zero, unless we look 
on the heat accompanying the magnetic changes as a distributed (over a tempera- 
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A Morns 

* Niccolai 

o Meyer, Kahibaum iron^ 
« M^rjngot iron, 

• Meyer^t/ectrolytic iron, 
i Honda and Oqura 

* Burgess and Hetfbergf 
0 Baldau,Kahlbaumiron, 

♦ Honda and Simidu 

• Ribbeck 


too 200 300 400 500 600 100 

Temperature, deg. C. 


600 900 1000 1100 


A Dewar and Fleming 
4 Bchlmank 

* Holbom,£lectrofyticironi, 

o BruneisenandOoem^Flectn^Ktronlf 

♦ flibbeck 

o Meissner^Kahtbaumiron, 

• Meissnerfiriesheimeleclrdytkiron, 


273 *260 *240 *210 *200 *180 *160 *140 *120 *100 
Temperature,deg C. 

Fig. ll->Electrlc resistance of Iron at low 
peratures. 

Austin considered Ralston’s value as 
at the A point. 


_ I ture range) latent heat. 

■ I 1 .. This latter idea is quite 

_ permissible, although not 

- in common acceptance.” 

^ZZZZTTT The values for heat 

_ of transition at the Aa 

- point have for the most 

- part been determined by 

measuring the heat con- 

___^ tent above and below the 

___ transition temperature; 

_ and since the results are 

-- small differences between 

-._L— jarge numbers, the vari- 

ZZ I - ations recorded in the lit- 

_~ .I ' erature are not surpris- 

_ I ing. Since Ralston 

--- calculated his value of 4.9 

- cal. per g. from an aver- 

- age heat content curve, 

- Klinkhardt and Esser and 

I I r~l T I Bunghardt have made dl- 

600 900 1000 iloo rect determinations of the 

heat absorbed during the 
- transformation. The aver¬ 
age of their results gives 
3.63 cal. per g. or 203 cal. 
per g.-atom. 

Yap computed, from 
Umino’s heat content 
data, the heat effect dur¬ 
ing the alpha-gamma 
change when this oc¬ 
curred at various tem¬ 
peratures. 

Although Ralston’s 
value of 1.7 cal. per g. 
or 94.9 cal. per g.-atom 
for the heat effect at 
the Ai point is some¬ 
what lower than Umino’s 
subsequently reported de- 
and elevated tern- termination of 1.86 cal. 

per g., Cleaves and 
Thompson state that 
the most probable one for the heat effect 


■■■■r&88_8 


S 88HRi^l 

mmm\ 

mmmr 
igesii 


-60 -60 -40 *20 0 


and elevated tern- 


Table VII 

Variation of Heat Effect at A$ Point with, Temperature 
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Heat of Fusion—Ralston 



Pig. 12—^Effect of anneal¬ 
ing on the electric resistance 
of cold worked iron. 


and Austin both agree in their selection of the best 
value for heat of fusion as 64.9 cal. per g., and Cleaves 
and Thompson suggest that this be rounded to 65 cal. 
per g. (3630 cal. per g.-atom) because the reported 
data indicate that even the unit figure may be in 
doubt. 

Thermal Conductivity—Most of the published de¬ 
terminations of this property are for impure speci¬ 
mens. This no doubt Accounts for much of the dis¬ 
agreement between the results of different workers, 
although Grtineisen and Goens found that impurities 
had a much greater effect at low temperatures than at 
room temperature. The data from several sources 
are shown in Fig. 8. 

Thermal Coefficient of Expansion—^The coeffi¬ 
cient linear thermal expansion is the increase in 
length per unit length for 1® rise in temperature, 
and is sometimes referred to as the “true coefficient 
of expansion.” The average expansion over a range of 
temperature is the mean coefficient of expansion over 
that range. 

Fig. 9 shows the results reported by various in¬ 
vestigators, while Table VIII gives values selected by 
Cleaves and Thompson. Mean coefficients for vari¬ 
ous temperature ranges are given in Table IX. 


Table VIII 

Coefficient of Linear Expansion of Alpha Iron 


--Coefficient of linear expansion, millionths per *0.- 

Temp., *0. By Austin and Pierce By Sleglerschmldt 


100. 12.8 

200. 13.8 

300. 14.6 

400. 16 6 

500. 16.8 

600. 16 0 

700. 15.6* 

750. 16.3* 

800. 16.6* 

850. 16.2* 


12.9 
14.7 
16.5 
16 6 


^Austin and Pierce found that the expansion above 600*C. was sensitive to small changes In 
composition and treatment, and they did not give selected values above that temperature. The 
ones marked (*) were averages by Cleaves and Thompson, not for precise values but to Indicate 
the trend of the relation for higher temperatures. 


The thermal coefficient of expansion for gamma iron is given in Table IX; 
that for delta iron has been reported by Sato to be 16 millionths per ®C. Ralston 
recalculated Sato’s data and got 12.5 millionths per ®C., while calculations based 
on Schmidt’s X-ray data gave 19.5 millionths per ®C. 

The expansivity of molten iron has been calculated from density determina¬ 
tions but shows wide variations according to the data used. Berlin’s data yield 
0.00043 as the coefficient of cubical expansion per ®C. between the melting point 
and 1700®C., while the results of C. Benedicks, N. Ericsson, and G. Ericson give 
0.00014 per °C. between the melting point and 1600®C. 

The thermal expansion at the transformation points has been investigated in 
the course of determinations of these points but may be summarized here. There 
is no agreement regarding the occurrence of a definite amount of expansion at the 
Aa point; certain maxima and minima have been reported at various temperatures, 
but even these are not consistent. There is a sudden contraction as iron is heated 
through the As range. Although this change is generally considered to be reversed 
















Table IX 

Mean Coefficient of Thermal Expansion of Alpha and Gamma 
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an cooling, Austin and Pierce and others have found that the expansion on cooling 
was less than the contraction on heating in the case of the purest specimens 
tested. Cleaves and Thompson give the results of several investigators and the 
values vary from 0.82-3.8 thousandths (linear change at the At point, aWL). The 

metal expands suddenly at 


16,000, 



-06 -0/4. 0 04 08 

Magnetizing force,/f,oersteds 


the A 4 point, the only direct 
determination being by Sato 
as 0.851 tiiousandths a^/L. 
Calculations based on X-ray 
data give from 1.4-3.2 thou¬ 
sandths A^'/L. 

Melting Point—Many de¬ 
terminations of the melting 
point of iron are recorded 
in the literature. Ralston 
considered the Burgess and 
Waltenberg value (1537‘*C.) 


Pig. 
Iron. 


13—Hysteresis loop for Ingot Iron end hydrogenized to be the best for the melt¬ 
ing point of pure iron,* while 
Cleaves and Thompson, in 
facing the difficulty of reconciling this with the later determinationst of Jenkins 
and Gaylor (1527 ± 3*C.), suggested that the value of 1535“C. (2795®P.) be accepted 
as a rounded value for the best present approximation of the melting point of iron. 

Table X 

Vapor Pressure of Iron 

Temperatares, *C., as Given by Different Observers 


Vapor Pressure 

mm. Hg. Johnston 


International 

Millar Jones, et al Critical Tables 


1.86X10-W 



327 

7.68xl0-« 



427 

2.06X10-“ 



527 

9.52X10-“ 



627 

1.32X10-“ 



727 

7.11 X10-* 



827 

1.94XlO-» 



927 

3.22xl0-« 



1027 

3 47X10-* 



1127 

2.70 X10-* 



1227 

1.00X10-* 

1130 



1.60X 10-» 



1327 

0.0076 



1427 

0.010 

1250 



0.023 



1527 

0.100 

1400 

1655 


0.220 



1727 

1.000 

1690 

1900 


1.2 



1927 

7.5 



2127 

10 

1820 

2225 


26.2 



2327 

36 


2450 


50 

3010 

2520 


82.5 



2527 

100 

3110 

2670 


165 



2727 

300 


2930 


345 



2927 

500 


3097 


631 



3127 

760** 

2450 

3235 

3202 


I367f 


1884 


3235 


^Extrapolated below the melting point. All values in this column are extrapolated beyond 
the experimental range. 


**This vapor pressure corresponds to the boiling point under ‘^standard conditions.** 


*They report the following analyses of three electrolytic irons used in their tests: Langbeln- 
Pfanhauser electrolytic iron, 0.012 C, 0.00 Mn, 0.007 P, 0.00 8, 0.00 Si, 0.008 Cu; C. F. Burgess 
electrolytic iron, 0.012 O, 0.00 Mn, 0.004 P, 0.00 8, 0.013 Si; J. R. Cain electrolytic iron, 0.004 C, 
0.00 Mn, 0.0006 P, 0.004 8, 0.001 81, 0.008 Cu. 

fJenklns and Oaylor used an electrolytic Iron whose composition before melting was 0.005-0.007 
C, trace Mn, 0.002 P, 0.0-0.001 8, trace to 0.008 Si, trace to 0.006 Cu, and after melting was 
0.01 C. trace Mn, 0.014 P, trace 8, 0.03 Si. 
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j Armen 
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Magnetaing force, /f, oersteds 

Fig. 14—Magnetization curves for Ingot iron 
and high purity iron. (Yensen.) 


Boiling Point and Vapor Pressure—Table X gives the results of several investi¬ 
gators and these are plotted in Fig. 10. The boiling point is the temperature at 
which the vapor pressure equals 760 mm. of mercury. Cleaves and Thompson 
suggest that a roimded value of SOOO^C. should be used for the boiling point because 
.AAnn the most reliable values available 

I L I were determined indirectly and under 

experimental conditions likely to lead 

14,000--to inaccuracies. 

L Ht^h^punfy iron ElectHcal Properties—The elec- 

,2000 _/ I _ — -- trical resistance of iron is greatly in- 

* \ fluenced by impurities and by the 

2 previous thermal and mechanical 

§ 10 , 000-7 -_ •/ -treatment so that reported values are 

^ L - / often discordant. Cleaves and Thomp- 

^ A son give a complete discussion of this 

^- 8 , 000^1 ^ -subject and the following data are 

I - I A largely abstracted from their presen- 

I I The average of nine different 

11 workers* results for the resistance at 

4 . 000-1 - 1} -0®C. gave 9.43 microhm-cm. for elec- 

-[ I trolytic iron, of seven results for re- 

/ j duced iron, 9.29 microhm-cm., and of 

’ commercially pure open 

y I hearth iron. 9.50 microhm-cm., while 

0 M I J — r I_ I __ I __ I I » I t I a single value given for Swedish iron 

° wr* H w was 13.2 microhm-cm., all at 0®C. 

Magnetaing force,/r, oersteds u 

^ i * 4 Cleaves and Thompson consider a 

Pig. 14—Magnetization curves for Ingot Iron /># no 

and high purity iron. (Yensen.) rounded value of 9.8 microhm-cm. 

_ at 20®C. to be the best present 

approximation for the resistivity 
of iron. This would be equiva¬ 
lent to 9.67 microhm-cm. at 0®C. 
using 0.0065 per ®C. as the fun¬ 
damental coefficient. 

Pig. 11 gives the electrical 
resistance of iron from the low¬ 
est to the highest temperatures 
that have been investigated. 
There are no data available for 
high purity iron between 1100“C. 
and the melting point. The 
values shown for molten iron 
were obtained by Boremann and 
Wagenmann by extrapolation to 
zero carbon content for a series 
of carbon steels. Table XI com¬ 
bines data from several sources 
as reported by Cleaves and 
Thompson. They state that 
Meissner’s values of resistivity 
are probably the best for sub¬ 
zero temperatures, while those 
of BUrgess and Kellberg are con- 
" '* probable above 

Pig. 15—The effect of hydrogen treatment on the ^ . 

permeability of annealed Iron. (Oioffl, according to EUls Temperature Coefficient of 

and Schumacher.) Electrical Resistance—(Effect of 

Temperature on Electrical Resistance). The resistance of iron, like other metals, 
changes with temperature and the coefficient expressing this relationship, as defined 
by the following equation, is tabulated for several irons in Table XII. 

Rt — Rt' 
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Table Xll 

Temperature Coefficient of Resistivity of Iron at Elevated Temperatures 


<-^Temperature coefficient of resistivity x 100- 


Investlgator Tear Material 


0 21 
0.53 


Meyer 

Burgess and 

1911 

Electrolirtic Iron 

0.657 0.78 

0.98 

1.20 

1.44 

1.53 

2.34 

1.93 

0.73 


Kellberg 

1915 

Electrolytic Iron 

0.635 0.83 

1.02 

1.24 

1.45 

1.71 

1.96 

2.15 

0.66 

0.26 

Holbom 

1919 

Electrolytic iron 

0.66 0.83 

1.02 

1.81 

1.41 






Ribbeck 

1926 

Electrolytic iron 

0.64 0.85 

0.99 

1.11 

1.42 

1.63 

1.96 

2.26 

0.90 

0.33 

PoweU 

1934 

Basic open hearth 












ingot iron 

0.66 0.79 

0.92 

1.22 

1.27 

1.51 

1.79 

1.93 




Morris 

1897 

Transformer iron 

0.63 0.77 

1.02 

1.03 

1.21 

1.41 

1.61 

1.88 

0.83 

0.36 

Niccolal 

1908 

Kahlbaum iron 

0.56 0.68 

0.83 

1.00 







Somerville 

1910 

Soft iron 

0.67 0.79 

1.00 

1.23 

1.42 

1.55 

1.89 

2.50 

0.65 

0.46 

Meyer 

1911 

Kahlbaum Iron 

0.821 1.11 

1.22 

1.33 

1.53 

1.93 

2.38 

1.31 

0.39 

0.29 

Meyer 

1911 

Basic open hearth 

. 











ingot iron 

0.607 0.87 

1.10 

1.42 

1.52 

1.80 

2.48 

1.60 

0.27 

0.13 


do d£> d& dS dl dl dl 

3 |i §<!. Si Si si 
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Effect of Mechanical and Thermal Treatment—Cold working increases the 
resistivity, but reannealing of cold worked iron lowers the resistivity to its 
initial value. Bardenheuer and Schmidt found practically no change in resistivity 
of electrolytic iron cold drawn various amounts up to 95% reduction in area, but 

Tammann and Moritz obtained a 
maximum increase in resistivity of 
about 5.7% by cold working 99.8%. 
Annealing at 600°C. (1110®P.) re¬ 
stored the iron to its original re¬ 
sistivity. Fig. 12 is taken from the 
work of Tammann and Moritz. 

Effect of Hydrostatic Pressure— 
Beckman found the pressure co¬ 
efficient of electrical resistivity of 
Swedish iron of low purity (funda¬ 
mental coefficient of 0.0048) to be 
27.4 X 10'^ per atmosphere between 
425 and 2097 atmospheres at 0°C. 
(a = 1/R X dR/dP). Bridgman 
measured the pressure coefficient 
on basic open hearth iron (funda¬ 
mental coefficient = 0.0062) and 
obtained 24.9 x 10-^ per atmosphere 
at 0°C. and zero pressure and 21.9x 
10'^ per atmosphere at 0°C. and 
12400 atmospheres. 



Fig. 16—Variation of the permeability of annealed Thermoelectrical Properties— 

electrolytic iron with temperature. (Terry.) Table XIII gives the thermal elec¬ 

tromotive force produced by bi¬ 
metallic couples of Iron and other metals. The values are in millivolts and are 
considered positive if the current flows from the iron to the other metal at the junc¬ 
tion which is at 0®C. The data were obtained in some cases on samples of unknown 
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Table xni 

Thermoelectric Properties of Iron Against Other Metals (**Cold End^ at O^'C) 

Note: Values are glTen in millivolts and are positive when current flows from the Iron to the 
other metal at the Junction which is at 0*0. 


-^Temp.—» Aluminum Constantan Copper Nickel Tin 

*C. *F. (Dannecker) (I.C.T.) (Dannecker) Lead* (Dannecker) (Smits and Spuyman) 


—250 

—418 

.... 

• • • « 

.... 

—3.35 • 

.... 


—225 

—373 

.... 

.... 

.•.. 

—3.2 

.... 


—200 

—328 

.... 


—2.2 

—2.9 

—3.5 


—176 

—283 

.... 


.... 

—2.5 

• • •• 


—150 

—238 

—1.76 

.... 

—1.5 

—2.2 

—5 


—126 

—193 

.... 



—1.75 

.... 


—100 

—148 

—1.25 


—k 

—1.3 

.... 


— 76 

—103 

.... 


.... 

—0.9 

.... 


- 60 

— 58 

—0.6 


—0.5 

—0.6 

—3 


- 25 

— 13 

.... 

.... 

.... 

0 


+1.30 (140*0.) 

0 

32 

0 

0 

0 

+ 0.4 

.... 

+ 1.31 (150*C.) 

25 

77 

.... 


.... 

+ 0.75 

.... 

+ 1.34 (160*C.) 

50 

122 

.... 


+ 0.5 

+ 1.2 

0 

+ 1.38 (170*C.) 

76 

167 

5.3 

+ 0 95 

.... 

+ 1.4 

.... 

+ 1.43 (180*C.) 

100 

212 

+ 1.25 

10 8 

+ 1.45 

.... 

+ 3 

+ 1.53 (190*C.) 

200 

392 

2.25 

16.3 

+ 1.45: 

.... 

+ 6 

+ 1.7 (200*C.) 

300 

572 

2.8 

21.8 

+ 1 

.... 

9 

+ 1.76 (210*C.) 

400 

752 

3 

27.6 

+ 0.2 


10.5 


500 

932 

2.85 

33.1 

—0.7t 


11.8 


600 

1112 

,, ,, 

39 2 

—1.5 


13.5 


700 

1292 

.... 

45.4 

—2.15 

.... 

15.5 


800 

1472 

.... 

51.7 

.... 


18 


900 

1652 

.... 

57.9 

.... 


20 


1000 

1832 





22.5 


1100 

2102 

.... 

+ 0.7 

.... 


25 


•Taken from 

plot of 

International 

Critical Tables, I. C. T. 

formula 

and data of Dewar 


Fleming and Wietzel. 

tinverslon point 527.5*0. 
tNeutral point 247*C. 


purity and would not be exactly duplicated on other specimens but are given as an 
indication of the magnitude of the thermoelectromotive forces produced. 
Electrochemical Equiv¬ 


alent — This constant is 
computed from the atomic 
weight and the valence 
and there are therefore 
two values for iron: 0.1929 
X lO'* g. sec.-' ampere-^ 
for trivalent iron and 0.2893 
X 10-* g. sec.-' ampere-' 
for bivalent iron. 

Magnetic Properties— 
The magnetic properties, 
like the electrical are quite 
sensitive to small changes 
in treatment and amount 
of impurities. Samples of 
high purity iron prepared 
by long time hydrogen an¬ 
nealing just under the 
melting point have fur¬ 
nished new and interesting 
values for the magnetic 
properties of iron, but the 


18 , 000 , 


| 36,000 



-zoo -100 


Tempcroilure.cleg C. 


Fig. 17>-Varlatlon of the hysteresis constants of annealed 
electrolytic iron with temperature. (Terry.) 


concomitant effect of large grain size no doubt is also present and the results are 
included here with the caution that grain size may become of increasing influence 
on the magnetic properties as the purity increases. 

Fig. 13 shows hysteresis loops of ingot iron and hydrogenized iron as deter¬ 
mined by Cioffl, while magnetization curves for these materials are illustrated In 
Pig. 14, The permeability of the hydrogenized iron (0.005 C, 0.028 Mn, 0.004 P. 
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0.003 S, 0.0012 Si, 0.003 Os, 0.0001 Ns) is enormously greater at low inductions than 
irons of commercial purity, but the difference fades out at higher inductions. This 
is shown in Fig. 15. 


Etfect of Temperature—-In studying the effect of temperature on permeability 
of Burgess’ electrolytic iron, Terry found that this depended on the field strength 
as shown in Fig. 16. His results on the effect of temperature on the hysteresis 
constants are given in Fig. 17. 

Effect of Grain Size—The work of Sizoo on electrolytic iron (0.024 C, 0.012 S, 
0.014 Si) is shown in Fig. 18, while that of Yensen and Ziegler is given in the fol¬ 
lowing equations: 


Coercive force = He (oersteds). 

Hysteresis loss = W, ergs/cm.*/cycle. 

Minimum reluctivity = pm in (thousandths). 

For carbon less than 0.002%. 

For carbon 0.002-0.004%. 

For cjirbon 0.004-0.008%...... 

Where N is the number of grains per sq.mm. 


pmln = 0.34 X 10-» N 
He = 0 0018 N 

. W = 56 N 

Pm in = 0.21 X 10-»N 

He = 0.00114 N 

W = 34.4 N 

r pmin = 0 46 X 10-«N 

He = 0 0025 N 

. W = 75 N 


The effect of orientation, no doubt, is present in the case of the larger grain 

sized specimens, but does not 
seem to have been considered by 
the investigators quoted. 

Effect of Cold Work —Cold 
working has a deleterious effect 
on the magnetic properties of 
iron. The effect of various 
amounts of cold reduction on the 
hysteresis loop of electrolytic iron 
(polycrystalline) as determined 
by Gries and Esser is shown in 
Pig. 19. Cleaves and Thompson 
state that cold working decreases 
permeability and increases resid¬ 
ual induction, coercive force, and 
hysteresis loss and leaves only 
the saturation intensity im- 
affected. 

Optical Properties— Emissiv- 
ity determinations on high purity 
iron are rare and even when 
specimens of such material have 
been used the experimental pro¬ 
cedure has often affected the 
purity, as when the source of 
heat was an arc between car¬ 
bon electrodes. The best ac¬ 
cepted values are those of Burgess and Waltenberg in Table XIV, determined with 
a micro pyrometer: 

Table XIV 



Fig. 18—Effect of grain size of electrolytic Iron on 
hysteresis loss and maximum permeability. (Sizoo.) 


Emissivity of Iron at Various Temperatures 


state Temp., *C. Emissivity, % 


1 

f 1050 

37.9 

Solid .J 

1350 

37.2 

1450 

36.3 

1 

[ 1530 

36.0 

Liquid . 

1535 

36.5 


Average 36.8 
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The above values are all for x = 0.65 and the average should probably be 
rounded to 37%. 

Emissivity values for iron and steel as measured In various industrial opera¬ 
tions may differ from this due to oxide on heated surfaces of solid metal and 

floating slag on liquid 
metal. Cleaves and 
---- Thompson state that 

values between 40 and 
45% for liquid metal or 
solid metal with a bright 
surface and as high as 
^ZZ2~z'ZZlZZZZZ~ZZZ 90% for solid metal with 

- an oxidized surface have 

jZZZZZZZZZZZZZZZZZ been reported. The Inter- 

*-^^1 national Critical Tables. 

^Cro^.s«f,on ^Clu.ecl 967 p.rcnl- - V. V. p. 244, glveS the total 

by rolling — emlssivity for oxidized 

•Cross-seclhnrecluixdia67[itrceni_~_ SUlfaCCS Of Steel aS 79% 

tyrolling 200-0., 78.8% at 400°C., 

and 78.7% at 600-C. 

"reduced 7S.0percent^ - The TCflectivity deter- 

TTTTTI' I TT I ] " f " ] — minations found in the 

, , , ^ ^ .1 MM Ix n j literature are for the most 

6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 ^^rt On iron of unknown 

Magneti 2 inqforce,.W,oersfcds On iron 01 UnKHOWn 

composition. Moreover, 

Pig. 19—Effect of cold work on the hysteresis loop offonf- nf {mmiHHAc 

of polycrystalllne electrolytic Iron. (Orlea and Esser.) ine enect oi impunues 

on this property does not 

seem to have been the subject of investigation. Pig. 20 presents the combined 
results of several workers. 

X^ray absorption data have been summarized by Compton from values pub¬ 
lished by Allen, Hewlett, Ahmad, Ishino, Richtmyer and Warburton, Bragg and 
Pierce, Martin, and Barkla. Compton’s selected values are given in Table XV. 

Table XV 

X-Ray Absorption for Iron 



6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 
Magnetizing force,/f, oersteds 

Fig. 19—Effect of cold work on the hysteresis loop 
of polycrystalllne electrolytic iron. (Orlea and Esser.) 


Wave Length 
Microns 


Compton’s 
Selected Values 


Wave Length 
Microns 


Compton’s 
Selected Values 



0.058 
0 08 
0.232 
0.265 
0.399 
0.572 
0.79 
1.07 

1.93 
3.18 

4.94 
7.17 


0.500. 
0.600 
0.700 
0.800 
0.900. 
1.00 . 
1.10 , 
1.32 . 
1.40 . 
1.76 , 
1.93 . 
2.25 . 


14 3 

23.3 

36.3 
51.7 
69.6 
95 

126 

220 

270 

60 

67 

104 


Gamma Ray Absorption —^The minimum apparent coefficient of absorption of 
gamma rays is as follows: 


Th — C''. 3.28 

Ra — C. 3.99 

Ms — Tha. 4.15 

U — Xa. 4.72 


Index oi Refraction—Hhe index of refraction depends on the wave length of the 
incident light. Of the results obtained by numerous investigators, those of Ingersoll 
seem the most reliable and are as follows: 


X In m M... 226 400 500 700 1000 2000 2250 

n . 1.30 1.68 2.09 2.73 3.19 4.02 4.14 
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Mechanical Properties—Elastic Constants—Abram found ingot iron and mild 
steel have a slightly higher Young's modulus than medium and high carbon steel. 
They reported 30.1 x 10* psi. for ingot iron and considered that for pure iron in the 
annealed condition the value would be about 30.2 x 10* psi. Qoens and Schmid 
determined Young’s modulus for different directions in a single crystal of ingot iron 
and found it was more than twice as great in the [111] direction as in th^ [100] 
direction. 

E [100] = 19.000.000 psi. <13.500 Kg./sq. mm.) 

B [111] = 41.000.000 psi. (39.000 Kg./sq. mm.) 

Kimura and Ohno report the values in Table XVI for the elastic constants for 
single crystals of iron. 


Table XVI 

Elastic Constants for Iron (Single Crystals) 



[100] 

[110] 


nil] 

Young’s modulus, psi. 

. 18.9 X lO* 

31.3 X 10« 


40 X 10* 

Modulus of torsion, psi. 


9.6 X 10« 


8.6 X 10« 

Bulk or Voight’s modulus, psi.. 


Sia = — 4.7 X 10« 

Su 

= 14.7 X 10« 

Elastic constants, psi. 


Cia = 24 X 10« 

C 44 

= 18.2 X 10* 


Other values reported for polycrystalline irons are 29,300.000 psi. for ingot iron 
as determined by Kenyon; 29,600,000 and 30,600,000 psi. for electrolytic iron as 
reported in the International Critical Tables and Grtineisen, respectively; and 
29,400,000 psi. for carbonyl iron as given by Duftschmld, Schlecht and Schubardt. 

Values for the modulus in torsion or shear modulus on polycrystalline irons are 
as follows: 


Ingot Iron. 
Ingot iron. 
Electrolytic 
Electrolytic 
Electrolytic 


Shear Modulus in Psi. 

.11.77 X 10« 

.11.78 X 10« 

.11.45 X 10« 

.11.81 X 10« 

.11.66 X 10« 


Poisson's Ratio is generally considered to lie between one- 
fourth and one-third for most metals and is given for iron as 
0.28 in various handbooks. 


Compressibility—The compressibility of iron has been studied by various inves¬ 
tigators, but the outstanding work in this field is that of Bridgman, who determined 
the compressibility of ingot iron. Cleaves and Thompson have summarized his 
findings and state that at 30°C. the mean compressibUity between 0 and 10,000 kg. 
per sq.cm, was 0.566 x lO"® kg. per sq.cm, and at 75°0. it was 0.572 x 10”* kg. per 
sq.cm, over the same range of pressure. The pressure coefQclent for this range of 


100 

95 

90 

4- 

c 

V 




pressure was 7.0 x 10 * per kg. 
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I 
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■ j coefficient was 2.3 x 10** per 
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irons at room temperature are 
.1 Riven in Table XVII. The data 
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Tabic XVn 

Compressive, Tensile, Torsion, Fatij^ue, Hardness, and Impact Values of Iron 


-Ingot Xron- 


-Forglngs< 



Hot Rolled 
Rods or Plal 

Annealed R( 
or Plates 

Compression— 



Elastic limit. 


19,400 

Proportional limit.. 


19,200 

Yield strength. 


. 20,600 


£ 

•o 

V 

x: 

o 

w? 

£*3 


Finis 

Cold 

Finis 

Hot 

w a> 

II 

III 


Tensile— 

Yield strength. 

Tensile strength... 

% elongation. 

Gage length, in.... 
% reduction of area 
Torsion— 

Proportional limit.. 

Yield strength. 

Hardness— 

Brinell Hardness No. 

Rockwell B. 

Scleroscope . 

Fatigue— 

Reversed bend. 

Reversed torsion... 

Axial stress. 

Impact— 

Charpy, kg>m. 

Izod, ft-lb. 


26,000-32,000 . 


• 

26,900 

19,100 

18,300 

30,300 

42,000-48,000 . 


100,000 

43,800 

42,200 

41,000 

47,000 

22-28 . 



41.8 

44.7 

47.0 

36.2 

8 . 



2 

2 

2 

2 

65-78 . 


65-70 

75.6 

77.3 

70.6 

70.0 

12.000-15,000 . 







14,000-23,000 . 







82-100 . 


220 

101 

90 

82 

110 


2.66<i 

90.0 Long. 
66.3 Trans. 


-^Electrolytic Iron-. 

As Fused and Hydrogenized 

Deposited Annealed Iron 


Carbonyl 

Iron 


Compression— 

Elastic limit . . 

Proportional limit . . 

Yield strength . . 

Tensile- 

Elastic limit . . 

Proportional limit . . 

Yield strength . 10,000-20.000 

Tensile strength . 55,000-113,500 35,000-40,000 

% elongation . 25-3 40-60 

Gage length, in. 2 1.5 

% reduction of area. 70-90 

Torsion— 

Proportional limit . . 

Yield strength. . 

Hardness— 

Brinell Hardness No.( 


15,000-24.000 
28,000-40,000 
30-40 
L = lOd 
70-80 


Rockwell B . . B-IO-BIO . 

Scleroscope . . . 56-80 

Fatigue— 

Reversed bend . . . . 

Reversed torsion . .. . . 

Axial stress. . . . 

Impact— 

Charpy, kg-m. 21.2* . . 

Izod, ft-lb. . . . 

*25 hr. at 1650*F. slow cooL 

■Cold worked iron has no sharp yield point. The stress corresponding to the arbitrarily 
chosen strain of 0.5% on a 2 in. gage length can be distinguished up to about 15% cold reduction 
beyond which this value coincides with the tensile strength. 

^33,000 psi. after water quench from 1600*F. 

•Annealed electrolytic iron. Tested at 20*0. Type of specimen, probably large Oharpy. 

^Hot rolled ingot iron. Tested at 20*C. Test specimen 60 X 10 X 10 mm. 
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Fig. 21>~Ten8ile properties of Ingot Iron at various 
temperatures. (Lea.) 


Effect of Temperature on 
Mechanical Properties — Al¬ 
though variations in testing 
technique affect the results 
at room temperature, they 
have an even greater effect 
at high and low temperature. 
Speed of testing, shape of 
test piece, method of grip¬ 
ping, uniformity of temper¬ 
ature, and accuracy of tem¬ 
perature measurement are 
important factors, which, un¬ 
fortunately, are frequently 
not mentioned in many re¬ 
ports of tests foimd in the 
literature. 

Results obtained at ele¬ 
vated temperature may be 
divided into two groups: 
“Short time” and “creep.” 
Tapsell and Clenshaw give the 
results shown in Table XVin 
for ingot iron when using a 
Martens extensometer for de¬ 
termining the modulus at 
elevated temperatures. The 
loading was applied in steps. 
Total time to proportional 
limit about 20 min. Normal¬ 
ized bars 2 in. gage length 
and % in. dla. 

The work of Lea covered 
the temperature range of 
—40-1000®C. and in general 
his tensile values are lower 
than those of Tapsell and 
Clenshaw, and above the “blue 
brittle” range the elongation 
is greater. These results are 
shown in Pig. 21. 


Table XVIH 

Tensile Properties of Ingot Iron at Elevated Temperatures 
Short Time Tests 


Temp, 

•C. 

Tensile 
Strength, psi. 

% Elongation 
Including Fracture 

L = 4 V Area 

% Reduction 
of Area 

Modulus B 

16 

49.500 

45 

69 

29.800,000 

100 

57.800 

27 

61.5 

29,250,000 

150 

59.800 

26.5 

60 

28,400,000 

200 

65.600 

26.5 

54 

27.800,000 

250* 

64.700 

30.0 

54 

27.200,000 

300 

62.500 

38.6 

56 

26,500,000 

350 

56.700 

44.5 

61 

26.800,000 

400 

44.800 

51 

67.5 

25,000.000 

450 

37.000 

51 

67.5 

24,000,000 

500 

27.100 

49 

63.5 


600 

15.200 

34 

49.5 


700 

9.200 

53.5 

55.5 
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The maximum in tensile strength in the proximity of 200°C. is generally ascribed 
to the so-called '‘blue brittle” phenomenon. The temperature at which this maxi¬ 
mum tensile strength occurs depends on testing speed; slower speeds throw it to 
lower temperatures, and if the test is made sufficiently slow (two months) at room 

temperature, a strength 
is obtained approximately 
equal to that obtained at 
ordinary rates of testing 
in the “blue brittle” 
range. 

The “creep” strength 
is considerably lower than 
the tensile strength de¬ 
termined in the short 
time test. The value ob¬ 
tained depends on the 
rate of creep chosen. 
Tapsell and Clenshaw 
have determined the 
strength of ingot iron at 
various rates of creep as 
shown in Fig. 22. The 
rate of creep used for 
curve 1 is less than 
1 X 10-^ in. per day. 

Mechanical P r op • 
erties of Single Crystals 
--Osmond and Fremont 
determined the yield 
strength in compression 
to be 19,800 psi. on cube 
faces and 24,200 psi. on 

octahedral faces of single crystals prepared from a decarburized steel rail (0.06 O, 
0.30 Mn. 0.116 P, 0.02 S, 0.051 Si). This same material had a tensile strength of 
39,500 psi. and a yield strength of 23,500 psi. perpendicular to a cube face and a 
reduction of area of 85%. 



Pig. 22—Creep strength of Ingot Iron. (Tapsell and Clenshaw.) 

Curve Stretch, In. Time, Days 

1 . Limiting creep-stress 

2 . 0.001 300 

3 . 0.005 50 

4 . 0.010 25 

5 . 0.025 8 

6 . 0.075 2-3 

7 . Gives the tensile strength 


Edwards and Pfeil prepared single crystals from mild steel and found tensile 
strength values from 21,000-34,500 psi. on ten different crystals (orientations not 


determined); yield strength 4,300-5,600 psi.; 
elongation in 2 in. 30-54%; and Young’s modulus 
22.4-29.8 X 10^ psi. 

Osmond and Fremont’s Brinell hardness re¬ 
sults on above-mentioned specimen after an¬ 
nealing at 550*’C. were 75 on cube face, 79 on 
dodecahedral face, and 81 on octahedral face. 
After annealing at 800®C. the corresponding 
values were 66, 69, and 76. Pfeil found on his 
single crystals a Brinell hardness of 80, which 
was the same in different directions of the 
crystal within the limit of accuracy of the 
test. 
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Effect of Grain Size on Mechanical Prop- aa—Hardness tests on ingot iron, 

crttcs—Table XVIII-A gives the variation in <Tai»eu urn aenshaw.) 
tensile properties with grain size as deter¬ 
mined by Edwards and Pfeil. Pomp found the Brinell hardness only slightly 
affected by grain size and reported the foUowing: Brinell hardness 83 for 
68 grains per sq.mm.; 87 for 827 ; 89 for 1350; 96 for 2310; and 95 for 3970 grains 
per sq.mm. 
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Table XVUl-A 

Effect of Grain Size on Tensile Properties of Iron* 


Specimen 

Ko. 

Grain Sise, 
Grains per sq.mm. 

Tensile 
Strength, psi. 

Yield 

Strength,! psi. 

Elongation 
in 2 in., % 

Series 1 

1 

9.7t 

23.900 

5.900 

28 8 

2 

t 

26.200 

5.600 

30.5 

3 

2.5t 

30.600 

6.400 

39.5 

4 

6.3 

33.700 

6,500 

35.3 

6 

18.3 

36.600 

6.200 

47 

6 

35.6 

38.200 

8,300 

48.8 

7 

48.8 

38,300 

9,400 

50.7 

8 

61 

38.900 

10.000 

44.8 

9 

76.5 

42.000 

20.100 

47 

10 

77.6 

41.600 

20.200 

48.3 

11 

91.6 

40.000 

16.600 

50.3 

12 

92 

40,300 

16.800 

50 

13 

120 

41.200 

16.700 

42.6 

14 

130 

41,600 

16.700 

41.3 

1ft 

194 

41,900 

16.400 

47.6 


Series 2 


1 

27 

38.500 


8,400 


41.3 

2 

34 

39,300 


10.500 


41.3 

3 

63 

38,600 


7,700 


46.3 

4 

67 

38,000 


10,700 


38.8 

6 

78 

38.500 


11,300 


33.5 

6 

84 

39.600 


12,100 


51.3 

7 

98 

42.300 


14,700 


46 

8 

98 

43.100 


15.500 


46.5 

9 

102 

42.600 


16.300 


44 8 

10 

108 

44,400 


15,800 


46.3 

11 

109 

42.800 


15,100 


42.8 

12 

113 

42.200 


14,500 


47.8 

13 

118 

43,100 


18,000 


48 5 

14 

127 

43,200 


19,500 


44 

16 

135 

43.300 


22,200 


45.3 

16 

157 

44,200 


22.600 


45.3 

17 

168 

38.100 


15,700 


45 

18 

203 

38,200 


14,200 


44.8 

19 

230 

37,700 


13.800 


48 

20 

245 

37,300 


14,000 


45.5 

21 

307 

39,100 


13,800 


48.3 

•Edwards and Pfeil. 






fReported as proportional limit. 






^Diameter of average crystal in mm. 






Torsion Tests at Elevated Temperatures- 

—Tapsell and Clenshaw determined the 

torsional strength of ingot iron at elevated temperatures by means of short time 

tests of a duration of about 20 min. up to the proportional limit and 20 min. from 

the proportional limit to fracture. 

The results are given in Table XIX. 




Table XIX 





Torsional Properties of 

Ingot Iron at Elevated Temperatures 







Angle of Twist per 

•o 

Modulus of Rupture 

Modulus of Rififidity 

in. at Fracture. Degree 

16 

63.200 


11,600,000 



778 

100 

66.100 


11,500,000 



632 

150 

70.300 


11,400,000 



628 

200 

68,300 


il,200,000 



479 

250 

68.300 


11,100,000 



447 

300 

69.000 


11,000,000 



406 

350 

65.900 


10,700.000 



297 

400 

61,700 


10.600.000 



336 

450 

41,000 


10,300,000 



326 

600 

25,100 





249 

600 

16,000 





285 
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Hardness at Elevated Temperatures—Hoth dynamic and static hardness tests 
have been made on ingot iron by Tapsell and Clenshaw as shown in Fig. 23. O'Neill 


determined the scratch hardness at 

Temperature,deg F. 


a 


•s 


“T 
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Temperature, deg C. 


various temperatures of a carbon-free iron 
made by decarburizing a mild steel in hydro¬ 
gen. These results are shown in Fig. 24. 
The hardness values are taken as the re¬ 
sistance to the production of a scratch 0.1 
mm. wide at various temperatures.* 

Hardness at Low Temperatures — The 
hardness of Swedish iron has been reported 
by Dewar and Hadheld and DeHaas and 
Hadfield as 101 at 15®C., *230 at —182®C., 
and 232 at ~>253*’C., while Guillet and Cour¬ 
not found the hardness of electrolytic iron 
to be 80 at +20°C., 77 at —20‘’C., 77 at —80®C., 
95 at —llO^C., and 269 at —182«C. 


Pig. 24—Change In scratch hardness with 
temperature. P13R—A cold rolled polycrys- 
talllne carbon-free Iron, Mn 0.44%; 810.02%; 
8 0.028%: and P 0.020%. P13C same as 
P13R, but annealed. Grain 8 and Grain 7. 
two single-crystal grains, the scratch on 
No. 8 being in the (llOJ direction on a (100) 
face. 


Alternating Stress Tests at Elevated Tern- 
perafures—Alternating stress tests on Haigh 
alternating stress machine at 2,400 cycles per 
minute with equal plus and minus stress on 
a basis of 10^ reversals gave the following 
results: 


Estimated Limiting Range of 

•C. Fatigue Stress, psl. 


16 

26,700 

100 

24.000 

200 

25.500 

300 

33,400 

400 

28.900 

500 

12,300 


Solubility of Hydrogen in Molten Iron 



Volume of Hydrogen 


In cc. per g. of Iron 

•c. 

(Standard Conditions) 

1530 (M.P.) 

0.272 

1550 

0.279 

1650 

0.310 


Permeability of Iron to Hydrogen at Various Temperatures 


•c. 

Permeability 

200 

0.83 

300 

5 

400 

25 

500 

100 

600 

336 


dm AP 

Permeability is the value of K in the equation-= —Kpo-dx dy where dm 

dt AZ 

is the mass of gas passing in direction z in time dt through a diaphragm of the 
solid of area dx dy and thickness az, the difference in pressure on the two sides 
of the diaphragm being ap; the minus sign indicates the how is in the direction of 
decreasing pressure, po is the density of the gas at zero C. and pressure of 1 
atmosphere; dm/po is the volume of dm at zero and 1 atmosphere. 

p is expressed in atmospheres. 

K is expressed in 10’* cm* per atm-sec. 
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Plastic Deformation of Iron 

By C. H. Mathewson* 

Block Movements of Slip and Twinning in the Crystal Lattice of Iron-Iron in 
common with other metals accommodates itself to plastic deformation by the glid¬ 
ing of crystal blocks or lamellae on one another, and this process ordinarily becomes 
one of pure translation in which the orientation of the crystal changes only as 
the gliding along planes cutting across the axis of stress application sets up a 
bending moment around an axis in the slip plane at right angles to the direction of 
slip. It is this bending or twisting of crystals and parts of crystals that gives rise 
to the preferred orientations or textures found in wrought metal. Such effects are 
important, as the physical properties of the metal are determined in large part 
by the orientation of its particles. The state of purity has a remarkable effect 
on the force necessary to start translation, or keep it in action, and in general 
on the dsmamics of the process. As a principle of guidance it may be said that 
translation starts when the shear stress on a competent slip plane in a possibles 
direction rises to a critical value, but, as the simple slipping process brings about 
change of orientation, the resolved shear stresses change and slip on one. family 
of planes may soon be accompanied or replaced by slip on another family. In 
single crystals the normal outcome of the process may be fairly well predicted 
but in ordinary polycrystalline metal the mutual interferences among the grains 
lead to complications and there is no clearly accepted method of rationalizing the 
textures formed in such material by the translation process. 

X-ray studies have revealed the general characteristics of textures^ formed 
during the different industrial processes of working iron (and other metals), as 
indicated in a later paragraph, but it must be realized that data of this character 
give merely a rough indication of the preferred orientations of the crystals; as 
considerable deviation from any stated orientation always occurs, and the texture 
changes from one point to another in the object, for example, from surface to 
center in a drawn wire. It is this variability that renders the study of textures 
important as a method of controlling the conditions of plastic deformation in 
developing desirable directional properties In wrought metal for any particular 
purpose. 

The gliding process may also become one of mechanical twinning, which requires 
that each slip plane shall move the exact fraction of the distance between atoms on 
the adjacent slip (twinning) plane that will set up anew the crystal lattice pattern 
in a changed or twin orientation. In iron, this process does not appear to be of 
great importance, as twin lamellae, or so-called Neumann bands are produced only 
under certain limiting conditions and do not usually represent the major effect of 
the plastic deformation. A general understanding of the elements and the simple 
mechanism of block movements defining the processes of translation or twinning 
may be obtained from the following outline. 

Significant Directions and Planes—At temperatures above 2550 and below 1650®F. 
crystals of pure iron have their atoms arranged according to the simple body cen¬ 
tered cubic pattern as illustrated in Fig. 1 of the article in this Handbook entitled 
*TPhyslcal and Mechanical Properties of Pure Iron”. 

For the purpose of considering displacements of atoms and planes by plastic 
deformation of the iron crystal, it is best to orient the body centered cubic unit of 
structure (Fig. 1) so that one of the body diagonals, ab, passing through two 
comer atoms and the central atom is in a vertical position. This and the other 
three body diagonals are lines or directions through the crystal along which the 
atoms make the closest possible approach to one another. When the crystal 
is forced to change its shape by the action of an external stress the atoms 
resist separation in these close packed strings and shearing occurs by some form 
of block movement in one or another of these four significant directions [111]. 
If we imagine other unit cells grouped around the first in Fig. 1, it is clear that 
the atom at each comer of the original cell belongs to a close packed string 
including the central atom of a respective neighboring cell. Similarly, the outlying 
comer atoms of these new cells belong to close packed groups derived from more 


•Prof, of Metallurgy, Yale University, New Raven, Conn, 
tail references are given at the end of this article. 
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distant cells. Using the central string of atoms as an axis, a vertical plane may 
be rotated into various positions such as, a c' b d^ which is designated as a plane 
of form -IllOK and the other shaded position designated Each plane fur¬ 

nishes some characteristic spacing of these close packed strings of atoms and 
some characteristic geometrical relationship between the atoms in this plane and 
those in a parallel plane passed through adjacent strings of atoms. These 
details can be studied in some form of a projection such as the one given in 
Pig. 2 in which all atoms are projected vertically into a plane of the form -(lllh 
at right angles to the close packed string, ab (body diagonal), shown in Pig. 1. 

It is evident in Fig. 1 that the atoms of the three different strings originating 
at a, c and d do not match one another in horizontal planes, while those originat¬ 
ing at c, c' and c" or at d, d' and d" meet this condition perfectly. 



(112) fl23j fllO) 



Pit 1—BodT CffTiter^d Arrangement of Atome with t Cube Diagonal In Vertical Position. 
1, 3, 3, Body Centered Atoms From Adjacent Cells Occur at Bach of These Levels. 

Pig. 2—Projection of Atoms of Body Centered Cubic Lattice in a Plane Perpendicular to Close 
Packed Strings of Atoms (an Octahedral Plane). Atoms in the Plane of the Projection wd 4th 
and 7th Planes Above Shown by Large Circles; In the 2d, 5th and 8th Planes by SmaUest Circles; 
and in the 3d, 6th and 9th by Circles of Intermediate Sise. 


These differences in level are Indicated in the projection of Pig. 2 by using 
circles of different sizes, with letters indicating the proper relationship to Pig. 1. 
A projection of this sort is of course competent to represent an indefinitely large 
number of unit cells piled on and around one another according to the plan of 
orientation selected. Planes of particular significance or interest may be selected 
for boundaries and in this projection (Fig. 2) dodecahedral planes ^110^ of Pig. 1 
are chosen for right and left-hand boundaries and trapezohedral planes ^112} of 
Pig. 1 for the upper and lower boundaries. 

Within the figure it would be possible to draw many sets of parallel lines, 
bringing the projected strings of atoms into planes of various kinds. Thus a ^t 
of lines parallel to the vertical boundaries would represent the closest possible 
grouping of the strings into (dodecahedral) planes and inspection of the figure 
shows that there are two other sets of planes inclined 60® to the first set having 
these same characteristics. 

Slip Planes and Directions—-The common condition that plastic deformation of 
a crystal occurs in the direction of a line of closest atom packing by block movement 
along planes of the densest atom packing on which the stress intensity has 
reached the highest value would, in the case of a polished iron crystal oriented to 
correspond with Fig. 2 and loaded with maximum stress intensity in the direction of 
the atom strings (that is, perpendicular to the plane of the projection), cause one 
or more sets of slip bands to appear parallel to the most severely stressed dode¬ 
cahedral planes. Actually, the slip bands observed in iron are of a more complex 
character, often irregular, forked or wavy and apparently unrelated to any principal 
plane of the crystal. O’Neill* and Pfeil* have observed bands parallel to planes of 
the form (horizontal boundaries in Fig. 2). Taylor and Elam* emphasize the 
importance of the close packed atom strings in guiding the direction of slip, but 
consider the block movement to occur not along planes of simple indices but in 
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rod like bundles of atom strings whose boundaries are determined by stress consid¬ 
erations alone. Gough ^ in an elaborate analysis of the deformation of a single 
crystal of iron stressed in torsion, concludes that slip may occur in the direction 
of the close packed atom strings on quite a variety of planes containing these 
gliding elements, that is, planes of the form -(110^, or These are the 

planes some of whose projections are shown by the lines drawn in Fig. 2. If the 
shear stress resolved in the direction of the close packed atom string is greater 
on one of the designated crystallographic planes than on any other conceivable 
plane, slip is likely to occur on the planes of this set without further complication. 
However, if the maximum shear stress occurs on some intermediate plane corre¬ 
sponding to the dotted line of Fig. 2, slip will occur on particular planes of the 
above designated forms located on both sides of the plane of maximum resolved 
shear stress '{llOi' and -{123)^, in Fig. 2. Under these conditions the slip bands 
will be of a duplex type with an average slope corresponding to the dotted line of 
Pig. 2. Pahrenhoust and Schmid*, however, considered -{123}- the most probable 
planes of slip and Sauerwald and Sossinka^ found only the traces of these as slip 
planes after compression at room temperature. 

Most recently, Barrett, Ansel and Mehl” have verified Gough’s general con¬ 
clusions, but find that in silicon ferrite, either a low temperature or a high silicon 
content causes slip to be confined wholly to planes of the form ^ 110 }^. 

Severe Deformation—^As the slipping proceeds in any crystal the process tends 
to become more complicated owing to a rotation which accompanies the block 
movement and consequent increase of stress in other eligible slipping directions. 
Large amounts of deformation therefore bring many different slip planes into play 
and in the case of ordinary polycrystalline material the process is further compli¬ 
cated by inhomogeneity of the force field at the grain boundaries. Hardening 
accompanies deformation of this character perhaps owing to an increased resistance 
to slip through the minute blocks of crystalline material which in moving past 
one another have developed slight differences of orientation (nonunfform curva¬ 
ture or lineal nonregistry at the boundaries). 

Preferred Orientation Under Various Forms of Stress—In spite of the complex 
mechanism of the slipping process the crystalline particles of metal worked into a 
given form by continued application of stress in some prescribed manner finally 
become forced into positions closely approximating a definite and characteristic 
preferred orientation^. Simple stretching brings a cube face diagonal [110] into 
the axis of the rod with a radial disposition of a corresponding set of cube edges 
[001] in the different crystals. In cold drawn wires fllOl also occurs as the fiber 
axis. Under compression* a body diagonal [111] and to a lesser extent a cube 
edge occurs in the direction of compression with a cube face diagonal in the 
radial position. In torsion the cube face diagonal and to some extent the [112] 
direction becomes the fiber axis with the body diagonal tangential. Cold rolling 
brings a face diagonal into the direction of rolling and a cube face into the plane 
of rolling. 

Twinning—Planes of trapezohedral form -{1121', parallel to the sides of 
the triangle outlined in Fig. 2, have the atoms of their close packed strings at 
the same level in a given horizontal^ section. In passing from one to another of 
these adjacent parallel planes, the st^’ings shift laterally into positions half way 
between their former positions and vertically so as to bring the atoms either one- 
third or two-thirds of a full atomic distance above the atoms in the first plane, de¬ 
pending upon the direction of progression. If, beginning with a certain plane, say the 
one whose projection forms the base of the triangle in Fig. 2, the atoms iq the next 
plane towards the bottom of the figure are brought one-third, instead of the normal 
two-thirds, of an atom distance above the atoms in the first plane, and the atoms in 
the third plane two-thirds, instead of the normal one-third, above, the altered region 
is said to be twinned with respect to the rest of the crystal. This change has been 
effected in the lower rectangular area which, therefore, constitutes the projection 
of a twin band. 

Twinning by Pure Shear—The mechanical action of pure shear, in which the 
distance traversed by any particle in the direction of shear is proportional to its 
distance from the plane of shear, would produce this result, assuming the first plane 
(base of the triangle) to be the plane of shear and the shearing movement on 
the next plane to be exactly one-third of the distance between atoms in the close 
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packed string. This is believed to be the mechanism of mechanical twinning in 
iron.*' ^ 

Close observation of Fig. 2 will make it clear that this same structural change 
may be obtained by shearing along any one of the three families of planes of the 
form ' 1112 }- represented by the sides of the triangle and that no other twin conhg* 
uration is possible in this projection. However, since there are three additional 
body diagonals representing close packed strings of atoms in the iron lattice, three 
other projections each of them competent to illustrate the formation of a new 
twin configuration by shear along any one of three additional planes of the form 
•| 112 |> are possible. 

Infrequency of Twinning in Iron—So many planes are available for deforma¬ 
tion by the ordinary process of slip that the much more restricted or specialized 
form of slip necessary for twinning would be expected to occur only exceptionally 
in pure iron. Stiffening of the lattice by alloying favors the occurrence of 
twinning. Somewhat brittle coarse grained ferrite containing silicon or phosphorus 
twins readily when deformed by impact. Coarse grained Armco iron also twins 
readily by Impact at room temperature. It is reported^* ” that pure ferrite twins 
readily even by slow deformation at the temperatme of liquid air. Barrett. Ansel 
and Mehl in their recent investigation” of the plastic deformation of iron have 
demonstrated that twinning, which could be produced in pure iron by slow deforma¬ 
tion (torsion) at — 200 ®C., occurs at higher temperatures with increasing silicon 
content; until, with approximately 5%, it is the favored mechanism of deformation 
close to room temperature. It is followed in this relatively brittle alloy by cleavage, 
and then slip on planes of form 'j 110 as the temperature is further increased. 
Even under the most favorable conditions only thin sections of a crystal can be 
stressed in the exact manner necessary to produce the twin structure. Twinning in iron 
is therefore observed only in the form of thin lamellae usually called Neumann hands. 

Deformation of Face Centered Cubic Iron—Ordinary grades of iron and like¬ 
wise metal of exceptional purity containing only minute traces of the most 
tenaciously adherent impurities such as oxide, nitride, or carbide, when heated 
above 1650®F., but not above 2550®, have their atoms arranged according to the face 
centered cubic pattern illustrated in Fig. Id of the article on Physical and 
Mechanical Properties of Pure Iron given in this Handbook. (According to a 
recent accurate determination” the lower A 3 point lies between 1650 and 1675 ®P. in 
very pure iron). While no detailed study of the slip planes and directions brought 
into play by hot working pure iron in this range of temperature appears to have 
been made thus far, there is little doubt that the mechanics of deformation are 
analogous to those observed in aluminum”, copper”, and other face centered cubic 
metals. 

In wrought and annealed austenitic steels in which iron has been alloyed so 
as to preserve the face centered cubic arrangement of atoms, the microstructure 
is strikingly similar to that of the common face centered cubic alloy, alpha brass, 
even exhibiting the familiar twin bands which are seen in both metals after recrys¬ 
tallization following plastic deformation. This points to a similarity of the 
deformational process in both cases and the analogy in all probability may be 
extended to include the behavior of pure iron at elevated temperatures. 

Planes and Directions of Slip in the Face Centered Cubic Lattice—In the face 
centered cubic metals only the planes of closest atom packing, the octahedral 
planes -{lllK function as slip planes and the slip occurs in the direction of one of 
the three cube face diagonals representing close packed rows of atoms on the 
given plane. Four families of octahedral planes are available for this purpose. 

In single crystals under tension stress, slip starts on the set of octahedral 
planes for which the computed shear stress is a maximum, and continues on these 
planes until rotation of the lamellae brings an equal load on another set of 
octahedral planes. After a short period of extension by slipping on both sets of 
planes the crystal usually breaks with a wedge shaped fracture. 

Pursuing the analogy with face centered cubic metals still further, hot rolling 
of iron above 1650®F. might be expected to develop preferred orientation of the 
crystalline particles"*” with the normal to a trapezohedral plane, [ 1121 , approx¬ 
imately parallel to the direction of rolling and a dodecahedral plane -IllOj- parallel 
to the plane of rolling. Subsequent cooling below the As point would produce some 
form of reorientation depending upon the relationship between the two sets of 
crystal axes established during the transformation. No accurate details of this 
process are yet available.” 
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Effect of Cold Work on the Properties of Iron 

By Reid L. Kenyon* and Robert F. Mehlt 

Introduction—The physical and mechanical properties of pure iron are given in 
another article in this Handbook.' The present article deals only with the effect 
of plastic deformation on these properties. Critical examination of the literature 
reveals that much of the published data on “pure iron” are actually on low carbon 
steel, sometimes with as much as 0.10% carbon and 0.50% manganese, besides other 
impurities. Due to the fact that few, if any, of the properties of pure iron can be 
extrapolated from such data, they are omitted from this article. While Armco 
Ingot Iron and electrolytic iron are not pure, they have been taken as such for 
the purpose of this tabulation. Since the few published results are from isolated 
tests, it is impossible to discriminate and select “best values.” The data given 
here should be taken only as provisional, and as an indication of the need for 
further experimental work on the properties of plastically deformed pure iron. 

The Effect of Cold 
Working — The previous 
mechanical and thermal 
history of the material, 
such as internal strain 
and grain size, has been 
found to have a marked 
effect on the response to 
cold working. Cries and 
Esser* give the results of 
Brinell tests on polycrys¬ 
talline and monocrystal¬ 
line iron after various 
degrees of cold rolling. 

Their values are repro¬ 
duced in Fig. 1. The 
method of cold working 
also affects the results. 

Wire drawing produces a 
greater change than roll¬ 
ing for the same amount 
of reduction. Jeffries and 
Archer^ give tensile 
strength values for cold 
drawn Armco Ingot Iron 
wire, which are com¬ 
pared in Fig. 2 with cold 
rolled material. Greulich® 
also reports the effect of 
cold rolling on the tensile 
properties of Armco Ingot Iron, but shows it to be considerably greater than normal, 
probably owing to a different previous treatment. 

Various attempts have been made to express the properties of cold worked 
metals as functions of the percentage reduction. Greulichi* finds these relationships 
between reduction in thickness and hardness, yield point, and tensile strength to be 
logarithmic up to a limiting amount of reduction, but Templin* shows that the 
tensile strength versus per cent reduction of area is a straight line. He gives the 
following equation for the tensile strength of Armco Ingot Iron: Tensile strength 
= 37,500 (1 4- 1.64 R), where R is the fractional reduction of thickness. Greulich* 
gives the equation; Tensile strength = 46,000 -f 7.510 log. 0 , where 0 = the per¬ 
centage reduction of thickness. 


. Rollino Direction T- 
1 Normal to Octahedral P 
12 40®to Normal to Cubic PI. 



Fig.1 


2 35* 


.Fig.3_l£ 


P* Pressurg 

d* Diameter of Impression-] 
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Fig. 1—^Effect of grain size and orientation on Increase of 
hardness with cold roUing (Ories and Esser). 

Fig. 2—Effect of cold working on the properties of Armco 
Ingot Iron (test on wire by Jeffries and Archer* and on sheets by 
Kenyon and Burns*). 

Fig. 3—^Variation of Meyer’s constant *‘N" with cold rolling. 


*Research Metallurgist, American Rolling Mill Co., Middletown, Ohio. 

fDlrector, Metals Research Laboratory, Carnegie Institute of Technology. Pittsburgh. 

^AU references are given at the end of this article. 
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Templin’s formula Is believed to be in better agreement with most test data, 
although it should be remembered that all such particular relationships should be 
expected to apply only to material in the same initial condition. Their generid 
application to pure iron in all conditions is doubtful. 

A work hardening coefficient may be derived from Meyer’s equation relating 
load and diameter of impression in the Brinell hardness test.^ In this equation, 
p =: a.d°; the exponent n may be taken as a measure of the capacity of a material 
to work harden. Fig. 3 shows a series of such values for Armco Ingot Iron^ cold 
rolled up to 57%. It will be seen that n decreases with cold work as expected. 
The slope of the true stress tensile curve is much used in Germany as a measure 
of rate of work hardening,®* • but doubt has recently been expressed* as to its use¬ 
fulness, owing to the faot that this slope often is a constantly changing quantity. 
(See Stead^® and O’Neill and Greenwood*^ for additional studies on true stress 
curves). 


The effect of cold working on the shape of the tensile stress-strain curve for 
Armco Ingot Iron is shown in Fig. 4. The disappearance of the yield point, increase 
of the tensile strength, and loss of ductility are the most noticeable effects. The 
curves in Fig. 4 are for specimens tested immediately after cold rolling; aging at 
room temperature or at slightly elevated temperatures alters these curves pro- 


foundly.“ 

The effect of cold work 
on the density is given 
elsewhere.^ The electrical 
conductivity and magnetic 
properties are adversely af¬ 
fected. but no data have 
been found for high-purity 
iron. 

Structure — The first 
visible effect of cold plas¬ 
tic deformation on the mi¬ 
crostructure of iron is the 
production of slip bands on 
a polished surface. If the 



deformation is carried to Plg, 4—^Effect of cold rolling on the shape of the stress-strain 


a sufficient amount, the curve of Armco ingot Iron (Kenyon and Burns<). 


grains become distorted ^^8- 6—Effect on the yield point of aging electrolytic Iron 
and elongated, and this scheu^*). 

appearance, unlike slip bands, is not changed by repolishing and reetching. This 
effect can only be detected after considerable cold reduction. 


Macroscopically, iron exhibits, on fairly smooth or polished surfaces, a peculiar 
phenomenon that has been variously designated: Hartmann, Lliders, flow-lines, 
“worms,” and “stretcher strains.”*®* **•« The formation of these markings is asso¬ 
ciated with the behavior of iron at the yield point (sharp yield point with a definite 
amount of yield point elongation).* When formed in tension, these markings are 
surface depressions resulting from local yielding; when formed in compression, they 
are local elevations on the surface; Deformation does not produce these markings 
on iron which has been previously cold worked an amount sufficient to prevent a* 
sharp yield point (Fig. 4). 

Sudden or impact deformation produces the so-called impact twins or Neumann 
bands. These twins differ from twins in face-centered metal in that they frequently 
exhibit irregular or serrated outlines: apparently iron forms no strain-anneal twins. 

The mechanical properties of plastically deformed iron change with time after 
cold deformation when the material is held at room temperatures and at a more 
rapid rate at slightly elevated temperatures. This is called “aging” and is readily 
observed from the ordinary physical tests as a progressive increase in yield point,- 
tensile strength, and hardness and decreases In elongation, reduction of area, and 
notch Impact value,*®*" which occurs slowly at room temperature and with Increas¬ 
ing rapidity as the temperature is raised. At about SSO^C. the effect begins to 
decrease, until at a sufficiently high temperature the effect can no longer be found. 
With Increasing time these changes go through a maximum, beyond which the 
direction of the change is reversed. The time required for attainment of this maxi¬ 
mum (or minimum) varies and becomes less as the temperature increases.” 
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Plastic deformation of a sufficient amount eliminates the sharp yield point 
from the tension stress-strain curve when the test is made immediately, but this 
yield point is made to reappear by aging a long enough time at the particular tem¬ 
perature. This is shown for electrolytic iron in Fig. 5. Kdckritz’® shows (in Pig. 6) 

the Increase in tensile 
strength and yield 
point of Armco Ingot 
Iron in comparison with 
other materials. 

The aging capacity 
is not exhausted by 
small amounts of plas¬ 
tic deformation. The to¬ 
tal effects may be built 
up by successive aging 
treatments, plastic de¬ 
formation. and heating 
at temperatures** below 
the blue brittle range 
(250-300‘’C.). 

The behavior of iron 

plastically deformed at room temperature and aged at temperatures in the blue 
brittle range is duplicated in kind, though in somewhat different degree, by simple 
plastic deformation in the blue brittle range. Since at this temperature the rate 
of aging is very great, the resulting increase in strength values and decrease in 
ductility values manifest themselves during the tensile test on previously unstrained 
material. This has been shown by Jeffries and Archer** and Kenyon” for Armco 
Ingot Iron. Fig. 7 is reproduced from the latter source. The temperature ranges 
for these maxima and minima change somewhat with testing speed; higher speeds 
tend to throw them to higher temperatures. 



Fig. 6—Increase in yield point and tensile strength of various 
steels resulting from cold stretching 5% and heating for 1 hr. 
at the indicated temperature (Kdckritz). 


When plastically de¬ 
formed iron is heated to 
various temperatures, the 
properties are altered. The 
amount of the change de¬ 
pends on the amount of 
cold deformation, the orig¬ 
inal condition (such as 
grain size) and the time 
and temperature of heat¬ 
ing after cold working. 

These changes do not all 
take place at one tempera¬ 
ture but are progressively 
greater as the temperature 
is raised, although there is 
a minimum temperature be¬ 
low which the changes are 
relatively small. The mag¬ 
nitude of these changes is 
increased if recrystalliza¬ 
tion occurs.” According to temperatures (Kenyon"). 

Sato,” the increased energy Fig. s—Recrystaiiization of iron, 
introduced during cold de¬ 
formation is released at approximately 570®C. Tammann” shows a gradual decrease 
in electrical resistivity and thermoelectric force with increasing temperature of 
annealing, whereas the magnetic susceptibility remains unchanged up to about 
750®C., at which temperature it suddenly increases. 

Annealing of cold worked iron has a pronounced effect on the mechanical 
properties as determined at room temperature. Published data are almost exclu¬ 
sively for steels, the only results found for pure iron being those for Brinell hard¬ 
ness as reported by Tammann.” Under suitable conditions of grain size, amount 
of deformation, and annealing time and temperature, these changes in mechanical 



Fig. 7—^Physical properties of Armco Ingot Iron at elevated 
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properties are accompanied by a profound change in grain size. The metal under¬ 
goes recrystallization. It is possible, however, to soften cold worked iron without 
causing recrystallization.** The behavior of iron with respect to recrystallization 
is represented conveniently, though inadequately, by a three dimensional diagram 
relating to degree of cold work, temperature of heating, and resultant grain size. 
Fig. 8 is taken from Oberhoffer and Oertel** and represents the general relation¬ 
ships, although it is believed that there is a critical temperature range that leads 
to the extreme grain growth, varying with the amount of deformation. The curve 
on the basal plane shows the amount of strain required to cause recrystallization 
at a given temperature and indicates that this may occur as low as 400°C. McAdam* 
shows Armco Ingot Iron to recrystallize, under certain conditions, at 485°C. It is 
known that factors not represented in Fig. 7 affect recrystallization. Thus, the 
initial grain size is an important factor, small grains requiring less overstrain (as 
measui^ by changes in dimensions) to initiate recrystallization than large grains. 
Time of heating is also important, as well as rate of heating if this is slow. Type 
of deformation also affects the results, though it is probable that these may be 
shown to be equivalent upon the basis of a common unit for expressing the amount 
of deformation. It is also believed that the effective deformation of the individual 
grains is greater with small than with large grains for a given amount of total 
change in dimensions of the piece so that effect of grain size may be due principally 
to this difference in effective deformation. 
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Wrought Iron 

By A. W. F. Green* 

Definition—Wrought iron is a ferrous material, aggregated from a solidifying 
mass of pasty particles of highly refined metallic iron with which, without subse¬ 
quent fusion, is incorporated a minutely and uniformly distributed quantity of 
slag. 

Manufacturing Terms—A number of terms particularly applicable to wrought 
iron and the products manufactured from it are as follows: 

Puddled Ball—The agglomerate cellular mass of refined iron intimately mixed 
with a siliceous slag, which is the result of hand puddling, mechanical puddling, 
or the pouring of molten refined iron into a siliceous slag as in the Aston or Byers’ 
process. 

Bloom —^The product resulting from the squeezing of the “puddled ball”. 

Muck Bar--Ba.r rolled from a squeezed bloom. 

Bushelling—The process of heating to a welding heat in a suitable furnace, 
miscellaneous iron, steel or a mixture of iron and steel scrap cut into small pieces. 
(The welded mass is then squeezed into a bloom and rolled into scrap bar for 
piling or fagoting.) 

Fagoting—The making of a “fagot” or “box”, the bottom and sides of which 
are formed of muck or scrap bars and the interior of miscellaneous iron scrap or 
a mixture of iron and steel scrap (Fig. 1). 



Fig. 1—Tsn?ical fagot for wrought iron (left). Fig. 2—^Typical box pile (right). 


Slab Pile —^A pile built up wholly of flat bars of iron, all bars running the fuU 
length of the pile. 

Box Pile—A pile of bars, the outside of which is formed of flat bars and the 
interior of a number of small bars, all running the full length of the pUe. Used 
in the manufacturing of wrought iron bars (Fig. 2). 

Refined Bar Iron or Refined Wrought Iron Bars—Iron bars rolled from a muck 
bar pile or from a box pile, of muck bars and wrought iron scrap free from steel, 
all bars running the full length of the pile (Fig. 3). 

Double-Refined Iron—Iron to be classed as double refined shaU be all new 
wrought iron, which shall be first rolled into muck bars. These bars shall then be 

^Metallurgist, Allegbeny-Ludlum Steel Co., Watervliet, N. T. * 
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twice piled and rolled. All iron shall be free from steel and from foreig^n scrap. 
The manufacturer may use his own mill products of at least equal quantity, but 
only in the first piling. In the final piling all bars shall be of the full length of 
the pile (Fig. 4). 

Common Iron—Ivon made from re-rolled scrap lion or a mixture of iron and 
steel scrap, no attempt being made to separate the iron and steel scrap (Fig. 5). 

Methods of Manufacture—^There are five methods employed for the making 
of wrought iron: 1. Hand puddling; 2. mechanical puddling; 3. the Aston or Byers, 
process; 4. bushelling; and 5. fagoting. 

Hand Puddling Process—Wrought iron was in early times produced direct from 
the ore by reduction with carbonaceous fuel. In later times it has been produced 
by a variety of processes, usually however by indirect means. That is, the ore is 
first reduced to pig iron and the pig iron then transformed to wrought iron by the 
puddling or other process. 



Pig. 3—Refined iron, macro etched. Fig. 4—Double refined iron, macro etched. 
Fig. 5—Common Iron, macro etched. 


Henry Cort of England is credited with the inventions of the reverberatory 
type of furnace for the production of puddled wrought iron. The date given this 
invention is 1784. With only slight modification, the process has come down to 
the present day, and is commonly referred to as hand puddling. 

Ihe hearth of the hand puddling furnace is saucer shaped, and the lining is 
of sand. Iron oxide in the form of roll scale, iron ore, furnace cinder, or combina¬ 
tions thereof, is fettled into the sand bottom and sides of the hearth preparatory 
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to charging of the metal for puddling. The usual charges consist of pig iron. 
If a battery of furnaces is operated, it is often the practice to cliarge several differ¬ 
ent grades of pig iron, each furnace or portion of a battery of furnaces using a 
single type. 

Heat is applied to the charge until it becomes molten. When molten, iron 
oxide in the form of roll scale, iron ore, furnace cinder, or combinations thereof, 
are added to the bath, which together with the siliceous oxide making up the 
bottom and sides of the hearth set up the refining action, tending toward the elimi¬ 
nation of manganese, silicon, sulphur, phosphorus, and carbon. The first boiling 
period is called the low boll during which much of the manganese and silicon espe¬ 
cially are eliminated from the metal. As the temperature of the bath rises due to 
the reaction, violent elimination of carbon begins and the period of the high boil 
takes place. During this time long blue carbon flames are expelled from the bath 
called the “Puddler's Candles”. Necessarily, as the carbon is expelled, the melting 
point of the bath is raised and heat is actively generated in the furnace to main¬ 
tain the bath molten and complete the reactions. The final stage is marked by 
the gradual freezing of the bath in the form of tiny iron particles called the 
graining period, at which time agitation is resorted to. The temperature of the 
furnace is no longer sufficient to keep the metal bath molten, although the sili¬ 
ceous slag having a much lower melting point, remains very liquid. The grained 
iron is gradually gathered into spongy balls and worked with the slag until suffi¬ 
ciently compact for removal to the squeezer. It is often necessary to drain excess 
slag from the furnace during this compacting operation, and on the other hand, 
siliceous slag forming ingredients must sometimes be added to further the welding 
and fluxing of the pasty iron particles. 

The puddler determines the correct moment for removing the ball to the 
squeezer. The ball is a spongy mass of white hot iron dripping with slag. The 
squeezing and pressing operation further compacts the ball and ejects from it much 
of the excess slag it contains. The squeezed ball is then rolled into muck bars, 
billets, blooms, or other suitable shapes for reworking purposes. 

Mechanical Puddling—The earliest efforts along the lines of mechanical pud¬ 
dling were to retain the furnace as it existed, and to substitute mechanical for 
manual power in manipulating the rabbles or stirring rods. The early develop¬ 
ments which showed the most promise centered about the use of revolving fur¬ 
naces. These were of three types: 1. Those having a variable axis of revolution: 
2. those having an approximately vertical axis; and 3. those having a horizontal 
axis. 

The Godfrey-Houson puddler was the best example of the first type. The 
Pernot furnace was probably the best example of the second type, and the Spencer, 
Menelaus, Danks, Crompton, and Ely inventions the best of the third type. The 
Ely furnace was used for puddling as late as 1934. Generally speaking, the hori¬ 
zontal type of revolving furnace succeeded in reducing the manual labor of pud¬ 
dling and balling and possessed the important feature of working on a hot bottom. 

The mechanical and physical reactions encountered in mechanical puddling 
procedures are virtually the same as those in the hand puddling procedure. Some 
idea of what some of these inventions meant in increasing production of wro\.ght 
iron may be gathered by these comparisons: The manual puddler produced balls 
weighing from 200-250 lb. each, and his entire output was approximately 2800 lb. 
per day. Each manually operated furnace had a fireman, a puddler’s helper, and 
a puddler. The Ely rotary type of furnace which was oil fired, made balls aver¬ 
aging about 750 lb. each. One operator with two helpers managed two furnaces. 
Using molten iron from a cupola, these two furnaces produced 22.000*22,500 lb. 
of wrought iron in 8 hr. The Roe puddler on the other hand, can {produce an 
8000-10,000 ball or bloom using molten iron direct from the blast furnace every 
60 min. 

The Aston or Byers Process—The most startling invention having to do with 
the making of wrought iron is what is known as the Byers or Aston process. The 
work which resulted in this invention started about 1918 and constituted the most 
outstanding development in the manufacture of wrought iron since Cort’s inven¬ 
tion of the use of the reverberatory type of furnace early in the 18th century. 
The Byers or Aston process is of a far different nature than puddling either by 
hand or mechanical means. The melting of metal is done in cupolas. The molten 
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metal is then carried in suitable ladles where it is desulphurized and immediately 
thereafter, poured into Bessemer converters where it is refined according to regular 
steel procedure. Silicon, manganese, and carbon are oxidized in this refining opera¬ 
tion. The blown metal is then tapped into a ladle and taken to the processing 
platform where it is poured into the ladle of the processing machine. The molten 
refined iron is poured at a predetermined rate into the ladle containing the molten 
slag. As the slag temperature is maintained several hundred degrees lower than 
the freezing point of the refined metal, the latter is continuously and rapidly 
solidified. This rapid solidification of the metal liberates its dissolved gases with 
sufficient force to shatter the metal into small fragments which settle to the bot¬ 
tom of the ladle. Due to the heating temperature and fluxing action of siliceous 
slag, these fragments weld together to form an agglomerate cellular mass in the 
form of a sponge. Immediately upon completion of the pour, the ladle is trans¬ 
ferred and excess slag is poured off into an adjoining empty ladle. The sponge ball, 
weighing from 6,000-8,000 lb., is dumped at the rate of one, every five minutes 
on a platform of a 900-ton electrically driven press, where it is squeezed, collecting 
the mass into solid blooms for rolling. 

Squeezing—There are three types of squeezers used for compressing the sponge 
balls into suitable shape for rolling into muck bar, bloom or billet sizes. The first 
is the small so-called coffee mill type, the drum operating on a vertical axis. The 
second, a generally larger type, except that the drum operates on a horizontal axis. 
The third, the steam, electric or hydraulic press types where pressures are applied 
on the ends as well as on the four sides of the ball. 

Physical Properties 


Sp.gr. 7.70 

Melting point . 2750*P. 

Coefficient of thermal expansion—18-100*C.11.40 x 10'* 

Heat conductivity—16*C. 0.152 

18*C. 0.144 

100-C. 0.143 


Chemical Analysis—Genuine wrought iron is Identified because of its low car¬ 
bon and manganese contents. Many specifications written to cover wrought iron 
analyses lay particular stress on the manganese content. It is generally conceded 
that freedom from contamination by steel or poor quality wrought iron can be 
shown if the manganese content is under 0.07%. Some typical chemical analyses 
are shown in Table I. 

Table I 

Typical Composition of Wrought Irons 


Slag by 

Type of Iron C Mn 81 P 8 Weight 


Byers No. 1. 0.08 0.015 0.158 0.062 0.010 1.20 

Mechanical iron . 0.08 0.029 0.183 0.115 0.015 2.85 

Hand puddled iron . 0.06 0.045 0.101 0.068 0.009 1.97 


Carbon—‘A carbon content over 0.10% is usually construed to mean imperfect 
refining, or awakens the suspicion that steel scrap has been used in making up the 
customary “piles”. 

Manganese—YIeW made wrought iron has a manganese content below 0.10%. 
If in excess of that amount imperfect refining may be indicated, or adulteration 
by use of steel in bushelling or piling. 

Phosphorus—The phosphorus content of wrought iron is largely in the Incorpo¬ 
rated slag. Good wrought iron will contain from 0.08-0.160%, of which from 40-60% 
will be combined with the slag. 

Sulphur—High grade wrought iron contains up to 0.035% sulphur. Higher 
amounts are known to produce “red shortness” and also Indicate imperfect refining. 

Silicon—The amount of silicon is usually from 0.10-0.20%. The proportion 
associated with the base metal is practically nil. Silicon under 0.10% Indicates 
either that there is not the normal amount of slag, or that the composition of 
the slag is not normal for properly refined wrought iron. Silicon content about 
0.20% may indicate poor slag distribution, probably due to Improper mechanical 
working. ^ 
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Slag—There is present in wrought iron a considerable amount of slag. A typical 
analysis of the slag found in wrought iron is as follows: SIO 2 , 14.58; Pe, 58.72; 
PeO, 70.49; MnO. 1.51; Al.O,, 2.72; CaO. 2.59; P.06, 0.80; 8, 0.08; Cu, trace; and 
FeaOs, 5.65. The amount of slag present in wrought iron by weight varies from 1 
to as much as 4%, generally about 2.00%. 

Alloy Wrought Iron—The most prominent of the alloy wrought irons are those 
containing nickel up to about 3%%. Molybdenum has been successfully alloyed 
and nickel and molybdenum together have been used. Copper is often found in 
wrought iron. It is possible to definitely alloy quantities of copper in the making 
of wrought iron. There is a question regarding its presence as to whether or not 
it has a deleterious effect on the red shortness characteristic. Numerous experi¬ 
ments have shown, however, that it does not materially affect this condition with 
percentages up to about 0.3% and it is entirely possible that its presence is desirous 
from the standpoint of corrosion. Nickel up to 3'^% materially raises the elastic 
limit and tensile strength. Molybdenum does not seem to have any material effect 
on physical properties, and no concise data has been found to show that its pres¬ 
ence has materially affected the general quality of wrought iron. An analysis of 
nickel wrought iron is as follows: C 0.06, Mri 0.035, P 0.070, Si 0.18, S 0.011, Ni 3.25, 
and slag 1.90. 

Forging and Welding Ranges—The proper hot working or forging range is 
2450-1650®P. However, the most reduction in forging should take place between 
2450-2175‘‘P. 

The proper welding range is 2450-2300*P. 

Tensile Properties at Low and High Temperature—The tensile properties of 
wrought iron without nickel are as follows: Tensile strength, psi., 42,000-52,000; 
rield point, psi., 26,000-35,000; elongation, per cent in 8 in., 25-40; and reduction of 
area, 40-55%. 

When nickel is added to approximately 3.25-3.50% the values are about as fol¬ 
lows: Tensile strength, psi., 55,000- 
60,000; yield point, psi., 45,000-50,000; 
elongation, per cent in 8 in., 25-30; 
and reduction of area, 35-45%. 

Results of tensile tests at high 
temperatures are given in Fig. 6. 

Bend Tests—Bend tests are re¬ 
sorted to in the testing of wrought iron 
to indicate not only the ductility but 
also quality, proper piling and freedom 
from adulteration with steel. These 
tests are made both hot and cold and 
also by nicking of cold bars. 

Hot bend tests on highest quality 
wrought iron require bending the 
sample flat on itself from a tempera¬ 
ture of 1700-1800®P. The poorer quali¬ 
ties of wrought iron are bent around a 
pin, equal in diameter to the diameter 
or the thickness of the bars being tested. It is sometimes required that hot bend 
tests be made at temperatures of 1400-1500®P. to determine whether or not the iron 
is “red short”, a not uncommon condition. 

Step Tcstsr-The step test is applied to wrought iron to show that material is 
free from large slag inclusions as well as to determine methods of piling and con¬ 
tamination with steels. The bar as machined for the various steps is shown in Pig. 7. 

Crush Tests—It is generally possible to tell the difference between galvanized 
wrought iron and galvanized steel by bending or flattening cold. If the zinc coat¬ 
ing adheres firmly, the material is usually wrought iron. If the zinc starts to scale 
off at the beginning of the test the material is steel. 

Pickling—The usual procedure for pickling of wrought iron pipe, rods, and 
bars, is to use a 4-5% solution of sulphuric acid at a temperature of 160-170®P. 
The pickling time for pipe varies from 1-1% hr. and the rods or bars, 30-45 min. 



90 

75 
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/5 

O 


400 600 1200 1600 

Tempenatune of Specimen, 

Fig. 6—Tensile tests of wrought Iron at high 
temperature. 
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After pickling, material should be washed in water, and then passed through a 
bath of %% caustic soda and %% trisodium phosphate by voliune. 

Carburizing—Wrought iron can be case hardened. The usual process is to pack 
the parts in suitable compounds and quench in water from the box, or cool in 
the box and reheat to a suitable temperature and then quench in water. 

The type of iron to be case carburized should be selected carefully since best 
results are obtained from iron made from box piles. The temperatures for car¬ 
burizing and hardening are much the same as would be used for S.AJB. 1010 steel. 

Protective Coatings—Protective coatings adhere firmly to wrought iron. This 
is to be expected because of the nature of the material. Fig. 8 shows the bonding 



Fig. 7—step test. 

of a galvanized coating to wrought iron as compared with ordinary steel. In gen¬ 
eral, any protective coating that is applied to steel, except electropickling, can be 
applied to wrought iron. 

Welding—The ease with which wrought iron can be welded is attributed to the 
relative purity of the base metal and the siliceous slag which confers on It a self- 
fluxing quality easily observable in hammer and pressure welds. The slag con¬ 
tent of wrought iron makes it self-fluxing so uniform strong welds are rapidly 
secured. 

Wrought iron lends itself readily to oxy-acetylene and arc welding. A fluxed or 

greasy surface is ordinarily an 
indication that the temperature 
is sufficiently high to start ap¬ 
plying fused secondary or weld 
rod metal. This is not quite true 
of wrought iron where a greasy 
appearance initially occurs due 
to the self-fluxing characteristic 
at a somewhat lower tempera¬ 
ture. The temperature at which 
wrought iron fluxes is below the 
actual fusion point of the base 
metal and is too low for the ap¬ 
plication of the secondary metal. 
The welding should, therefore, 
be continued and the tempera¬ 
ture of the edges where welding 
is to take place, raised some¬ 
what higher. In this connection 
it should be remembered that 
wrought iron can stand higher 
heat without damage than other 
ferrous metals, and in general, 
should be worked hotter for best 
results. 

Resistance to Corrosion— 
Wrought iron has demonstrated 
Fig. 8—Bonding of a galvanised costing to wrought through centuries of application 
iron and steel. ^ remarkable resistance to pro¬ 

gressive corrosion. The reason 
for this is primarily the slag content and its distribution throughout the mass. 
Where wrought iron is exposed to corrective media, it is quickly coated with a film 
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Of oxide or rust. As corrosion proceeds additional oxide is formed but the slag 
filaments begin to function as rust resisters. The initial oxide film is securely fas¬ 
tened to the surface of the metal by the pinning effect of the slag filaments thus 
serving to protect the metal from further oxidation. 

It should not be taken to mean that all grades of wrought iron demonstrate the 
same properties of resistance to progressive corrosion. Busheled and fagoted iron, 
especially the types known as common iron, do, not possess to any remarkable 
degree such property. Resistance to progressive corrosion is limited entirely to 
genuine wrought ^on which has not suffered by adulteration through working. 

Repeated Stress—From the point of view of laboratory tests alone, wrought iron 
is about the weakest ferrous material under repeated stress. The endurance limit 
of wrought ferrous metals determined in reversed or rotary bending is, in the 
absence of corrosion, about half of the tensile strength. Moore gives the follow¬ 
ing endurance limits in rotating beam, and axial loading tests. 



Endurance Limit. 



Charpy 

Brinell 


Rotating 

Axial, 

Tensile 

Notched 

Hardness 

Materials 

Beam, psi. 

psi. 

Strength, psi. Bar, ft-lb. 

No. 

Wrought iron, longitudinal. 

... 23.000 

16.000 

46.900 

17.5 

105 

Wrought iron, transverse. 

... 19.000 

11.000 

34.400 

4.8 

105 

Ingot Iron, as rolled. 

Structural steel, c 0.1895 (as rolled). 

... 26.000 

17,000 

42.400 

19.3 

69 

... 28,000 

61,500 

.... 

... 


Wrought iron is not materially handicapped in fatigue resistance by the pres- 
.ence of slag as long as the applied stress is longitudinal. 


Izod Value for Wrought Iron 

(Longitudinal Test. Average of 3 Tests) 


Kind of Iron 


Izod Values, ft-lb. **A** Notch at 
Right Angles to Flat Plane of Pil- 
Origlnal Ing; "B” Notch at 90* to ‘*A*’ 

Size **A” **B** 


Staybolt . 

. 1 

in. rd. 

45 

44 

Enginebolt .*.. 


in. rd 

41 Vb 

42 

A.S.T.M. 84-27C . 


in. rd. 

44*4 

53 

Busheled iron. 


in. rd. 

51 Vb 

56 

Busheled iron.. 

. 1 

in. sq. 

' 51*4 

65 

Busheled iron. 

. 2 

X % in. fiat 

58 ^ 

58*4 

Common iron. 

. 1 

in. rd. 

63*4 

70 

Common Iron. 

. 1 

in. sq. 

62 V4 

71 

Common iron. 


X in. flat 

43 

51 


Applications and Forms Available—^Wrought iron is Used by the railroads, by 
shipbuilding industries, oil industries, for architectural use, by the public utilities, 
on farms, and for farm implements. 

Wrought iron is available in blooms, billets, in all types of hammered bars and 
forms, and hot rolled shapes, including sheets and plates. Also, as wire for nails 
and barb wire manufacture and wire for general manufacture. 

Weight of Wrought Iron—In calculating the weight of wrought iron bars and 
shapes, it is common practice to use the usual tables applicable to steel and deduct 
2% from the weight shown in such tables. 

Market Prices for Wrought Iron Products (May, 1936) 

Cents Per Lb. Base 

Some typical present-day prices*for wrought iron are as follows; 


Staybolt iron to meet A.S.T.M. Spec. A-84-33. 6.25 

Bn^nebolt iron to meet A.8.T.M. Speo. A-84-33 . 5.20 

Single refined enginebolt iron (aU new, no crop ends, all pieces full length of the pile).3.80 

Single refined enginebolt iron (V^ new puddled iron and ^ crop ends of equal quality).3.20 

Refined wrought iron to meet A.8.T.M. Spec. A-41-30. 2.30 

Double refined wrought iron to meet A.S.T.M. Spec. A-41-30. 4.24 

Common iron to meet A.S.T.M. Spec. A-85-27. 1.05 
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Alloys of Iron and Nickel With Low Expansion Coefficients 

By Dr. Matthew A. Hunter*^ 

General Introduction—Alloys of iron and nickel possess many anomalous prop¬ 
erties, depending on the relative proportions of the two constituents in the alloy. 
Guillaume discovered the alloys of low linear coefficient of expansion. In an inten¬ 
sive investigation of a series of various compositions, he found coefficients of linear 
expansion ranging from a small negative value (— 0.5 x lO**) to a large positive 
value (20 X 10‘*). The alloy with 36% Ni with minor constituents of Mn, Si, and O, 
amounting to less than 1 % had so low a coefficient of expansion that its length was 
practically invariable for ordinary changes in temperature. For this reason Guil¬ 
laume gave the alloy the name ‘Tnvar.'* 

Subsequently in the work of Guillaume and Chevenard. in cooperation with 
the Societe de Commentry-Fourchambault, an intensive study was made of the 
thermal and elastic properties of this class of alloys. Alloys with higher contents 
of Ni were found to possess higher coefficients of expansion. The alloy with 39% Ni 
had a coefficient of expansion corresponding to that of the low expansion glasses. 
The 46% alloy had a coefficient equivalent to that of platinum (9.0 x 10“* per ®C.) 
and received the name Platinite. A 42% nickel alloy when covered with copper to 
prevent gassing at the seal, is known as Dumet wire and is used to replace platinum 
as the “seal in” wire in incandescent lamps, and vacuum tubes. The 56% alloy 

has a coefficient approach¬ 
ing that of ordinary steel 
(11 x 10“* per ®C.). Nilvar 
is identical with Invar 
(36% Ni). 

In studying the elastic 
properties, Guillaume dis¬ 
closed the alloy Elinvar, 
containing 36% of Ni and 
12% Cr, which possesses an 
invariable modulus of elas¬ 
ticity over a considerable 
range in temperature as 
well as a low thermal ex¬ 
pansivity. 

Alloys containing less 
than 36% Ni have mate¬ 
rially higher coefficients of 

mg. 1—Effect on the coefDcIent of linear expansion at 20'»O. expansion. The 18% Ni 
for nickel-iron alloys (0.4% Mn and 0.1% O) (OuUlaume). alloy has an expansion CO- 

Plg. 2—Displacement of minimum expansivity by the addi- efficient Of 20 X 10“®. These 
tions of other metals (Guillaume). alloys belong in the ilTe- 

Plg. 3~Change in minimum expansivity caused by additions versible Class and by rea- 
of other metals (Guillaume). j^igh coeffi- 

carinvt7^(OuXum^^^^ temperature T of a typl- excluded from 

the present category. 

It has recently been found that certain percentages of cobalt can be used with 
advantage to replace Ni in the 36% alloy. An addition of 5% cobalt gives an alloy 
with an even lower coefficient than Invar and one less susceptible to variations in 
heat treatment. 

Effect of Composition on Expansivity—The effect on the linear expansivity of 
variations in Ni content is given in Fig. 1. 

The minimum expansivity occurs at about 36% Ni. A considerable influence 
is exerted on the position of this minimum expansivity by minor additions of other 
metals. The effect of additions of Mn, Cr, Cu, or C is shown in Fig. 2. 

Minimum expansivity is shifted toward higher contents of Ni in the case of Mn 
and Cr and towards lower contents of Ni in the case of Cu and C. The minimum 
expansivity for any of these ternary alloys is, in general, greater than that of a 

*Consulting Engineer, Driver-Harris Oo., Harrison, N. J., and Prof, of Metallurgical Engineering. 
Rensselaer Polytechnic Institute, Troy, N. Y. 
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typical Invar. The extent of the variation caused by these additions is given in 
Fig. 3. 

Additions of silicon, tungsten or molybdenum produce effects similar to that of 
manganese and chromium—the minimum is shifted towards higher contents of Nl. 

Carbon is said to produce instability in Invar. Guillaume attributes this to the 
changing solubility in the austenitic matrix under heat treatment. 

The replacement of some of the nickel by cobalt (up to 8%) produces a lower¬ 
ing in the expansivity of the alloy. 

Physical Properties, Expansivity—It is 
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not generally recognized that the low 
expansivity characteristics of 
Invar and related alloys are ap¬ 
plicable over a very limited 
range of temperature. A typi¬ 
cal curve for this class of alloys 
is given in Fig. 4. 

At low temperatures, in the 
region A-B, the coefficient of 
expansion is high. In the in¬ 
terval between B and C the 
coefficient decreases and reach¬ 
es a minimum in the region 
from C-D. With Increasing 
temperature the coefficient be¬ 
gins again to increase in the 
range from D-E, and thereafter 
(from E-P) the expansion curve 
follows a trend not dissimilar 
to that of the nic&el or iron of 
which the alloy is composed. It 
is clear that the low expansivity 
prevails only in the range from 
0-D. 

Between D and E the coeffi¬ 
cient is rapidly changing to a 
higher value. The temperature 
limits for a well annealed 36% 
Ni iron alloy are respectively 
162 and 271^*0. These tempera¬ 
tures correspond with the ini¬ 
tial and final loss of magnet¬ 
ism in the material. The slope 


0 200 400 600®C. 

Fig. 5—Expansion of nickel-iron alloys (Hunter). 

of the curve between C and D is then a measure of the coefficient of expansion over 
a limited range of temperature. The following figures are given by Guillaume for 
the coefficient of linear expansion between 0 and 38®C. 


Expansion of Nickel Steels 


%N1 

Mean Coefficient x 

%N1 

Mean Coefficient x 10 

31.4 

3.395 + 0.00885 t 

43.6 

7.992 — 0.00273 t 

34.6 

1.373 + 0.00237 t 

44.4 

8.508 — 0.00251 t 

35.6 

0.877 + 0.00127 t 

48.7 

9.901 — 0.00067 t 

37.3 

3.457 — 0.00647 t 

50.7 

9.984 + 0.00243 t 

39.4 

5.357 — 0.00448 t 

53.2 

10.045 + 0.00031 t 


Over wider ranges of temperatures the behavior of the alloys is represented by 
the curves given in Fig. 5. For purpose of comparison the expansion temperature 
curve for an ordinary steel is included. 

Under the effect of heat treatment or cold work the values for the expansivity 
of Invar (or NUvar) change considerably. The effect of heat treatment is shown 
in Table I by Russell. 

The expansivity is greatest for well annealed material and least in the quenched 
samples. 
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Cold drawing also produces a lowering in the expansivity. The following coeffi¬ 
cient figures are taken from the writer’s own experience on two heats of Nilvar 
(Invar). 

Effect of Quenching and Cold Drawing on Expansivity 


Quenched and Cold Drawn 

Direct from the Hot Mill Annealed and Quenched Size 0.125-0.250 In. 


1.4 z 10-« 0.6 X 10-« 0.14 X 10-« 

1.4zl0-« 0.8xl0-« • 0.3 xl0-« 


Table I 

Effect of Heat Treatment on Coefficient of Expansion 


• Brinell 

Treatment, *0. Hardness Mean Coefficient x 10 


After forging . 142 17-100-C. 1.66 

17- 250“C. 3.11 

Quenched, 830 . 196 18-100»C 0.64 

18- 250'’C. 2.53 

Quenched 830, temp. 250 15-100*C. 1.02 

15-250“C. 2.43 


Heated to 830—19 hr., cooling to room temp. 114 15-100*C. 2.01 

15-250*C. 2 89 


It is possible by cold work following a quenching operation to produce material 
with a zero coefficient of expansion or even a negative one. In the latter case by 
careful annealing at a low temperature, the coefficient may be increased to zero 
again. These artificial methods of securing a low coefficient all tend to produce 
instability in the material. The low coefficients tend with the lapse of time and 
variations in temperature to recede to the normal values for the material. These 
’’aging*' tendencies are responsible for the secular and transitory changes which 
take place in the material. While these variations are of importance in special 
applications such as geodetic tapes, they are of little significance in ordinary oper¬ 
ations. For such special applications it is essential to stabilize the material by sub¬ 
mitting it to a slow cooling operation from 100-20®C. over a period of many months, 
followed by a prolonged aging at room temperature. But imless the material is to 
be subsequently used within the limits of the atmospheric variation in temperature, 
such stabilization is of no value. 

Magnetic Properties—All nickel-iron alloys of the Invar class are magnetic at 
room temperature. They lose their magnetism at higher temperatures and become 
paramagnetic. The points of inflection in the curves in Fig. 5 are indications of the 
loss of magnetism. For a true Invar (36% Ni) Russell found that in a well annealed 
sample the loss of magnetism began at 162 and was completed at 271’’C. In a 
quenched sample the loss began at 205 and was complete at 271’*C. 

Slow cooling through this range of temperature eliminates to a large degree 
the transitory and secular changes which are always troublesome in materials of 
this class. 

Electrical Properties—The electrical resistivity of Invar ranges between 75 and 
85 microhm cm. at ordinary temperatures. The temperature coefficient of electri¬ 
cal resistivity is of the order of 0.0012 per ®C. over the low expansivity range. The 
thermoelectric power taken against copper is about 10 microvolts per degree. 

Other Physical Properties—Sands has collected from various sources information 
on the miscellaneous properties of Invar from which the following are taken. The 
material was in the hot rolled or forged condition. 


Melting point . 

Density .’. 

Tensile strength . 

Yield point . 

Elastic limit . 

Elongation . 

Reduction in area. 

Scleroscope hardness . 

Brinell hardness . 

Modulus of elasticity in tension. 

Thermoelastio coefficient . 

Specific heat (25-10t*C.) . 

Thermal conductivity (20-100*0.). 

Thermoelectric power (against copper), —96*C, 


.1425«0. (2600*F.) 

8.0 g. per cc. (600 lb. per cu. ft.) 
65,000-<85,000 psi. 

40.000<-60,000 psi. 

20,000-30,000 psi. 

. 30-45% 

56-70% 

.19 

.160 

.21.400,000 psi. 

.500 X 10-® per *0. 

,0.123 eal. per g. per *C 
.0.0262 Cgs. units 
,9.8 microvolts per “O 
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The effect of temperature on the mechanical properties is shown in Fig. 6. 

Processing—Considerable care has to be used in the hot working of these iron* 
nickel alloys, as they have a tendency to check and break up unless carefiQly han¬ 
dled. The annealing of Invar and related alloys should be done in a reducing atmos¬ 
phere. These alloys are very susceptible to intercrystalline attack during annealix^. 
The best results are, therefore, usually obtained by annealing in an atmosphere 
consisting of a large percentage of a neutral gas such as nitrogen and a small per¬ 
centage of a reducing gas. 



The cold rolling and drawing of 
these iron-nickel alloys is quite similar 
to that of nickel. 

Heat Treatment of Invar—The an¬ 
nealing temperature of 750-850'’C. 
(1380-1560°P.) gives good results. 
Quenching in water from these temper¬ 
atures reduces the expansivity of the 
material, but induces instability both in 
actual length and in linear coefficient. 
To overcome these defects and stabilize 
the wire, a low temperature anneal 
(200-300°P.) followed by slow cooling to 
room temperature over a period of 
months is necessary. Slow cooling 
through the magnetic transformation 
has also been found satisfactory. 

Applications 


Fig. 6—^Effect of temperature on the mechanical 
properties of forged 34% nlckel-lron alloys (Mae- 
Pherran). 



dO ^ 50 dO PO 

%N/ckef 

Pig. 7—Upper Curve-'Eilect of nickel 
on the Inflection temperature of nickel- 
iron alloys. 

Lower Curve—Effect of nickel on the 
average coefficient of expansion up to 
the Inflection temperature of nlckel-lron 
alloys. 


Absolute standards of length. 

Rods and tapes for geodetic work. 

Compensating pendulums and bal¬ 
ance wheels in clocks and watches. 

Expansion control in moving parts, automo¬ 
bile pistons. 

Thermostatic strip. 

Other Iron-Nickel Alloys—Alloys of iron and 
nickel, with nickel contents higher than Invar, 
retain to some degree the expansion characteris¬ 
tics of metals of the Invar composition. 

Since further additions of nickel raise the 
temperature at which the inherent magnetism of 
the alloy disappears, the inflection temperature 
in the expansion curve rises with the increasing 
nickel content. While this increase in range is 
an advantage in some circumstances, it is ob¬ 
tained at a sacrifice of the low coefficient of 
expansion itself. 

Scott* has published information on the co¬ 
efficient of expansion of iron-nickel alloys up 
to the inflection temperature. Lohr and Hop¬ 
kins® give data on a more extended range of 
nickel contents up to 68% as given in Table II 
and Pig. 7. 

Special AUoys-r-Certain ternary alloys with 
nickel and iron are interesting by reason of their 
special properties. 

Nilvar—ThQ replacement of some of 
the nickel by cobalt in an alloy of the Invar 
composition results in a lowering of the linear 
coefficient of expansion of the alloy. An alloy 


containing 31% Ni and 4-6% Co produces a material with a zero coefficient of 
expansion in the hot rolled condition. Annealing and quenching appear to raise 
the coefficient somewhat, but in general the coefficient obtained from these alloys 
is lower than that obtained from Invar without subjecting it to cold work. An 
extensive investigation of this class of alloys has been made by Masumoto.® 
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Table II 

Nickel-Iron Alloys 
(Lohr & Hopkins) 



Composition, 

Si 

tif 

Inflection* 

Temp. *C. 

Average Coefficient of 
Expansion to Inflection, 
Temp. X 10^ 

Mn 

yc -\ 

N1 

0.11 

0.02 

30.14 

155 

9.2 

0.15 

0.33 

35.65 

215 

1.54 

0.12 

0.07 

38.70 

340 

2.50 

0.24 

0.03 

41.88 

375 

4.85 



42.31 

380 

5.07 



43.01 

410 

6.71 



45.16 

425 

7.25 

0.35 


45.22 

425 

6.76 

0.24 

0.11 

46.00 

465 

7.61 



47.37 

465 

8.04 

0.09 

0.03 

48.10 

497 

8.79 

0.76 

0.00 

49.90 

500 

8.84 



50.00 

515 

9.18 

0.25 

0.20 

50.05 

527 

9.46 

0.01 

0 18 

51.70 

545 

9 61 

0.03 

0.16 

52.10 

550 

10.28 

0.35 

0.04 

52 25 

550 

10.09 

0 05 

0.03 

53 40 

580 

10.63 

0.12 

0.07 

55.20 

590 . 

11.36 

0.25 

0.05 

57.81 


12.24 

0.22 

0.07 

60.60 


12.78 

0.18 

0.04 

64.87 


13.62 

0.00 

0.05 

67.98 


14.37 


•Note that In alloys with higher than 55% nickel, the Inflection temperature Is not In evidence. 


Iron^Nickel’Cobalt Alloys —Scott* has investigated the expansion properties of 
a series of low expansion iron-nickel-cobalt alloys over a range of cobalt additions 
up to 40%. Such additions raise the coefficient of expansion at room temperature. 
But since they also raise the inflection temperature, they produce an alloy with a 
moderately low coefficient of expansion over a wider range of temperature. Scott 
expresses his observations in the form of equations. If 0 is inflection temperature, 
X the nickel content, Y the cobalt content, Z the manganese content and W the 
carbon content, the inflection temperature of any alloy in the group studied is 
given by: 

0 = 19.5 (X + Y) —22 Z— 0 W —465 

Introducing the restriction that the nickel and iron content shall be so related as 
to depress the Ar^ point to about — 100°C. then: 

Y = 0.0795 e + 4.8Z + 19W - 18.1 
X = 41 9 - 0.0282 9 — 3.7Z - 19W 

for inflection temperatures between 200 and 600°C. 

The expansivities obtainable with these compositions are given by: 

oci X 10« = 0 024 d + 0.38 Z — 1.2 W — 6 65 
(Ta X 10« = 0.024 0 + 0.38 Z — 1.2 W — 5.6 

the former representing minimum expansivity and the latter mean expansivity 
when 0 comes between 350‘’C. and 600°C. 

Applications of these alloys in relation to seal in wires in glass are given by 
Scott^ and Hull and Burger. Scott’s alloy “Kovar” and Hull’s alloy “Pernico” con¬ 
tain approximately 54% iron, 28% nickel, and 18% cobalt. 

Iron-Cobalt-Chromium Alloys—Masumoto* has made observations on an alloy 
containing 36.5-37% iron, cobalt 53-54.5%, and chromium 9-10% which has an ex¬ 
ceedingly low coefficient of expansion, at times negative over the range 0-100®0. An 
alloy in this class is suggested by Hull as a seal in wire in special glasses—Peml- 
chrome—37% iron, 30% nickel, 25% cobalt, and 8% chromium. 

Elinvar—ln determining the thermoelastic coefficients of nickel-iron alloys, 
Guillaume found that Invar had the highest elastic coefficient of all the alloys in 
the related group. There were, however, 2 alloys at 29% and 45% N1 which had 
zero coefficient, that is, their modulus of elasticity did not change with variations 
in temperature. But since, in these alloys, small variations in the nickel content 
produced large variations in the elastic coefficient, the commercial application of 
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the discovery was a difficult one. He found that the addition of 12% chromium te 
an alloy containing 36% nickel produced an alloy which had zero thermoelastic 
coefficient and one which was not susceptible to small variations in Ni content, 
which are to be expected in commercl|il melting. To this alloy he gave the name 
“Elinvar.” 

It has a particular application in the construction of such articles as hair 
springs and balance wheels in clocks and watches and in tuning forks used in radio 
i synchronization, where an invariable modulus of elasticity is required. It has the 
further advantage in such situations of being nonmagnetic and comparatively rust¬ 
proof. 

The composition of this material has been somewhat modified from the original 
specifications. Shubrooks gives the following limits for the material as now used. 

Nickel . 33-35% Manganese . 0.5-2% 

Iron . 61-63% Silicon . 0.5-2% 

Chromium . 4-5% Carl/on . 0.6-2% 

Tungsten . 1-3% 
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Corrosion of Iron and Steel 

By T. S. Fuller* 

The problem of corrosion is of the greatest interest to all producers and users 
of iron and steel and it is most desirable that all should have as comprehensive 
an understanding of the subject as possible. 

Corrosion Theories—Corrosion was first considered* to be a case of simple oxida¬ 
tion, similar to that taking place when iron is heated in air. It was soon dis¬ 
covered, however, that not only was the presence of oxygen necessary, but also 
the presence of liquid water. 

This discovery led to the acid theory of corrosion’ which takes into account 
the necessary liquid water and oxygen, and postulates, in addition to these, the 
presence of an acid, usually carbonic. The acid is assumed to unite chemically 
with the iron, forming a soluble ferrous salt, which is later oxidized to ferric 
hydrate or rust, liberating the acid radical for further attack upon the iron. By 
this method it is quite evident that very minute quantities of acid will be sufficient 
to cause corrosion. 

In 1903, Whitney* announced the results of experiments which led to the elec¬ 
trolytic theory of corrosion. Distilled water was boiled in test tubes to expel all 
the air and COa; polished samples of iron were added and the tubes sealed while 
the water was boiling. These tubes were allowed to stand in this manner for 
weeks without the slightest appearance of rust on the surface of the iron or appear¬ 
ance of a corrosion product on the glass or in the solution. At the end of several 
weeks the tubes were opened and a small amount of air admitted. A precipitate of 
ferric hydrate quickly settled out. Whitney’s interpretation of the results follows: 

Iron goes into solution in pure liquid water until the water becomes saturated 
with iron ions and a state of equilibrium is established. Until oxygen is admitted 
no precipitation of iron takes place. The conclusion is reached that iron goes into 
solution in liquid water in the absence of both an acid radical and oxygen and 
that corrosion is, therefore, essentially an electrolytic phenomenon. When the iron 
is dissolved by the water it first forms ferrous hydroxide, Fe(OH) 2 , but due to its 
solubility it is not noticeable until a further reaction with oxygen takes place. 

2 Fe(OH )2 + H 2 O + 0 = 2 Fe(OH). 

The ferric hydroxide, FeCOHls, settles out of the solution as a reddish-brown pre¬ 
cipitate and gradually passes to hydrous ferric oxide, FeaOs, which is commonly 
known as rust. 

These reactions will not take place in dry air or water free from oxygen, but 
as ordinary water always contains some dissolved oxygen corrosion will always take 
place when iron or steel is exposed to moist air. 

The hydrogen peroxide theory® postulates the presence of this substance as an 
intermediate product in the formation of rust and the biological theory^ regards 
the corrosion of iron as a phenomenon due primarily to micro-organisms. 

The acid and electrolytic theories are of chief interest to students of corrosion. 
It is a difficult matter to say which of these two views is correct because of the 
difficulty of getting extremely pure substances to work with, but it is safe to say 
that 90% of the students of the corrosion of iron prefer to regard it as an electro¬ 
chemical phenomenon. 

Considerable impetus was given to the study of corrosion by experiments of 
Whitney, which led to the electrolytic theory. Later Cushman and Walker devel¬ 
oped a reagent which became known as ferroxyl indicator, which demonstrates 
quite clearly the nature of ferrous corrosion. 

The indicator has been described in detail by Cushman.* • Briefly, it may be 
prepared by mixing dilute water solutions of phenolphthalein and potassium ferricy- 


*Research Laboratory, General Electric Co., Schenectady. 

V. C. Calvert, Experiments of the Oxidation of Iron. Ohem. News, 1871, v. 23, p. 98. 

*W. R. Whitney, Corrosion of Iron, J. Amer. Chem. 80 c.. 1903, v. 25. p. 394. ^ 

sw. R. Dustan, H. A. D. Jowett. and S. Goulding, Rusting of Iron, Trans., Chem. Soc., 1905, 
V. 87, p. 1848. 

^H. Richardson, Rusting of Iron, Nature, 1906, v. 74, p. 586. 

«A. S. Cushman and H. A. Gardner, Corrosion and Preservation of Iron and Steel, 1910. 
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anide. If a more or less permanent record is desired, the solution is thickened 
with gelatin or agaragar. The action of the ferroxyl indicator is this—a solution 
containing phenolphthalein becomes pink in the presence of an excess of hydroxyl 
ions; potassium ferricyanide in the presence of ferrous ions gives a dark blue pre¬ 
cipitate. Therefore, with the indicator in contact with an iron surface, the positive 
areas—for example, points where iron is going into solution in the ferrous condition 
—are colored blue, and the negative areas, where there is a predominance of 
hydroxyl ions, are colored pink by these ions. 

Corrosion Rate—^The rate of corrosion of every piece of iron or steel depends 
upon the individual conditions existing in the particular locality in which the metal 
is in use, as well as upon the means which have been taken to prevent corrosion. 

Bearing in mind that the two substances besides iron necessary for ferrous 
corrosion are liquid water and oxygen, corrosion phenomena are of many types. 
Iron samples, wholly immersed, corrode faster if the water is moving rapidly than 
they do if it is in a state of rest. The rate of corrosion of iron tanks or pipes 
holding water is much less if they are kept full than if they are alternately wet 
and dry. Atmospheric corrosion proceeds much more rapidly in districts where the 
atmosphere is chemically polluted by sulphur vapors and the like than it does 
in districts where the atmosphere is free from contamination. The corrosion of iron 
or steel is accelerated or retarded by contact with other metallic elements, depend¬ 
ing on whether the elements are electro-positive or electro-negative with respect 
to iron. The corrosion rate increases with rising temperature. 

The rate of corrosion is also dependent upon the character of the steel as deter¬ 
mined by its chemical composition and heat treatment. Stainless steel with large 
amounts of chromium and the various alloys of nickel, chromium, silicon and iron 
are highly resistant to corrosion. 

The chemical and structural compositions of iron and steel vary throughout 
the mass and because the various constituents have different electrical potentials, 
corrosion may be either accelerated or retarded thereby. The different electrical 
potential thus developed is usually comparatively great in badly segregated iron 
and steel or in metal containing impurities, all of which accelerate the corrosion. 

Recent work of U. R. Evans emphasizes the Influence of protective films upon 
the corrosion rate. 

Stainless Steels—Because of their high corrosion resistance considerable quan¬ 
tities of alloy steels containing large amounts of chromium, and chromium and 
nickel have come into general use. The most common of these are the ones con¬ 
taining 14% of chromium, and 18% of chromium and 8% of nickel. The former 
alloy can be heat treated to give excellent physical properties varying over a wide 
range; the latter is austenitic in structure, and therefore cannot be heat treated 
to give specific properties, those properties being imparted only by the hot and 
cold working process. For maximum corrosion resistance it is necessary that both 
alloys shall have been heated and cooled in such a manner as to leave the carbides 
in solution. 

Protective Coatings—Protective coatings for iron and steel form an Important 
section of metal technology, and ipay be grouped under the following headings: 
1. Paints; 2. metal coatings; 3. chemical coatings; and 4. greases. 

Paints-Various specially prepared paints are used for protecting the surface 
of iron and steel. The paint must protect the surface from dampness, such as sea 
water, oxidizing gases, and smoke. Therefore no one paint is suitable for all 
purposes, and before a paint is applied the nature of the corrosive influence present 
must be determined. 

Some paints protect the surface merely by the formation of an impervious 
film, such as asphaltum and tar. Other paints exert a chemical protective action, 
such as the ones containing linseed oil as the vehicle, and red lead as the pigment. 
The linseed oil absorbs oxygen from the atmosphere and by so doing forms a 
thick elastic covering. This reaction is hastened by boiling the linseed oil before 
using and adding salts of manganese or lead, which are called driers. 

A few of 4the pigments used in paints are red lead, oxides of iron, lead sulphate, 
zinc sulphate, graphite, and hydrocarbons. The driers, vehicle, and pigments 
used must be inert to the steel; otherwise corrosion will be hastened instead of 
prevented. 
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Metal Coatings—ThQ metal coatings include hot galvanizing, Lohmannizing, 
Sherardizing, hot tin dip, and electrolytic plates of tin, nickel, copper, and cadmium. 

Galvanizing —Galvanizing is a process for coating metal with a thin layer of 
zinc. When the galvanized object is exposed to corrosive action, the zinc is dis¬ 
solved in preference to the iron because it is more electro-positive. 

The object to be galvanized is dipped in a bath of molten zinc (hot galvan¬ 
izing) at a temperature about 810-840®F. In electro-galvanizing (cold galvanizing) 
the object to be coated with zinc is immersed in a bath containing a zinc salt as 
the electrolyte. The object to be coated is attached to the negative electrode and the 
metallic zinc constitutes the anode. 

Lohmannizing — In this process, iron and steel sheets are first immersed in a 
bath containing an amalgamating salt and then pickled and dipped in two different 
baths of molten alloys. The finished surface is in a clean condition and is coated 
with the protecting metal. The metals used in this process are alloys of zinc, 
lead, and tin, the proportions of which are varied to suit requirements. Teme 
plate is an example of this process. 

Sherardizing—In the Sherardizing process the articles are placed in a revolving 
drum or retort with zinc dust. A small amount of powdered charcoal is added to 
prevent oxidation of the zinc. The retort is closed and heated to about 700*P. This 
process is used principally for bolts and small castings. 

Metal Spray Coatings —process consists of passing metal wire through a 
specially constructed spray gun which melts and atomizes the metal to be used as 
coating. The surface to be sprayed must be roughened, usually by sand blasting^ 
to afford good adhesion of the deposited metal. 

Chemical Coatings—Th& chemical coatings include Parkerizing and Bower- 
Barff Finish. 

Parkerizing—ThUs process consists of immersing the objects to be treated In a 
solution of manganese dihydrogen phosphate; then heating to about the boiling 
point. The pieces are allowed to remain in the bath until effervescence ceases. 
They are then removed and dipped in oil. The surface produced has the appear¬ 
ance of gun metal. 

Bower-Barff Finish —^This process consists of heating the objects to be coated 
in a closed retort to a temperature of 1600*^F. Superheated steam is then injected, 
forming a coating of both magnetic oxide (Fe,-»04) and red oxide (Fe.O>i) of iron. 
Then carbon monoxide (CO) is injected which reduces the Fe^jO* to FeaO*. These 
operations could be repeated alternately any number of times until a sufficient 
depth of oxide has been obtained. 

Greases —Greases and oils of various grades are used to protect the surface of 
iron and steel by applying a thin film over the surface. Tliis method is especially 
useful for parts of machines, tools, and steels which are to be put in storage or are 
to be shipped. FOr details of this method see the article “Slushing Compounds”. 

Deactivation—Of late much has been said and written about the deactivation 
of water. In general, the method consists of passing the water to be used in a 
closed system over scrap iron to remove the dissolved oxygen. Once the oxygen 
has been removed, theoretically the water may go on circulating indefinitely in the 
system without corrosive action. Such installations have proved to be very 
successful. 

Dissolved gas can be removed from water by passing the water over an elec¬ 
trically heated heat-resisting ribbon, allowing the gas liberated thereby to escape. 

Iron may be made immime to corrosion by making it cathode, that is, by 
making it the negative pole in a cell, with a potential just sufficient to balance the 
solution pressure of the metal. This method is not used extensively because it is 
costly. 

Mechanical Deaeration—Speller^ in his book has given a very complete sum¬ 
mary of the principles involved and methods used in qiechanical deaeration, and 
has said in part: 

“Dissolved gases can be removed from water, if the temperature and pressure 
conditions are' so regulated that the gases become insoluble, and if a sufficient 


N. Speller, Oorrosion, Causes and Prevention 2nd. Ed.. 1936. 
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amount of time is allowed for their complete mechanical separation from the water. 
The greater the surface area of a certain volume of water, or the greater the size 
of the gas bubbles, the smaller is the time required to separate the gases. Physical 
agitation of the water tends to coalesce the fine bubbles into larger ones, which 
separate from the liquid in a very much shorter period of time. Most types of 
mechanical deaerators function by agitating water when it is exposed to favorable 
temperature and pressure conditions. Removal of dissolved gases may also be 
facilitated by sweeping or agitating the water with a large excess of some other gas 
which is less objectionable or is harmless. Thus, following the laws of partial pres¬ 
sure, the gases in solution are carried away or greatly diluted. This principle is illus¬ 
trated by the common practice of spraying water, high in carbon dioxide, over a 
mass of coke or other inert material exposed to the air. In this way the water is 
Intimately mixed with air, and although the carbon dioxide by itself is very soluble, 
the amount in solution is reduced imder these conditions to as little as 5 parts 
per million. Following this principle, in hot-water heating apparatus, the vapors 
arising from the water should be swept away by a current of air free steam. 
Otherwise, the freed gases may be re-absorbed by the water, and complete elim¬ 
ination will be impossible.” 

Many different types and designs of mechanical deaerators are daily per¬ 
forming useful and valuable service. 

Corrosion Tests—There are several tests made on iron and steel to determine 
their deterioration due to corrosion. The tests usually made are salt spray, total 
immersion, alternate immersion, accelerated electrolytic, subjecting to atmospheric 
conditions, and subjecting to gases. 

The test specimens are of various designs and often the finished object is 
subject to the test. The deteriorating effect of the immersion tests is determined 
by the loss in weight as well as the appearance of the surface. The size of the 
specimen and the condition of the surface should be alike if possible in order to 
obtain a satisfactory comparison. 

The solutions used may be natural water, such as sea water, city water, or mine 
water, or special solutions may be prepared containing salts and acid. When 
preparing special solutions it is advisable to use distilled water, otherwise the 
impurities will enhance corrosion. 

The interpretation of results in all tests should be based on the relationship 
of the results to practical service conditions. There are many factors which make 
it difficult to obtain quantitative results and before drawing conclusions the 
following should be considered: The temperature of the solution, the machined 
surface of the specimen before testing, the length of time subjected to the test, 
apparatus used, and the care exercised in cleaning and drying the specimen before 
weighing. 

Summary—There are many things which are as yet unexplained, but certain 
facts are so well established that they may be wisely borne in mind, as follows: 

liquid water and oxygen are necessary for the corrosion of iron. 

The rusting of iron may best > be regarded as an electrochemical phenomenon. 

The rate of corrosion of every piece of iron or steel depends on its composi¬ 
tion, upon the means taken for its protection, and upon the individual conditions 
existing in the particular locality in which it is in use. 
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Critical Temperatures for S.A.E. Steels 

By M. J* R. Morris,' G. W. Gable' and Robert Sergeson* 

Introduction—It must be remembered that the position of the critical points 
is altered and will vary over a wide range the faster the heating and particularly 
the faster the cooling. Also, the critical points will vary with every constituent in 


Approximate Critical Temperatures 


On Slow Heating On Slow Cooling On Slow Heating On Slow Cooling 

No. Aci Ac 3 Acs Ars Art An No. Aci Aca Acs Ars Art An 


Carbon Steels Nlekel-Chromlum Steels 


1010 

1350 

1405 

1605 

1570 

1400 

1255 

3115 

1355 

1400 

1500 

1470 

1380 

1240 

1010 

1355 

1410 

1585 

1645 

1395 

1265 

3120 

1350 

1400 

1480 

1455 

1380 

1230 

X1015 







3125 

1350 

1395 

1465 

1400 

1380 

1230 

1020 

1355 

1410 

1570 

1535 

1395 

1260 

3130 

1345 

1380 

1460 

1360 


1220 

X1020 







3135 

1340 


1445 

1300 


1220 

1025 

1355 

1405 

1545 

1515 

1405 

1255 

3140 

1355 


1415 

1295 


1230 

X1025 







X3140 

1350 


1430 

1300 


1240 

1030 

1350 

1405 

1495 

1465 

1405 

1250 

3145 

1355 


1395 

1295 


1220 

1035 

1345 


1475 

1455 

1395 

1275 

3150 

1355 


1380 

1275 


1215 

1040 

1340 


1455 

1415 


1275 

3215 

1350 

1410 

1465 

1415 

1350 

1240 

X1040 

1340 


1450 

1340 


1270 

3220 

1350 

1415 

1460 

1405 

1355 

1240 

1045 

1340 


1450 

1405 


1275 

3230 

1340 


1435 

1395 


1240 

X1045 

1335 


1420 

1330 


1270 

3240 

1335 


1425 

1280 


1240 

1050 

1340 


1425 

1390 


1^ fO 

1270 

3245 

1345 


1400 

1270 


1225 

XIOSO 

1335 


1400 

1330 


1275 

3250 

1340 


1375 

1255 


1200 

1055 

1340 


1426 

1390 


1270 

3312 

1330 

1370 

1435 

1240 


1160 

XIOSS 

1336 


1400 

1330 


1275 

3325 

1335 

1365 

1400 

1230 


1160 

1060 

1340 


1410 

1370 


1285 

3330* 

1320 

1360 

1380 

1225 


1145 

1065 

1340 


1385 

1345 


1280 

3335 

1310 


1360 

1200 


1100 

X1065 

1335 


1380 

1330 


1280 

3340 

1290 


1380 

1180 


1100 

1070 

1345 


1370 

1340 


1280 

3415 

1330 

1370 

1425 

1340 

1300 

1230 

1075 

1350 


1365 

1340 



3435 

1290 


1380 

1200 


1150 

1080 



1360 

1285 



3450 

1290 


1360 

1200 


1100 

1085 









Molybdenum 

Steels 



1090 



1360 

1285 



4130 

1395 

1435 

1485 

1405 

1395 

1280 

1095 



1360 

1290 



X4130 

1395 

1435 

1480 

1405 


1250 

10150* 



1355 

1290 



4135 

1395 

1440 

1475 

1380 

1300 

1280 



Free Cutting Steels 



4140 

1380 


1460 

1370 


1280 

1112 

1355 

1410 

1590 

1545 

1395 

1265 

4150 

1365 


1395 

1355 


1280 

X1112 







4340 

1350 


1425 

1220 


725 

1115 







4345 

1345 


1415 

1200 


725 

1120 

1355 

1405 

1550 

1510 

1400 

1255 

4615 

1335 

1400 

1485 

1400 

1320. 

1200 

X1314 







4620 

1335 


1470 

1390 


1175 

X1315 

1345 

1420 

1520 

1495 

1370 

1245 

4640 

1320 


1430 

1300 


1135 

X1330 

1320 

1400 

1490 

1380 

1360 

1240 

4650* 

1315 


1410 

1260 


1135 

X1335 

1315 

1390 

1420 

1360 

1340 

1220 

4815 

1300 


1440 

1310 


800 

X1340 

1310 


1400 

1340 


1210 

4820 

1300 


1440 

1260 


760 



Manganese Steels 





Chromium Steels 



T1330 

1325 


1480 

1340 


1160 

5120t 

1410 

1460 

1540 

1470 

1420 

1295 

T1335 

1315 


1460 

1340 


1165 

5140 

1370 


1440 

1345 


1280 

T1340 

1315 


1435 

1310 


1160 

5150t 

1330 


1420 

1280 


1220 

T1345 

1315 


1410 

1300 


1160 

52100 

1340 


1415 

1315 


1280 

T1350 

1310 


1400 

1255 


1105 


Chromium-Vanadium Steels 


T1360* 

1305 


1405 

1200 


1095 

6115 

1420 

1460 

1550 

1450 

1380 

1300 



Nickel Steels 



6120t 

1410 

1460 

1545 

1440 

1380 

1300 

2015 

1375 

1475 

1575 

1450 

1400 

1215 

6125t 

1400 

1440 

1490 

1390 

1360 

1295 

2115 

1345 

1455 

1525 

1475 

1380 

1195 

6130 

1390 

1440 

1485 

1370 

1340 

1285 

2315 

1300 

1350 

1440 

1350 

1260 

1100 

6135t 

1390 


1480 

1370 


1280 

2320 

1285 

1345 

1420 

1235 

1160 

920 

6140 

1390 


1455 

1375 


1295 

2330 

1275 

1315 

1400 

1180 


1050 

6145 

1390 


1450 

1375 


1290 

2335 

1275 


1375 

1180 


1050 

6150 

1385 


1450 

1375 


1270 

2340 

1280 


1360 

1180 


1060 

6195 

1370 


1425 

1360 


1300 

2345 

1280 


1350 

1180 


1060 



Tungsten Steels 



2350 

1280 


1340 

1180 


1070 

7260 

1360 


1430 

1370 


1310 

2515 

1250 

1335 

1420 

1220 

1140 

825 


Silicon-Manganese Steels 


2520* 

1240 

1340 

1390 

1175 

1025 

825 

9255 

1400 


1500 

1380 


1320 








9260 

1400 


1500 

1380 


U15 


*Thls is not a standard S.A.B. steel. 

fThe critical point determinations for these steels were obtained on a Leeds and Northrup 
transformation apparatus. 


^Central Alloy Division, Republic Steel Corp., Massillon, Ohio and ^Crucible Steel Co. of 
America, Pittsburgh 
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the steel. Therefore, the critical points given in the following tabulation may not 
always be consistent with the results obtained by others and should not be taken 
as absolute values for the critical points of the particular classes of steel listed. 

The critical point determinations were made in a small laboratory electric 
furnace with automatic temperature control. The furnace samples were 1 in. 
round ipid % in. thick and quenched in increments of 20'’F. throughout the range 
on heating and cooling. The cooling rate was approximately the same as would 
be obtained in an uninterrupted furnace cooled annealing operation. Since the 
grain size and the exact rate of heating and cooling are not known, the results 
may be considered only as approximate. 
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Iron Alloys Containing From 3-20% Aluminum 

By Dr. Kent R. Van Horn* 

Aluminum Is added to certain ferrous alloys in appreciable quantities to im¬ 
prove the electrical and magnetic properties or oxidation resistance of iron. The 
aliuniniun additions for these purposes range from 3-20% aluminum, and exceed 
the quantities used for nitriding steels or irons and for deoxidation. The com¬ 
mercial development of the alloys has occurred in fecent years. The alloys may 
be classed according to two general types of applications, (1) electrical, and (2) 
heat resistance. 

Electrical Iron Alloys Containing Aluminum—The improvement of the mag¬ 
netic properties of iron or steel by aluminum is generally recognized. However, 
the beneficial influence of aluminum on magnetic permeability, like silicon, is indi¬ 
rect, namely, by its effect on carbon, oxygen and perhaps other elements, although 
directly aluminum would probably adversely affect pure iron. A 3^/4% annealed 
aluminum-iron alloy, vacuiun melted, has a maximum permeability of 6 times, and 
a hysteresis loss of one-half of that of the commercial 3^% silicon transformer iron 
annealed in a similar condition.^ The specific electrical resistance of iron is increased 
by 12 microns for each per cent of aliuninum up to 3%. The electrical resistance 
of the 3^/4% aluminum composition is not so high as that of the 3-4 V4% silicon 
type. However, with the same method of preparation (vacuum melting) the silicon 
alloys are characterized by brittleness while the 3^/4% aluminum-iron has consider¬ 
able ductility. There are some electrical installations where the aluminum-iron 
alloy has replaced the less expensive silicon types because the comparative brittleness 
of the latter was undesirable. 

In 1934 patents were granted describing alloys containing aluminum for per¬ 
manent magnets. An iron alloy containing 10-20% aluminum. 20% nickel, 5% cobalt, 
and no carbon, has qualities surpassing those of the 30% cobalt-tungsten permanent 
magnet type.^ The exceptional properties of this material suggests an expanding 
field of magnetic applications. 

Alloys Containing Aluminum for Electrical Resistors —^A class of electrical 
resistors containing iron, chromium, and aluminum is marketed in this country 
as “Alcress” and ‘*Ohraax’*,» and as “Megapyr”* in Germany, An alloy containing 
about 20% chromiiun, 5% aluminum, and the remainder iron, has a specific 
resistivity of 800 ohms per circular mil ft. If the aluminum content is increased 
to 10%, the material has a specific resistivity of 1000 ohms per circular mil ft. 
which is a higher value than that of the well known nickel-chromium resistors 
(650 ohms). The alloys containing aluminum also have an excellent resist¬ 
ance to oxidation at elevated temperatures. These two qualities and a lower density 
than the nickel-chromium type are utilized for applications where large resistance 
capacities are required for a minimum space, as in radio resistors. The alloys are 
more difficult to fabricate because of the presence of aluminum, but can be obtained 
for radio wires as small as 1 mil. 

Another series of Iron-chromium-aliuninum resistors of similar composition and 
properties, but in addition contain some cobalt, is used in Europe and America for 
furnaces and electrical heating luilts demanding high temperatures or very com¬ 
pact units. This series of alloys called the *‘Kanthar* group consists of about 
25% chromium, 5% aluminum, 3% cobalt, and the balance almost pure iron. 
The electrical resistance of the **Kanthar’ series” ranges from 812-872 ohms per 
circular mil ft. which is considerably higher than that of the 80% nickel, 20% 
chromium type (650 ohms). The density is lower than that of the nickel-chromimn 
resistors, 7.15 as compared to 8.35 g. per cc. Ribbons or wires of the same sizes 
supplied in nickel-chromium can be fabricated and because of the superior resist¬ 
ance to oxidation are recommended for use at temperatures from 2000-2450^F. 
However, the tensile strength is low at elevated temperatures and it is necessary to 
provide suitable supports for elements in the installation. 

A third iron base alloy” of this type containing chromium, aluminum and small 
additions of other metals, for high temperature electrical resistors is known as 
“Smith Alloy No. 10”. The chromium and aluminum contents are appre¬ 
ciably higher than in the two groups previously described, namely 37.5% chromiiun, 
7.5% aluminum, and the balance iron. The alloy has the characteristics of the iron- 


*AIuminuxn Research Laboratories, Aluminum Oo. of America. Cleveland. 
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chromium-aluminum type of high electrical resistance, excellent resistance to oxida¬ 
tion and can be hot formed into the required bends and helices. The electrical re¬ 
sistance is 1000 ohms per circular mil ft. and the density of the material is 6.9, so that 
the volume is 22% greater than the volume of the same weight of the nickel-chro¬ 
mium type. It is, of course, necessary to provide the correct type of refractories 
(nonsilica) and suitable supports which allow for the thermal expansion, growth 
and the sagging of the elements. The three iron-chromlum-alumlnum types are 
effective for high temperature applications such as forge furnaces, heat treatment of 
high speed steel, and burning of ceramic materials. These resistors also compete 
with the nonmetallic silicon carbide type in the higher part of the recommended 
temperature range. 

Aluminum Heat Resisting Irons—The outstanding resistance of iron-aluminum 
alloys to the action of heat was reported in 1931 by Hauttmann.* The oxidation 
resistance of the binary aluminum-iron alloys increases with aluminum content 
ftom 4-9% altunlniun. Ziegler,* in 1932, found that 4% aluminum when added to 
iron (vacuum melting) produced a forgeable alloy with good oxidation resistance 
properties. Alloys of 6% aluminum have a slightly Inferior and 8% aluminum, supe¬ 
rior resistance to heat compared to the 80% nickel, 20% chromium type. These 
aluminum-iron alloys appear to be forgeable and the presence of carbon has little 
effect on the resistance to scaling. The significance of these pertinent technical 
discoveries has been evidenced by the inception of a number of irons to which 
aluminum has been added to Impart resistance to oxidation. 

The American Iron and Steel Institute has formulated specifications of a stand¬ 
ard heat resisting type, 406-D, containing 12-14% chromiiim, 4.5% aluminum, 0.12% 
carbon, balance iron. Castings and forgings are produced, to a limited extent, by 
several companies. 

Alloys containing 7-15% chromium, 2-6% aluminum, and 1% carbon, are forge¬ 
able if the total aluminmn and silicon content does not exceed about 5.5% with the 
silicon* about 1%. The steels may exhibit complete oxidation resistance at 1550- 
1850*F. depending on the total quantity of aliuninum, chromium, and silicon. These 
alloys are used commercially, but have no Wide application because the beneficial 
properties can be procured more economically with silicon. However, in the future 
the cost of the aluminmn steels may be reduced by improved melting practice. 

Aluminum has been added to the 18% chromliun, 8% nickel stainless steel in 
quantities up to 3%, to prevent high temperature scaling and Increase machinabllity 
without impairing the properties.^** ^ Modified casting alloys of this type containing 
aluminum are used for heat resisting applications and have trade names of **Fahr- 
alloy’* and “Hybnlcker* with certain designating numbers. 

High silicon, high aluminum cast irons are one of the four types of “refrac¬ 
tory” cast irons widely used in Europe for heat resisting applications. These alloys 
containing 6-9% silicon, 3-7% aluminum have good refractory properties, high 
resistance to oxidation but are not employed where high tensile values are required. 
The silicon-aluminum cast irons are considerably cheaper than the other three 
common types of European “refractory” irons. 
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High Yield Strength, Low Alloy Steels 

By H. W. GiUett* 

New types of low alloy steels have come on the market in the last few years 
to meet a demand for relatively cheap structural material with ductility and foima- 
bility about the same as in ordinary structural steel, but with a decidedly higher 
yield point, and this without the necessity for heat treatment. To these require¬ 
ments are added, for many purposes, those of weldability and resistance against 
atmospheric corrosion. 

These steels are designed primarily for use where weight reductions are needed, 
especially in the transportation industries where lower dead weight without reduc¬ 
tion in the strength of the members, opens the way to greater pay load. Cases 
where design Is on the basis of static yield strength in tension can utilize smaller 
cross sections of high yield strength, but since the modulus of elasticity remains 
the same as in ordinary structural steel, stiffness has to be obtained by alterations 
in design to compensate for the smaller section and produce the necessary section 
modulus. 

The necessary properties can readily be obtained from quenched and tempered 
carbon steels in small sections, but the large plates and shapes used in the structures 
for which these special steels are needed are unwieldy to heat treat and on account 
of the low depth hardening of carbon steels massive pieces would not be strengthened 
all the way through. Moreover, the strength obtained by heat treatment would be 
lost in the area affected by temperature, in welding, or flame cutting. It is there¬ 
fore necessary that the required strength be obtained in the as-rolled condition. 

Ordinary structural carbon steel of 0.20 carbon, 0.15 silicon, 0.50 manganese has 
a tensile strength of 50,000-65,000 psi. and a yield point of 25,000-30,000 psi. with an 
elongation in 8 in. of about 25-30%. 

By raising the carbon to 0.40-0.45% the yield and tensile can be raised to 45,000 
and 85,000 psi., the elongation dropping to 10-15%, while the notched impact resist¬ 
ance is at least halved. Decreased formability and the loss of ductility on cold 
working as in bending and flanging as well as air hardening and embrittlement 
in welding prevent the acceptance of such a steel. 

By dropping, the carbon and introducing alloying elements, the yield and tensile 
strengths may be increased without proportionately injuring ductility. Thus a steel 
of 0.15 carbon, 0.15 silicon, 0.30 manganese, 3.0 nickel may have a yield point of 
40,000 and a tensile strength of 75,000 psi. with upwards of 20% elongation in 8 in. 
and up to about double the notched impact of ordinary low carbon structural steel. 

Yield strength of this order was demanded in the early types of high yield 
strength steels, in cheaper ways than by the addition of 3% nickel. The carbon 
was cut to around 0.25-0.35% and the manganese increased to a higher figure, ranging 
from 0.75-1.75% with the lower manganese in the steels at the high end of the 
carbon range. The silicon was usually increased to around 0.30% hence these steels 
became known as **silicon structural steels,” a misnomer, since the increased strength 
was primarily due to the Increase in manganese. 

Less frequently the silicon was raised to 0.75-1.25% and the manganese held 
at 0.60-0.90%. The steels of 0.25-0.35% carbon with manganese and silicon as 
strengthening elements gave yield strengths of 45,000-65,000 psi. and tensile strengths 
of 80,000-95,000 psi. with elongations of about 16-22% in 8 in. In the lower carbon 
steels the notched impact resistance was held at about the level of ordinary struc¬ 
tural steel. 

These steels found use in bridges and similar structures, and in ship-building, 
and were acceptable for riveted structures. They are still used for such purposes, 
but are welded with some difficulty and their ductility is rather low for satisfactory 
cold forming. 

Steels were then required with 50,000-60,000 psi. yield point with preferably not 
too high tensile strength, that is, a high yield ratio, and for a minimum of 22% 
elongation in 8 in., to insure satisfactory formability. Weldability was more in¬ 
sistently demanded, and since the thickness of plates was to be reduced in order 
to utilize the higher yield strength, improved resistance to atmospheric corrosion 
was called for so that the thinner plates would not pit through any quicker than 
the normal thickness of ordinary carbon steel. 


*Chlef Technical Advisor, Battelle Memorial Institute, Columbus, Ohio. 
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These requirements made necessary the adoption of lower carbon contents and 
the introduction of small amounts of alloying elements to make up for the reduc¬ 
tion of the carbon, so manganese and silicon, chromiiun, copper, nickel, molybdenum 
and vanadium began to be utilized for their strength-giving effect. 

Meanwhile the atmospheric exposure tests of the A.S.T.M. had shown that 
**copper-bearing steel,” structural steel with around 0.20% copper, was improved 
in corrosion resistance. These tests showed also that increase in phosphorus con¬ 
tent of a copper-bearing steel further improved the corrosion resistance. This fact 
pointed out by Storey' in 1921, was slow in being acted upon, but after about 10 
years it was put to use. Beside the effect of phosphorus upon corrosion resistance, 
the facts that it is a strengthening element even more potent than carbon and 
that, if the smn of C + P is held below 0.25% the increase in strength can be had 
without static brittleness and with little effect upon impact, began to be realized. 
Hence phosphorus was added to the list of alloying elements. 

While the bulk of the effect upon corrosion resistance is obtained at about 
0.20% copper, further increase in copper to around 1%% confers some added 
resistance, and though the increase in strength due to 0.20% copper is almost 
imperceptible, addition of 0.40% or more, especially in conjunction with other alloying 
elements, was found to be worth while from the point of view of strength. 

Moreover, when 0.60% copper or upwards is present, the steels become amenable 
to precipitation hardening, as Kinnear* showed, and as is discussed in the article on 
page 554. 

Prior to the introduction of the higher percentages of copper for strength, all 
the older high yield point steels, of the carbon-manganese-silicon type, had become 
commercially available with the addition of around 0.20% copper for corrosion 
resistance. The addition of more than around 0.40% copper was held back by the 
fact that these higher copper steels are subject to preferential oxidation in scaling 
and tend to separate a film of copper beneath the scale if heated above the melting 
point of copper (see the article on page 558). This molten copper film penetrates 
in intergranular fashion and tends toward edge cracking and the production of 
checking on the surface in hot working. Lorig* and others showed that the intro¬ 
duction of around half as much nickel as the copper present avoids cracking and 
checking, so that the use of a minor proportion of nickel in the higher copper steels 
became common. Strict control of soaking pit and reheating temperatures and rolling 
below the melting point of copper may also be utilized, and steel with 1% copper 
has been handled without nickel additions.** 

Nickel is known to confer a degree of atmospheric corrosion resistance, some¬ 
what analogous to copper, so the presence of even small amounts of nickel might 
be expected somewhat to enhance corrosion resistance, and the presence of say 2% 
should be definitely noticeable. 

Chromium in large amounts, 12% and up, is of course known to confer superior 
corrosion resistance, while even 5% confers a definite improvement. The presence 
of 0.50-1% chromium does not have much apparent effect on corrosion and amounts 
of this order seem to be introduced chiefly as a strength-giving addition. Some 
improvement might be expected from such an amount. The proper balance of 
alloying elements cannot be predicted by a mere summation of the effects of the 
separate alloying elements. The steels of this class are not especially resistant to 
submerged corrosion, and their resistance to atmospheric corrosion depends on the 
exposure conditions being such as to build up a type of rust film that slows down 
further attack. They start to rust as rapidly as plain carbon steel.^* 

The grain refining effect of small amounts of molybdenum (0.20%) or vanadium 
(0.10%) is well known, and these, as well as aluminum or titanium (0.05%) are 
widely utilized to increase the ductility and notched impact resistance of as-rolled or 
normalized steels of the class under discussion. In some cases molybdenum is used 
in sufficient amount to act as one of the strengthening agents. 

Several producers of ferroalloys or alloying elements have developed composi¬ 
tions embodying their products, and most of the major steel companies have selected 
a particular type composition selected from among the alloying elements mentioned 
above. The steels so devised are usually complex. One producer has followed the 
suggestion long ago made by Clamer* and replaced part of the nickel in a low 
carbon 3% nickel steel, making the composition 2% nickel and 1% copper, without 
calling upon other alloying elements. Others utilize from 3-6 strength-giving 
elements beside carbon. 

Most makers produce at least two grades, one (or more) in the range of 0.15- 
0.25% carbon plus moderate amounts of the chosen alloying elements, for nonwelding 
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uses, and a welding grade of 0.07 to (with some exceptions) 0.15% carbon. Several 
use 0.10-0.16% phosphorus, in which case the carbon is held from 0.07-0.13%, 
averaging around Q.10%. The low carbon grades are satisfactorily free from em¬ 
brittlement on welding. A total of 0.25% 0 + P is probably a reasonable maximum, 
when the possibility of segregation of phosphorus in large ingots is considered. 

With suitable precautions as to preheating before welding and stress relief 
annealing after welding, steels somewhat above 0.15% carbon are used for welding, 
but unless these precautions can be applied, the American Welding Society^*" places 
0.15% carbon as the upper limit for producing satisfactory toughness in the affected 
zone near the weld.* It suggests that the maximum tensile strength should be held 
down to 80,000-85,000 psi. 

These welding grade steels, despite their low carbon content, 0.15% as a maxi¬ 
mum, in usual commercial thicknesses of plate, as-rolled, fall within the ranges; 
yield point of 50,000-70,000 psi., tensile strengths of 70,000-80,000 psi. and 22-30% 
elongation in 8 in., with notched impact values at least equal to 0.20% carbon struc¬ 
tural steel. The yield ratio of several of these steels is extraordinarily high. A mini¬ 
mum yield strength of 50.000 psi. is usually guaranteed and 55,000-60.000 psi. delivered. 
One maker favors the lower yield strength on the basis of formability and holds the 
average yield strength of its product as rolled, at 50,000 psi. 

Several of the phosphorus-containing steels show endurance limits in rotary 
bending of 45,000-50,000 psi., the endurance limit approaching the yield strength. 
The endurance ratios obtained, 70-75%, are extraordinarily high. Endurance ratios 
on the higher carbon steels whose strength is gained from high manganese, run 
around the usual 45-50%, that is, approximately half the tensile strength. Endur¬ 
ance data are lacking on most of the newer steels, and the relative propensities 
toward notch propagation, which have a bearing on actual performance in service 
under repeated stress as contrasted with a laboratory test on a specimen free from 
stress-raisers, have yet to be evaluated. 

Without citing properties for all grades of all these steels on the market the 
following may be summarized from the data supplied to Cone,* and slightly modified 
on the basis of later information. 

Tables I and II do not represent specification limits nor manufacturers limits of 
composition. The compositions are taken as representative ones, and the correspond¬ 
ing properties shown, where these are available. Some makers prefer to state mini- 
miun rather than average properties, so the tables should not be taken as placing 
each steel in its exact relation to the others. 

That the plate thickness upon which the tabulated data were determined was 
not always stated is another reason why these figures should not be used for too 
fine intercomparisons. Further details can be had in the trade literature of the 
producing companies and in articles.*-** 

The data do show the improved ductility of the low carbon group compared with 
the high carbon group, also that in the former class the desired yield strength 
may be attained with a wide variety of alloying elements. Other combinations than 
those listed could be employed, and there is no finality or standardization as to 
composition in sight. 

Foreign steels of this type have also been developed. A copper-chromium steel 
commercially produced in England was stated in 1934 to contain 0.22-0.26 carbon 
with about 0.10 silicon, 0.80 manganese, 0.30 copper and 0.90% chromium. More re¬ 
cently Britton'* indicated that both the carbon and chromium had been dropped, citing 
a composition of 0.15 carbon, 0.07 silicon, 0.65 manganese, 0.31 copper, 0.65% chro¬ 
mium, which in sheet 0.035 in. thick showed 67,000 psi. tensile, 49,500 psi. yield point, 
13% elongation in 8 in. In discussion of Britton's article, Portevin gave the follow¬ 
ing analyses for French steel of this type: 


c 

Si 

Mn 

Cu 

Cr 

0.15 

0.17 

0.70 

0.57 

0.48 

0.08 

0.94 

0.32 

0.42 

0.80 


According to Zeyen** the German railway specifications for **Stahl 52,” call for limit¬ 
ing the composition to the following maxima 0.20 carbon, 0.50 silicon, 1.20 manganese, 
0.55 copper, 0.06 phosphorus, 0.06 sulphur (P + S 0.10), to which may be added either 
0.30 manganese (making the Mn 1.50), or 0.40 chromium or 0J20 molybdenum. 


*Not all producers agree with this, feeling that, if the rest of the composition is suitable, 
0.18 or perhaps even 0.20% may be permitted. 
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Zeyen gives the following for plate 0.47 in. thick, as representative of German 
practice: 


Tensile Yield Impact, 

Strength, Point, Elong., mitg./ 

C Si Mn P S Cu Cr Mo psi. psl. % cm.* 

Krupp . 0.18 0.50 1.43 0.026 0.017 0.48 . 86,000 65,500 35 10.5 

Union . 0.17 0.45 0.87 0.037 0.017 0.40 0.17 ... 74,000 50,000 30 13.5 

OutehOffuungsbUtte O.IS 0.52 0.98 0.031 0.024 0.25 0.02 0.11 74,000 47,000 31 13 


From the known costs of the alloying elements used it is obvious that some of 
the compositions listed are more expensive than others. But ability to be rolled into 
difficult shapes, uniformity of properties in sections of varying sizes and other 
manufacturing matters affect the cost of the finished steel. 

Prom the users* point of view the weldability and the properties of the welds, 
the ability to be cold formed, and the actual corrosion resistance in service are 
features upon which the final choice will depend. Without doubt the steels differ 
somewhat in these properties, but evidence for full evaluation will take years to 
accumulate. 

Sufficient evidence as to usefulness is at hand so that the steels are coming 
into use, especially in the construction of light weight freight cars. Streetcars, trucks 
and busses utilize them to some extent. Their use in shipbuilding is beginning.”* ” 

Gibson” has described their use in heavy welded construction, such as turbine 
runners, engine bases in submarine service, and especially in such things as drag 
line buckets. When large sections are available uses of this type will Increase. 

They seem to have little application to automobile or aircraft needs which 
are met by heat treated steels, but when the problem of increasing pay load comes 
up in construction so heavy that quenching and tempering are not applicskble, the 
low alloy steels deserve consideration. 
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Properties of Forgings in Heavy Sections 

By A. W. Demmler* and Jerome Straussf 

As a prerequisite to the heat treatment of steel to meet definite physical prop¬ 
erties, sound steel must first exist in the forging; this, of course calls for an initially 
sound ingot. While both acid and basic open hearths are applicable, the largest 
forging ingots ordinarily are of acid steel poured into corrugated big-end-up molds. 
Acid practice necessitates raw materials low in sulphur and phosphorus. A sound 
ingot is only possible with fully killed steel and to insure thorough deoxidation, the 
final deoxidation is commonly accomplished in the ladle when large ingots are 
involved. The nature of this deoxidation or final control practice is of special 
concern especially when transverse properties are paramount for the application. 
Here a minirnmn of banding is desirable aside from any regulation of grain size. 

Large ingots may stand (in the mold) for days to insure complete solidification 
before being transferred to the forge furnace, and further, a large hot top is 
necessary to supply the shrinkage in the body of the ingot as the metal freezes. 
Large ingots should be transferred to a heating or equalizing furnace while there 
is still color in the body; this is vital to avoid severe stresses in a coarsely crystalline 
mass which would otherwise have a distinct temperature gradient from surface to 
center that might involve transformation changes, plastic deformation in certain 
zones and internal ruptures. Large masses in the as-cast state do not possess 
ductility to a marked degree. It is advisable first to allow the ingot to equalize 
from center to surface with the furnace in the range of 1200-1500°F. before attempt¬ 
ing to raise the temperature. The heating to forging temperatures (approximately 
2200°F.) should not be rapid as a serious temperature gradient is undesirable. Where 
appreciable alloy content is present the rate of heating should be somewhat slower 
than one hour per inch of thickness. Nonuniform heating or impingement of the 
heating flame may also result in serious damage to the ingot. No forging work 
should be attempted until the heat has thoroughly soaked into the heart of the 
section. 

The initial working should consist of slight reductions on all sides to consolidate 
the metal. After the steel has received this light working, greater reductions can 
be safely made. For penetration of the working to the center of large masses a press 
is necessary. With full penetration during the forging operation it may be possible 
to weld clean ruptures which may have originated in the solidification of the ingot 
or in its initial heating. Full penetration of the hot working is also necessary to 
break down the coarse crystallization of the steel throughout the heavy section. The 
finishing temperature in forging should be low enough to avoid excessive grain 
growth in the steel after it is laid down; at the same time it must not be so low 
as to result in forging ruptures in those alloy steels that have high strength at 
elevated temperatures. Common practice is at least 3:1 reduction in cross section 
from the ingot while 2:1 reduction is not uncommon where transverse tests are 
specified; of course, upsetting (which may be in several stages) or expanding is 
beneficial to transverse properties also. 

Caution is advisable in cooling the finished forging and also any balance of 
the ingot or bloom which may repiain. Simple low carbon steels may usually be 
cooled in still air, but higher carbon or alloy steels should be immediately annealed 
or cooled in ashes; otherwise, internal ruptures may develop. Annealing may be 
absolutely necessary to permit ready machining of some compositions. Reference 
is suggested to Handbook articles for Large Forgings and the Heating, Forging, 
Annealing, and Normalizing of Locomotive Forgings. 

Where design permits, it is best to bore heavy fprgings. The boring is bene¬ 
ficial from practically all viewpoints: Unsound metal may be removed, segregation 
may be eliminated, inspection is simplified, and heat treatment is simplified and 
rendered more effective. 

The more common heat treatments for large forgings are either annealing or 
normalizing or possibly both; a tempering treatment 1050-1250^F. is advisable follow¬ 
ing normalizing while the cooling from this lower temperature may be in the furnace 
or in still air. Although the greatest ultimate grain refinement will result from a 
treatment temperature not greatly above the critical, an initial higher temperature 
normalizing or annealing is generally necessary to develop homogeneity of structure. 
In a large forging, especially if finished hot on the press, a single homogenizing and 


* Metallurgical Engineer and tVice President, Vanadium Corp. of America, Bridgeville, Pa. 
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a single refining treatment will probably not accomplish satisfactory refinement; 
several stages of refining are usually necessary. 

Where conditions will permit, liquid quenching, spray quenching, or cooling in 
an air blast will result in higher strength properties; of course, a tempering treat¬ 
ment is necessary. Reasonable uniformity of section throughout the forging is vital 
for this more drastic quenching, and sharp fillets must be avoided. 

A number of different steel compositions have been used for heavy forgings 
and the properties obtainable for different types of heat treatment are presented in 
the following tables. The air quench treatments are single treatments while for the 
most part, the liquid quenched forgings have been initially normalized. These 
forgings are applied to such parts as crusher shafts, rams, rotor shafts, ship propeller 
shafts, rolling mill shafts, sugar mill shafts, or axles. 

Melting and forging details have been available in only a few cases, so that 
none of these features has been included. However, the nature of the refining, final 
deoxidation and grain size regulation enter into the ultimate properties, more par¬ 
ticularly as mentioned earlier, when transverse properties are involved. 


Composition and Tension Properties of Large Forgings Normalized and Tempered 

_(All solid sections, midway longitudinal tests) 


Forg¬ 

ing 



-Composition. %- 



Yield 

—Mechanical Properties- 

Tensile 

Red. 

Dia., 







t*olnt. 

Strength, 

Elong., 

Of 

in. 

C 

Mn 

Cr 

Nl 

Md 

v 

psi 

psi. 

% in 2 in. 

Area, % 

13 

0.21 

0 60 



0.46 


46,900 

74,300 

28 

57 

14 

0.41 

0.64 




0 10 

45,200 

77,300 

31 

62 

12 

0.49 

0.88 




0.19 

63,500 

101,300 

26 

52 

6 

0.39 

1.08 



0.15 


63,100 

104,000 

26 

54 

13 

0.26 

1.62 




0.18 

75,000 

96,400 

26.5 

58 

9 

0.29 

1.71 




0.19 

81,400 

104,500 

26 

61 

6 

0.24 

1.53 



0.21 

0.17 

77,200 

97,000 

25.5 

67 

lV/2 

0.41 

0 64 

0.90 


0.20 


80,000 

103,000 

19.5 

38 

9 

0.41 

0.71 

1.29 



0.20 

61.630 

99,300 

25 

50 

10 

0.48 

0.73 

0.91 



0.18 

63,900 

105,800 

24 

51 

6 

0.39 

0.60 

1.40 


0.35 

0.21 

118,000 

147,100 

16.5 

50 

12 

0.23 

0.89 


2.62 



60,100 

86.000 

30 

68 

12 

0.34 

0.67 


3.11 



61.000 

93,000 

27 

62 

12 

0.32 

0.62 

0.61 

1.47 



60,100 

99,700 

27 

62 

12 

0.44 

0 69 

0.69 

1.40 



77,000 

102,000 

22 

61 

13 

0.31 

0.82 


1.81 

0.34 


79,200 

99,200 

22 

60 

6 x6 

0 38 

0.64 


1.84 

0.25 


74.000 

102,000 

25 

56 

10 

0.28 

0.70 


2.92 

0.35 

0.15 

81,500 

107,000 

24 

60 

9 

0 34 

0 65 


2.87 

0.34 

0.12 

94,000 

115.000 

22.5 

56 

12 

0.26 

0.63 

0.53 

2.17 

0.25 


78,000 

95,300 

26.5 

70 

11 

0 29 

0 68 

0.90 

2.66 

0.31 


89,000 

111,500 

19 

51 

12 

0.39 

0.67 

0.83 

1.33 

0.24 


68,000 

98,500 

21.5 

51 

10 

0.33 

0 49 

0.81 

2.30 

0.42 

0.18 

81,000 

107,000 

23 

58 


Composition and Tension Properties of Large Forgings Quenched and Tempered 

(All solid sections, midway longitudinal tests) 


Forg¬ 

ing 

dia., 

in. 









C 

Mn 

Cr Ni 

Mo 

V 

' Yield 
Point, 
psi 

Tensile 

Strength, 

psi. 

Elong., 

% in 2 in. 

Red. 

of 

Area, % 

10 

0.51 

0.81 




0.18 

80,700 

111,000 

23.5 

48 

13 

0.23 

1.68 




0.19 

86,000 

108,000 

25 

64 

6 

0.24 

1.53 



0.21 

0.17 

90,200 

105,300 

20.5 

61 

11 

0.42 

0.74 

0.97 


0.20 


108,000 

123,300 

15 

38 

6 

0.51 

0.65 

0.87 


0.20 


101,200 

132,500 

17.5 

51 

6 

0.51 

0.65 

0.87 


0.20 


81,400 

116,600 

24 

61 

13 

0.44 

0.68 

0.98 



0.16 

88,200 

124,000 

22.5 

57 

8 

0.51 

0.67 

0.88 



0.17 

91,700 

121,000 

22 

56 


0.38 

0.70 

0.97 


0.30 

0.09 

116,500 

141,000 

18.5 

54 

6 

0.39 

0.60 

1.40 


0.35 

0.21 

138,400 

165,200 

16.5 

57 

9 

0.23 

0.93 


2.60 



75,500 

95,000 

28 

61 

12 

0.27 

0.86 


2.73 



84,900 

105,300 

23 

63 

11 

0.37 

0.58 


3.50 



82,000 

101,000 

23 

57 

9 

0.37 

0.63 

1.24 

3.00 



110,000 

127,000 

20 

56 

8 

0.38 

0.65 

0.71 

1.20 



87,000 

109,000 

21.5 

54 

12 

0.49 

0.55 

1.10 

1.75 



104,000 

118,000 

18 

57 

13 

0.31 

0.32 


1.81 

0.34 


83,400 

100,400 

22.5 

80 

9 

0.32 

0.70 

0.62 

2.35 

0.31 


116,000 

139,000 

20.5 

54 

8 

0.37 

0.78 

0.72 

1.79 

0.41 


117,000 

138,000 

21.5 

59 

8 

0.38 

0.69 

0.62 

2.12 

0.31 


134,500 

151,000 

18.5 

56 

9 

0.31 

0.66 

0.77 

1.84 

0.43 

0.16 

116,500* 

143,700 

18 

59 

11 

0.33 

0.83 

0.74 

1.85 

0.41 

0.11 

94,000* 

117,000 

20 

52 


•Elastic limit. 
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Coefficients of Linear Expansion of S.A.E. Steels 

By Peter Hldnert* 

-Chemical Composition*, %-» 


No.b 

C 

Mn 

Si 

P 

8 

Ni 

Cr 

Misc. 

Treatment 

Carbon SUelt 










1010* 

0.07 

(0.08) 

0.01 

0.01 

0.02 



CU 

0.02 

Annealed 

1015 

0.14 

0.39 

0.31 

0.015 

0.030 



CU 

O.IC 

Not known 

1015 

0.17 

0.42 

.... 

0.012 

0.035 



.. 

.... 

Rolled 

1015* 

0.18 

0.34 

0.10 

(0.051) 

0.044 



CU 

0.10 

Not known 

1020* 

0.22 

(0.12) 

0.01 

0.01 

0 03 



Cu 

0.04 

Annealed 

Z1020 

0.18-0.25 0.67-0.02 0.24-0.28 

0.019-0.023 0.015-0.022 .... 


_ 


Cast 

1030 

0.31 

0.65 

0.23 

0.013 

0.028 



Cu 

6.13 

Not known 

1035* 

0.33 

(0.12) 

0.03 

0 01 

0.03 



Cu 

0.03 

Annealed 

1040 

0.42 

0.68 

0.23 

0.012 

0.025 





Annealed 

1040* 

0.40 

(0.11) 

0.07 

0.01 

0.03 



Cu 

6.03 

Annealed 

Z1040* 

0.41 

0.64 

0.09 

(0.052) 

(0.061) 





Annealed 

1045 

0.44 

0.67 

0.34 

0.043 

0.043 



Cu 

0.09 

Not known 

1055* 

0.56 

(0.19) 

0.04 

tr 

0.023 



Cu 

0.02 

Annealed 

1055* 

0.56 

(0.30) 

0.18 

0.016 

0.034 



Cu 

0.09 

Not known 

X1055 

0.59 

0.92 

0.25 

0.024 

0.033 





Annealed 

1060* 

0.64 

(0.27) 

0.06 

0.010 

0.028 



Cu 

0.09 

Not known 

1060 

0.66 

0.72 

0.18 

0.028 

0.016 





Rolled 

1065* 

0.65 

(0.12) 

0.09 

0.01 

0.03 



Cu 

0.03 

Annealed 

1075 

0.75 

0.69 

0.21 

0.026 

0.024 





Rolled 

1075* 

0.75 

(0.35) 

0.10 

0.010 

0.018 



cu 

0.07 

Not known 

1080* 

0.80 

(0.30) 

0.10 

0.012 

0.016 



Cu 

0.08 

Not known 

1080* 

0.81 

(0.10) 

0.06 

tr 

0.025 



Cu 

0.02 

Annealed 

1095 

0.94 

0.35 

0.13 

0.016 

0.018 



Cu 

0.08 

Not known 

1095 

1.02 

0.36 

0.08 

0.013 

0.014 



cu 

0.05 

Not known 

Nickel Steel 










3330* 

0.33 

0.78 

(0 09) 

0.014 

0.035 

3.59 




Annealed 

Niekel^Chromium Steels 









3145 

0.40-0.50 0.50-0.80 


<0.04 

<0.045 

1.00-1.50 

0.46-0.75 



Quenched and tempered 

3150* 

(0.43) 

0.78 


0.015 

0.027 

(1 87) 

0.75 



Quenched and tempered 

3250* 

0.50 

(0.64) 

0.15 

0.015 

0.031 

1.90 

(0.88) 



Quenched and tempered 

3335 

0.32 

0.53 

0.23 

0.013 

0.015 

3.53 

1.37 



Quenched and tempered 

Molybdenum Steel 









4140 

0.39 

0.51 

0.19 

0.015 

0.029 


0.87 

Mo 

0 21 

Rolled 

Chromium Steels 










5140* 

0.40 

0.78 

(0.57) 

0.011 

0.015 


0.78 


» • • • 

Quenched and tempered 

5150* 

(0.60) 






1.00 



Not known 

Chromium-Vanadium Steels 








6115* 

0.12 

(0.05) 

(0.85) 

0 020 

0 040 


0.85 

V 

0.23 

Annealed 

6135 

0.34 

0.72 

0.17 

0.009 

0.010 


0 96 

V 

0.17 

Quenched and tempered 

6140* 

0.40 

0.76 

0.14 

0.006 

0.012 


(1.20) 

V 

0.17 

Quenched and tempered 

Tunffsten Steels 










71360* 

0.64 

0.01 

(0.05) 

0.015 

0.012 


3.73 j 

w 

V 0 11 

1 Not known 

71360* 

(0.73) 






3.90 

W 13.50 

Not known 









' W 14.63 

1 

71360* 

(0.82) 

0.26 

0.18 

0.003 

0.016 


3 71 1 

Mo 

0.17 

[ Not known 








1 

V 

0.20 

I 

71660* 

0.66 

0.08 

(0.08) 

0.018 

0.016 


3 43 j 

W 16.81) 
V O.llj 

. Not known 


{Continued) 


■Physicist, National Bureau of Standards, Washington, D. C.’, and Chairman, A.S.M. Committee on Linear 
Igpansion of Steels. The following members of the committee assisted in this work: J. B. Austin, U. S. Steel 
Corporation, Kearny, N. J., W. H, Brandt, Westinghouse Electric & Mfg. Co., East Pittsburgh, Pa., H. Masa« 
moto. The Research Institute for Iron, Steel and Other Metals. Imperial University, Sendai, Japan, and A. 
Pdrard, Director, Bureau International des Folds et Mesures, Sevres, France. 

biaeh B.A.B. number marked * indicates that the chemical composition is not strictly in accordance with 
the 8.A.B. specification. 
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Coefficients of Linear Expansion of S.A.E. Steels—Cont. 


•Average Coefficients of Expansion per Degree Centigrade** 


4 

in CD 

t-lH 

OHsi 

• 0 

V? 

6 b 

OM 

Cl CD 

S£! 

mio 

a 

6 b 

0 0 

^8 

6 b 

• o 

§§ 

• fiu 

IS 

4 

B 

a 

Ooj 

IS 

ii 

of; 

II 

PfJ 

ii 

st 

Observer* 

XWH 

X 1 (H 

xio-« 

xio-« 

XlO-k 

XlO-k 

xio-« 

xio*« 

Xl 0 -« 

xio-« 

xio-« 



11.6 

12.5 

13.0 

13.6 

14.2 

14.6 

15.0 




Driesen* 

ii.9 


.... 



.... 

.... 





Honda* 


11.9« 

12.5 

1^6 

iio 

14.2 

.... 

... * 




Schad> 

iii 


.... 









Honda* 

.... 

11.7 

12.1 

* 12.8 

1^4 

*13.9 

*14.4 

14.8 

.... 



Driesen* 

.... 

12.5* 

13.4 

14.2 

15.1 







Peters* 

11.7 



.... 

.... 

.... 






Honda* 


11.1 

11.9 

12.7 

13.4 

14.0 

14.4* 

*14.8 




Driesen* 


9.4S 

10.9 

12.1 

13.0 

13.7 

14.3 

14.7 

.... 



Bonder and Hldnert* 

.... 

11.3 

12.0 

12.5 

13.3 

13.9 

14.4 

14.8 




Driesen* * 


ll.lf 

11.7 

12.7 

13.5 

14.0 

14.3 

14.7 

.... 

* - r - 

# - f - 

Souder and Hldnert* 

11.6 






.... 



.... 


Honda* 


11.0 

11.8 

1 * 2.6 

i3.4 

*14.6 

14.5 

*14.8 




Driesen* 

12.1 











Honda* 

.... 

ll.ls 

11.9 

*12.9 

13.5 

*14.1* 

14.6 

i4.9 

.... 


.... 

Souder and Hidnertk 

11.8 






.... 




.... 

Honda* 

.... 

11 . 8 f 

12.6 

13.3 

*14.6 






.... 

Souder and Hldnert4 

.... 

11.0 

11.6 

12.3 

13.2 

is.s 

14.2 

14.6 




Driesen* 


11.5^ 

12.3 

13.0 

13.8 



.... 




Souder and Hldnert^ 

ii .6 


.. -. 

.... 

.... 



• T T - 



.... 

Honda* 

11.7 










.... 

Honda* 

.... 

11.0 

11.6 

12.4 

13.2 

13.8 

14.2 

14.7 




Driesen* 

11.5 


..... 

.... 


* 



.... 



Honda* 

11.5 


.... 









Honda* 

.... 

10.9> 

11.2 

12.1 

12.9 

13.4 

13.8 

.... 

e • D • 

.... 

.... 

Souder and Hidnert* 

.... 

11 . 8 < 

12.3 

12.9 

13.4 

14.0 

.... 

.... 

• • • 0 

.... 

.... 

Westlnghouse Electric 6 t 
Iftg. Oo.* 

.... 

12 . 0 C 

.... 

13.9k 




. 

• * •. 



Hidnert* 

.... 

11.7S 

.... 

12.7k 

.... 







Hidnert* 

.... 

11 . 8 r 

.... 

12 . 8 k 

.... 

.... 



.... 



Hidnert* 

.... 

11 . 2 ' 

11.8 

12.4 

13.0 

13.6 

.... 

.... 

.... 

.... 

.... 

Schad* 


12 8 K 


13.8»> 








Hidnert* 

.... 

(11.3X10-* 

50 to 150*0.; 

14.8XlO-« 

450 to 550*0.) 

.... 



. .. 

Matsushita'* 


11 . 6 * 

12.1 

12.7 

13.2 

13.6 

14.0 

14.3 




Souder and Hidnert* 

.... 

11 . 8 * 

... - 

13.1k 





.., 



Hidnert* 

.... 

11 . 6 * 

.... 

13.0k 








Hidnert* 

... 

(ii.ixio-*. 

50 to 150*0.; 

18.9XlO-«, 

650 to 650*0.) 





Honda* 

.... 

(10.7X10-S 

50 to 150*0.; 

14.3XlO-«. 

550 to 650*0.) 

.... 




Honda* 

.... 

( 10 . 0 Xl 0 -«. 

50 to 150*0.; 

14.1xl0-«, 

550 to 650*0.) 





Honda* 

.... 

(10.8xl0-«, 150 to 250*0.; 

13.6xl0-«, 550 to 650*0.) 


.... 



Honda* 


(Continued) 


«Each value in parenthesis indicates that it lies outside the range of the S.A.S. specification. 

^To obtain corresponding coefficients of expansion per *F., multiply the coefficients in this table by 5/8. 
•The superior numbers refer to the references at the end of the table. 

^Coefficients of expansion on this line» from 0*C. or 32*’F. instead of 20”C. or 68*F. 
sCoefficients of expansion on this line, from 25*C. or 77**F. Instead of 20”C. or 68*F. 

^Vrom 25-270'C. (77-518'»F.). 
































COEFFICIENTS OF LINEAR EXPANSION OF S.AE. STEELS 


Coefficients of Linear Expansion of S.A.E. Steels—Cont. 

--Chemical Composition,« % -. 

Ir._^ 

C Mn Si P S Ni Cr Misc. Treatment 


Corrosion and Heat Resisting AUoys 




fO.06 

0.36 

0.28 

0.016 

0.012 

9.6 

17.7 



Quenched from 1,975*F. 

30905 


0.07 

.... 

0.45 



8.93 

17.35 


.... 

Quenched from 2000”F. 



[o.07 

0.59 

0.47 

0.013 

0.003 

9.12 

18.08 

j Ti 
( A1 

0.38 [ 
0.06) 

Annealed 



0.10 

.... 




8.0 

18.0 


.... 

Heated 336 days at 500*C. 

30915 


0.12 

0.41 

0.37 

0.017 

0.016 

8.9 

17.6 

... 

.... 

Hot rolled and annealed 



.0.14 

0.45 

0.28 



7.80 

17.28 

t Ai 
|Cu 

0.18) 

0.14) 

Hot rolled and annealed 

30915* 


(0.21) 

0.24 

(0.89) 



9.7 

19.7 

... 


Forged and annealed 


1 

0¥)9 

0.43 

0.33 

0.009 

0.016 

0.06 

12 0 

... 

.... 

Annealed 

51210 


0.00 

0.56 

0.31 

0.010 

0.010 

0.39 

12.3 

-.. 

.... 

Annealed 



[0.09 

0.60 

0.57 

0.011 

0.007 

0.19 

12.0 

... 

• • e • 

Annealed 

X51410* 


0.13 

0.S6 

0.35 

0.031 

(0.019) 

• * • • 

13.5 


• • • ft 

Annealed 


[0.30 

0.18 

0.11 

0.020 

0.011 

• • • # 

13.10 

•.. 

ft ft ft ft 

Hardened 

51335 

{0.30 

0.18 

0.11 

0.020 

0.011 

• • • • 

13.10 

... 

ft ft ft ft 

Annealed 


10 

.30-0.40 






13.00 



Annealed 

51510 


0.12 

0.39 

.... 

0.016 

0.013 

O.M 

15.9 

... 

ft ft » • 

Annealed 



0.04 

0 29 

0.28 

0.021 

0.021 

0.08 

17.6 



Annealed 

51710 


0.07 

0.48 

0 45 

0 018 

0.008 

.... 

16.43 



Sheet bar as received 



[0.13 

0.16 

0.25 

0.01 

0.01 

.... 

16.4 

... 


Quenched and tempered 

51710* 

4 

ro.o4 

0.28 

(0.62) 



.... 

17.04 

1 Al 
)Cu 

0.08) 

0.14) 

Hot rolled 



10.06 

0.45 

(0.58) 



.... • 

17.08 

Al 

0.08 

Annealed 



































COEFFICIENTS OF LINEAR EXPANSION OF S^X. STEELS 


Coefficients of Linear Expansion of S.A.E. Steels—Cont. 


Average Coefficients of Expansion per Degree Centigrade*!- 


4 

'TT 

:S3 

6^ 

0 0 

S9 

is 

0 0 
ac% 

S8 

dpti 

6% 

0 0 

S8 

dlki 

OM 

ss 

S8 

St) 

0* 

df* 

if 

do* 

11 

dn; 

e 0 

l§ 

Sil 

Observer* 

xio -« 

xio -« 

Xl(H 

xio -« 

XlO-« 

xio -« 

xio -« 

xio -« 

xio -« 

XlO-« 

xio -« 

J 


16.5 

17.2 

17.7 

18.1 

18.3 

18.6 

19.0 

19.5 

19.7 

20.0 

Hidnert*^** 


17.2« 

17.4 

17.8 

18.1 

18.4 

18.7 

18.9 

.... 



Austin and Pierce^ 


16.7^ 

17.2 

17.6 

18.1 

18.5 

18.8 

.... 

.... 



Austin and Pierce^,* 


n.v 

18 0 

18.2 

18.6 

19.0 

19.2 

.... 




Austin and Pierce^! 


16.4 

.... 

17.2 

17.6 

17.8 

18.2 

18.5 

18.7 

.... 


Hidnert*® 


16.4 

17.0 

17.7 

18.2 

18.6 

19.0 


• •t. 

.... 

.... 

Hidnert" 


16.0 

16.7 

17.3 

17.7 

18.0 

18.4 

18.7 

19.1 

19.5 

20.0 

Hidnert*® 



10.2 

... • 

11.2 

.... 

12.0 

.... 

• *.. 


.... 

Hidnert and Sweeney" 


9.8 

10.4 

10.8 

11.2 

11.6 

12.1 

.... 

.... 


.... 

Hidnert and Sweeney" 


10.2 

10.5 

10.9 

11.3 

11.6 

11.9 

.... 

12.3 

.... 

.... 

Hidnert and Sweeney" 


10.2 

10.5 

10.9 

11.3 

11.7 

12.1 

• ••• 

12.6 

.... 

.... 

Hidnert and Sweeney" 


9.8 

9.8 

.... 

9.8 

10.6 

11.2 

• • •. 

11.8 


• ••• 

fonder and Hidnert*® 


10.3 

10.7 

11.3 

11.5 

11.8 

12.1 

12.4 

12.5 

.... 


Bonder and Hidnert" 


lO.Os 

10.4 

11.0 

11.4 

11.8 

12.2 

12.4 



.... 

Souder and Hidnert* 



.... 

10 8 



11.8 

.... 

• • • • 

.... 

.... 

Hidnert and Sweeney" 


10.1 

10.4 

10.7 

h;i 

.... 

11.6 

11.8 

12.2 

12.8 

.... 

Hidnert*® 


10.7* 

11.2 

11.5 

11.8 

12.1 

12.3 

12.5 

«... 

.... 

.... 

Austin and Pierce*® 


9.9 

10.1 

.... 

10.9 

11.3 

11.7 

.... 

12.4 

.... 

.... 

Hidnert and Sweeney" 


10.6 

10.8 

11.1 

11.4 

11.7 

11.9 

12.1 

12.5 

13.1 


Hidnert" 


10.3 

10.6 

11.0 

11.2 

11.4 

11.6 

11.8 

12.4 

12.9 


Hidnert" 
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MAQNETICAIiLy SOFT MATERIALS 


Fe 3405 


Magnetically Soft Materials 

By T. D. Yensen* 

Introduction—Several conflicting characteristics are often required in mag¬ 
netically soft materials. For this reason a number of different magnetic alloys 
ranging from pure iron through the silicon irons to the high nickel-iron alloys have 
been developed. The characteristics of importance are: (1) Hysteresis loss .on passing 
through a magnetic cycle and arising from internal magnetic “friction.” This should 
be low. (2) Eddy current loss due to electric currents induced in the material by 
changes in flux. This should ^ 

be low. (3) Alagnetic per- § 500 - ^ 

meability should be high O 

atiH .cn-mAfliYiAe miifit: Ha ^ 



50x10'^ 




be low. (3) Alagnetic per- § 500 - 

meability should be high O 
and sometimes must be ? 
high or constant at low ({) 
field strengths. (4) Satura- c 
tion value should be as ^ 
high as other considers- 
tions permit. (5) In special ^ ^qq 

applicationsa definite 
change in permeability with ^ 

temperature isrequlred. 

(6) The cost, availability 
and ease of processing are 
important. ^ 

the ferromagnetic proper- § 
ties are a function of the $ 
regularity of the space lat- 
tice, it follows that any- 0 

thing that affects this reg- ^ 0 4 8 12 Id 20 

ularity wlU also affect the « pen Sg. Mm, N 

SJSltlM S- hysteresis loss ol pure Iron. 

^hur, nitrogen, and oxygen are particularly harmful, because when in solution they 
occupy interstitial spaces in the crystal lattice and very small amounts therefore 
produce large effects.* Furthermore, as the solubility is low at room temperature, the 


^500 


^900 


$ 0 . . 

^ 0 4 8 e 16 BO 

Gnem pen Sg Mm,N 

Fig. l>~Net effect of grain size on hysteresis loss of pure iron. 
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^ 0 004 008 012 016 020 024 

Carbon, % 

Fig. 2a—Effect of carbon on the 
hysteresis loss of iron. 


Fig. 2a—Effect of carbon on the Fig. 2—Effect of grain orientation on the B-H 
hysteresis loss of iron. properties of iron (Honda and Kaya). 

excess amount is slowly precipitated in the form of small particles inside the grains 
with even greater disturbing effect, usually referred to as “aging.” Carbon especially 
should be kept low in iron and iron-silicon alloys in order to obtain low hysteresis 
loss and high maximum permeability. The amount should not be over 0.01% and 


'Manager. Magnetic Div., Westinghouse Electric & Mfg. Co.. East Pittsburgh, Pa. 







MAGNETICALLY SOFT MATERIALS 


491 


1 ' —MmtM Br> He — 

[iOOj 6B4Q00 fS400 0.098 
- [ftOj P8000 10400 0046 • 
[ntj 19600 2130 0106 




Fig. 3—^The observed and calculated magnetization curves for 
the [100], [110] and [111] directions of single crystals of 3.859^ 
silicon iron (Williams). 


preferably less than 0.005%. Fig. 2a shows the effect of carbon on the hysteresis 
loss of iron. Sulphur and oxygen should likewise be held down to similar values. 

Effect of Grain Size—Because of the disturbances at the grain boundaries, the 
fewer the grain boundaries the better are the magnetic properties, which is another 
way of saying that the grain size should be as large as possible with the single 
crystal as the limit. Fig. 1. 

Effect of Grain Orientation—Almost all ferromagnetic materials are magnetically 
anisotropic, that is they 

have different magnetic 20000 \ ————r——n———————— 

properties in the different —----- - 

crystallographic or lent a- f [no] _____ 

tions. This is shown in Fig. > 12000 -!:--- 

2 for lron> and in Pig. 3 for |_/ _ ' I '”2 _ 

flooj sJUmS ,moo o%a 

3.85% Si.* In both of these 4 QQQy^-^ - [j^qj psooo 10400 oo46 — 

cases the direction parallel 

to a cube edge [100] is the ^ q 04 oa — iT^ — le—^ 24 ' 2 $ 
one having the highest per- h 

meability. In other cases 
this is not so, for example, ^000 
in Ni the situation is just 
the reverse: The direction ^ 

of easy magnetization is 12000 

that of the body diagonal i 
[111]. So in all cases crys- 
tal orientation should be ^qqq 

taken into account in con¬ 
trolling the magnetic prop- ^ 

erties of ferromagnetic ma- ' h — — 

terials. Fig- 3 —The observed and calculated magnetization curves for 

A m All the [100], [110] and [111] directions of single crystals of 3.85% 

Effect of Alloying nic- silicon iron (Williams), 
ments—While pure iron ^ ^ ^ 

may in many respects be regarded as the ideal ferromagnetic material, it has certain 
drawbacks that makes it unsuitable for practical use especially in a.c. circuits. The 
resistivity is low, necessitating rolling the iron very thin to keep eddy currents down, 
and when this is done, the magnetic properties are poor. One of the main objects 

of alloying elements is there- 
, I , - I ^ electrical re- 

i ^ /'ll sistivity of iron so as to enable 

M y' l| us to use it to advantage in a.c. 

^/OQ _I. ,__ 1 __ circuits (which means perhaps 

y y 75 ^ Qf all applications of mag- 

netic materials in industry). 

^ 00 _-/TNff-L—-Fig. 4 shows how the various 

// ..-X 1 elements affect the resistivity of 

<§ ' Sfl/Ai / \ \ - - iron. Outside of carbon in solu- 

00 XV - Qronr -rr —I -A- \ —tion, silicon and aluminum in- 

cdnjiiJj f I' \ \ crease the resistivity more than 

I? (//^ \ \ any other element. 

II -\-These two elements also 

M/ another important effect: 

I They eliminate the allotropic 

20 —-transformations in iron, so that 

-2L _X alloys can be annealed at 

3} high temperatures without re- 

° o'4 ' do 

j//o^ino 96 permitting large grains. Both 

Alloying tmmenc,fb elements are substitution 

I electrical resistance of elements and for this reason 

iron (Stablein and Yensen). ^*w*c**vo 

can be added to iron in fairly 

large quantities without affecting seriously the magnetic properties, although they 
do reduce the saturation value. However, more than 4A% siUeon or 8% aluminum 
makes iron too brittle for most commercial use. 

Another reason for keeping the alloying elements down to low values is that 
all elements, with the exception of cobalt, lower the saturation value of iron. Fig. 5. 
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Fig. 4—Effect of elements on the electrical resistance of 
iron (Stablein and Yensen). 
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The chief difficulty in connection with silicon and aluminmn is that form 
stable oxides, so that if the iron 26000 ^ 


is not thoroughly deoxidized be* 
fore adding the alloying elements, 
9Xide inclusions are formed that 
pnnot again be eliminated and 
have deleterious effects on the 
magnetic properties. Aluminum 
is particularly bad in this respect. 

Unsuspected and valuable 
magnetic properties are obtained 
by combining iron with nickel or 
with nickel and cobalt and by 
adding to these combinations 
other elements like copper, molyb¬ 
denum, or chromium, as will be 
seen later. 

Magnetic Materials — Iron — 
By careful preparation of a single 
crystal of iron Cioffl has obtained 
a maximum permeability of 
1,430,000 and Ziegler and Yensen® 
have prepared ring samples of 
iron having a hysteresis loss of 
70 ergs per cc. per cycle for B = 



Q 4. e to 20 40 60 60 too 


Attoying Etemefrt, 34 

Fig. 5—Effect of elements on the saturation values of 
iron (Stablein and Yensen). 


10 , 000 . 

For experimental uses iron can 
now be obtained with a purity of* 
99.95% or better, having magnetic 
properties as shown in Fig. 6: Max¬ 
imum permeability of about 100,000 
and a hysteresis loss for B = 10,000 
of about 100 ergs per cubic cm. per 
cycle (Wemco iron). 

The latest saturation value of 
iron comes from the Physikalisch- 
Technische Reichsanstalt* and is 
given as: 

4 IT I, = 21,580 ± 10 gauss 
based on a density of 7.878. 

These values agree well with 
those given by Cleaves and Thomp¬ 
son.^ The electrical resistivity given 
by Cleaves and Thompson as the 
most reliable value is 9.8 microhms 
per cubic cm. at 20°C. with a tem¬ 
perature coefficient of 0,0065 per ®C. 

Iron-Silicon AUoys —Although 
pure iron may in many respects be 
regarded as the ideal magnetic ma¬ 
terial, it is easier to obtain good 
magnetic properties in iron by the 
use of a small amount of silicon 
than without it.”- “ Brittleness im¬ 
parted by the silicon limits the 
amount in practice to about 4.5%, 
although 6% may be used for special 
purposes. 

See the article in this Handbook 
for further information on iron-sili¬ 
con alloys. 

Fe-Al and Fe-Al-Si AUoys — 
While aluminum is known to have 
about the same effect on iron as sili¬ 
con, both as to electrical resistivitv 
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Fig. 6—(Upper) Hysteresis loops and B-H curves for 
nearly pure Iron. (Lower) Hysteresis loop of HlpernllL 
In comparison with silicon Iron. 
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and magnetic properties,® it has never become a serious competitor on account of 
the difficulties in connection with the manufacturing processes. Ternary alloys of 
iron, silicon and aluminum have recently been investigated by Masumoto.*® The alloy 
contained 8-11% silicon and 5-6.5% aluminum and is reported to have an initial 

permeability up to 35,000, a 
maximum permeability up to 
162,000 and a hysteresis loss 
down to 28 ergs for B = 5,000. 
With such high silicon and 
aluminum contents the satu¬ 
ration value is necessarily low 
(4 IT !■ = 11,000). The alloys 
are brittle. 

This alloy has been sug¬ 
gested for loading coils, but it 
would have to meet severe 
hysteresis and permeability re- 
quuements in compressed core 
form to offer advantages over 
the powdered iron-nickel alloy 
now used in the United States. 

Iron^Nickel AZtoys*—The 
average effect of nickel on the 
permeability of alloys after 
annealing is shown in Fig. 7. 
No particular advantage is 
shown over the best grades of 
iron and iron-silicon alloys, al¬ 
though individual alloys were 
obtained in the region of 50% 
nickel that had unusually good magnetic properties. At still lower magnetizing 
forces, the optimum composition has been found to be in the region of 70-85% nickel. 

While these alloys are basically iron-nickel 
alloys, appreciable percentages of other elements 
are added in many cases to develop or accentuate 
some particular characteristic which is desirable for 
the application in view. 

The trade names,'* approximate composition 
and applications of the most important iron-nickel 
alloys are given in Table I. 

Annealed iron-nickel alloys containing between 
30-90% nickel have initial permeabilities higher 
than that of Armco iron. Alloys containing more 
than 50% nickel are sensitive to heat treatment as 
shown in Fig. 8. The heat treatment that improves 
initial and maximum permeability consists in air 
quenching thin strips on a copper block from the 
magnetic transformation point. The most startling 
results were obtained for alloys in the neighbor¬ 
hood of 80% nickel (the best composition being 
78^/4%), and the name “Permalloy” was given to 
the alloys in this range. Maximum permeabilities 
of 100,000 are readily obtained with this alloy (Fig. 

9) but the saturation value is low (11,000) and its 


0 4 8 to 20 

Nicket, yo 

Pig. 7—Saturation Intensity of Iron-nickel alloys. Elec¬ 
trolytic iron and nickel, melted and annealed in vacuum. 
From 0.5-1% Mn added to alloys with more than 30% nickel 
to facilitate forging. 
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Fig. 8— Initial permeabilities 
the iron-nickel series (Elmen). 
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for 


electrical resistivity is only about double that of iron. However, it was later found 
that the resistivity could be markedly increased by the addition of chromium or 
molybdenum, which at the same time eliminates the necessity for air quenching and 
increases the initial permeability to over 20,000, but at a further sacrifice of satura¬ 
tion value.'* Table II gives the principal characteristics of the important alloys in 
this group, together with Armco iron and other alloys. 


*In the preparation of this section liberal use has been made of Data Sheet No. 2, *'Iron-Nlckel 
Alloys for Magnetic Purposes,’* prepared by J. W. Sands, of The International Nickel Co., Inc., for 
their Iron Nickel Data Book (1938). 

T. D. Yensen: Franklin Inst. Centenary Celebration, Sept. 19, 1924. J. Franklin inst ., 1928, 
V. 199, p. 323. 
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Table I 

Commercial Magnetic Iron-Nickel Base Alloys 


Per cent Nickel Spons 


AUoj/i With Very High Permeahilitp at Low Field Strengthe 

Permalloy . 30-90 + special beat treatment and some¬ 
times + Cr or Mo . Western Blectrlo Co. 

Mumetal . Approx. 76 -f- 6% Cu and 1.5% Cr... Telcon* and Allegheny- 

Ludlum Steel Co. 

Permafy .. Approx. 80 . Acierles de Flrminy 

1040 Alloy . 72 + 14% Cu and 3% Mo.Heraeus Vacuumschmelze 

High Permeability Alloyt for Higher Field Strengths 

Megaperm 6510 . 65 + 10% Mn . Heraeus Vacuumschmelze 

Hlpernlk . 50 . Westinghouse E. & M. Co. 

Hyperm . 50 . Krupp 

Nicaloi . 49 . General Electric Co. 

Audiolloy . 48 . Crucible Steel Co. 

Permenorm . 48 .,. Heraeus Vacuumschmelze 

Allegheny Electric Metal 47 . AUegheny-Ludlum Steel Co. 

Anhyster O and D. 45-50 . Aeieries d'Imphy 

Radiometal . 45-50 . Telcon* 

2129 . 45-50 . Telcon* 

Megaperm 4510 . 45 + 10Mn . Heraeus Vacuumschmelze 


Moderately High Permeability Alloys of High Electrical Resistance 


Rhometal . 

Gamma . 

Anhyster A and B 


40-45 + 5% Cr and 3% Si . Telcon* 

Approx. 35 . Aeieries dTmphy 

Approx. 35 . Aeieries dTmphy 


Alloys With Constant Permeability Over a Range of Flux Densities 

Perminvar . 20-75+ 5-40% Co + special heat treatment 

and sometimes + Mo . Western Electric Co. 

Conpemik . SO + special heat treatment . Westinghouse E. Sc M. Co 

Isoperm . 40-55 + special treatment . Allegemeine Elektrizitats- 

Gesellschaft 


Isoperm (precipitation 
types) . 


36-50 + 9-15% Cu 
40-60 + 3-4% A1 . 


Allegemeine Elektrlzitats- 
Qesellscbaft 

Allegemeine Elektrizitats- 
Gesellsehaft 


Compensator Alloy 

N30 . 

Thermoperm. 

N. M. H. G. 


Alloys with Permeability Varying with Temperature 

.. 29-39.6 . Slmonds Saw A Steel Co. 

.. 30 . Carpenter Steel Co. 

.. 30 . Krupp 

30... Aeieries dTmphy 


*Telegrapb Construction Sc Maintenance Co.. Ltd., London, England. 


Table n 

Magnetic Properties of Various Alloys 


' Hysteresis Residual Satura- 

Initial Maximum Loss, ergs Indue- Coercive tlon Resistivity. 

Perme- Perme- per cc. per tlon, Force, value, microhm 

Material* ability ability cycle* gausses oersteds gausses'* cm 


Armco iron . 250 7,000 5,000 13,000 1.0 22,000 11 

4% Silicon-Iron . 600 6,000 3,500 12,000 0.5 20,000 50 

78.5 Permalloy, quench^. 10,000 105,000 200 6,000 0.05 10,700 16 

45 Permalloy . 2.700 23,000 1,200 8.000 0.3 16,000 45 

3.8-78.5 Cr-Permalloy _ 12,000 62.000 200 4,500 0.05 8,000 65 

3.8-78.5 Mo-Permalloy .... 20.000 75,000 200 5,000 0.05 8,500 65 

45-25 Perminvar, baked.. 400 2,000 2,500 8,000 1.2 15,500 19 

7-45-25 Mo-Perminvar, 

baked . 550 3,700 2,600 4,300 0.65 10,300 80 

70-7.5 Perminvar, annealed 750 3,500 .... .... .8 12,000 16 


*81ngle numbers preceding the word **Permalloy** signify the nickel content, and double num¬ 
bers signify first the content of chromium or molybdenum, and second the nickel content, the 
balance being iron in each case. The two large numbers before **Permlnvar'* indicate the nickel 
and cobalt contents, respectively, and the small initial number indicates the molybdenum content. 

■For saturation value of the flux density! 

"Saturation value of the intrinsic induction. 
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50% Nickel-Iron Alloys—The alloys in the region of 50% nickel exhibit nothing 
remarkable (Fig. 7) except that their saturation values are the highest of all iron- 
nickel alloys above 30% nickel. By ordinary pot annealing a maximum permeability 
of 20,000-25,000 can be obtained with an initial permeability of 2,700, if pure material 
is used. Such an alloy is 45% nickel listed in Table II, the permeability curve of 
which is shown in Pig. 9. 

The magnetic properties of these alloys can 
be vastly improved by annealing them in di 7 
hydrogen at a temperature of 1000-1200®C. for 
several hours.” This treatment reduces carbon, 
sulphur and other impurities, but particularly 
oxygen. In its improved form this alloy has been 
given the name “Hipernik” (from high perme¬ 
ability nickel). The nickel content is not par¬ 
ticularly critical, it may be varied from 40-60%, 
but for highest saturation value it should be kept 
close to 50%, see Fig. 6. 

The use of this alloy in place of ordinary 
4% silicon iron for transformer cores would result 
in a reduction of energy losses to about one-half. 

However, because of its high cost, its use is limited 
to special transformers, such as current trans¬ 
formers in which, because of its high permeability 
and low loss, the ratio errors and phase angle deviations are reduced to negligible 
quantities. Cold rolled in the form of continuous ribbon, this alloy is particularly 
suitable for bushing type of current transformers, as in this way there is no waste 
of material. 

While this 50% Ni alloy cannot compete with the higher nickel alloys for appli¬ 
cations requiring the highest initial permeability, it is preferable for most other uses, 
because of its higher saturation value (Pig. 7). 

In Table III are listed the magnetic properties of this alloy in comparison with 
values of other alloys. 



Induohon, k/hGouaa 

Fig. 9 —^Permeability curves for va¬ 
rious magnetic alloys (Wise). 


Table HI 

Magnetic Properties of 50% Nickel-Iron Alloys in Comparison with Other Alloys 
(In accordance with information obtained from the manufacturers) 


Hysteresis Residual Satura- 

Inltial Maximum Loss, ergs Indue- Coercive tion Resist!vlt 7 Form 

Perme- Perme- per cc. per tion. Force, Value, Microhm- of Specific 

Materia] ability ability cycle* gausses^ oersteds* gausses cm. Sample Gravity 


W e m c o Iron 


(99 95% Fe). 

... 

100,000 

150 

9,000 

0,05 

21,600 

10 

Solid ring 

7.9 

4-4 5% Silicon 

Iron. 

500 

12,000 

800 

6,000 

03 

19,500 

55 

.014 in. sheet 

7.6 

Hipernik . 

4,500 

100,000 

100 

8 000 

0 03 

16 000 

45 

.014 in. sheet 

8.3 

45 Permalloy .. 

2,700 

23,000 

1.200»» 

8.000*» 

0.3> 

16,000 

45 



Allegheny Elec- 

trie Metal .. 

5,000 

32,500 

718 

5,500 

0.1 

16,000 

45 


8.3 


■For B = 10,000 except as noted. 
^For B = 16,000. 


Miscellaneous —Numerous modillcatlons have been made in these alloys by the 
addition of other elements and by variation in the heat treatments. They are made 
by various companies here and abroad, the most important of which are listed in 
Table IV.* 

By cooling some of these alloys in a magnetic field through the magnetic trans¬ 
formation point, great improvements have been obtained.” Particularly good results 
were obtained with 65% Ni and with 45% nickel, 30% iron, 25% cobalt. A maximum 
permeability of over 600,000 was reported for the 65% nickel alloy. The cause of the 
improvement is explained on the basis of elimination of strains due to magneto¬ 
striction. 


^Prepared by J. W. Sands and T. D. Yensen from data obtained from Aoleries d'Zmphy, Tele¬ 
graph Construction and Maintenance Co. 










496 


MAGNETICALLY SOFT MATERIALS 


Materials with High Magnetic Saturation Value—Iron has a saturation value 
of 21,600 (4 7rl.). To exceed this value, it is necessary to alloy iron with cobalt in 
amounts between 0 and 65%. The highest value is obtained by using 34.5% cobalt. 

Table IV 

Magnetic Properties of Some Foreign Magnetic Alloys 


Initial 

Perme- 

Materlal* ability 


Hysteresis 

Loss, ergs Coercive Satura- 
Maximum per cc. Force, tion Resistivity, 

Perme- per cycle oersteds value, microhm Specific 
ability (B = 5,000) (B = 6,000) gausses cm. gravity 


Mumetal . 10-30,000 60-100.000 40-60 0 03 6-9,000 42 8 6 

Radiometal .... 2.000 10- 15,000 350 0.4-0 5 15,600 55 8 3 

Anhyster B .... 1,300 . ... ... 9,000 70 

Anhyster C .... 1,500 . ... ... 13,000 59 

Anhyster D .... 2,200 25,000 330 ... 15,000 46 

1040 Alloy.Up to 50,000 100,000 50 ... 6,000 56 

Permenorm 4801‘» 2,700 19,000 ... 0.20 14,000 68 

Megaperm 6510.. 4.800 26,000 ... 0.08 8,500 58 

Rhometal . 850 5.000 420 ... 4,500 

■See Table 1 for chemical compositions. 


^Constant permeability of over 2,000 for H < 0.06. 


The saturation value of 24,200 is regarded as well established (Fig. 5) for 34.5% 
cobalt-iron, corresponding to Fefio. 

A 50% cobalt alloy according to Elmen'^ with the addition of a smali amount 
of vanadium is easy to forge and roll and because of its better magnetic properties 
below H = 200, it is preferable to the 34.5% alloy where cost is of no importance. 
The name “Permendur” has been applied to this alloy. 

Materials with Constant Permeability—At the Bell Laboratories were developed 



Pig. 10—Hysteresis loops for alloy con¬ 
taining 46% nickel, 25% cobalt, and 80% 
Iron— annealed. 

over a wide range of H (0-100 oersteds) 


certain iron-nickel-cobalt alloys** having a 
constant permeability at low magnetizing 
forces. These, containing in the neighbor¬ 
hood of 30% iron, 45% nickel, and 25% 
cobalt were called “Perminvar.'* They are 
useful wherever a constant inductance or 
reactance is essential such as in filter coils 
for radio circuits or for loading coils for 
telephone circuits, where air gaps are other¬ 
wise used with sheet materials. Fig. 10 
shows the hysteresis loops for the optimum 
composition. Similar (but not so good) 
results may be obtained with 50% iron- 
nickel alloys by means of a special heat 
treatment which, in fact, is an incomplete 
annealing below 800®C.‘* 

A more recent development" in Germany 
resulted in iron-nickel alloys called “Iso- 
perms’* containing 35-55% nickel. Aluminum, 
copper, beryllium, manganese, and titanium 
have been used with varying success. The 
best alloy contains 40-45% nickel, 45-50% 
iron, and 5-15% copper. The alloy is first 
drastically cold rolled, then quenched from 
a high temperature, further cold rolled, and 
finally annealed, a treatment by which the 
copper is precipitated in such a way as to 
produce a preferred arrangement of the 
iron-nickel lattice, resulting in low retentiv- 
ity and constancy of permeability (50-60) 


Alloys for Magnetic Temperature Compensation—Because of the fact that the 
magnetic permeability of iron and iron alloys decreases with temperature (except 
for low values of H) the reading of electrical meters that depends upon the flux 
produced by a constant voltage supply or by a certain load current, such for example 
as watt-hour meters, decreases with the ambient temperature. To compensate for 
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such errors it is customary to shunt a certain amount of the magnetic flux around 
the moving part of the meter by means of an alloy having an unusually high mag¬ 
netic temperature coefficient between 0 and 100 ®C., so that, as the ambient temper¬ 
ature increases, the amount of the shunted flux decreases, forcing more of the flux 
through the moving member than otherwise would be the case. By proper pro¬ 
portioning of the parts, it is thus possible to compensate almost completely for the 
temperature changes. Alloys for such purposes are essentially of two types: 

(1) The nickel-copper type having a composition around 70% nickel, 30% copper 
with certain admixtures, such as 2% iron (Calmalloy*0; or with about 1% manganese 
with or without a small amount of silicon (Westinghouse Alloy*'). 

Characteristic curves are shown for these alloys in Pig. 11. 

(2) The nickel-iron type containing around 30-40% nickel with a small amount 
of Mn, Cr and Si. Curves for this type alloy are shown in Fig. 12. All values of H 
from low temperatures up to 60°C. are nearly straight lines and higher temperature 
coefficients than for the 70% nickel-30 % copper type of alloy. 



Fig. 11—Magnetic temperature compensators for 70% 
nlckeI-30% copper type alloy with modification in com¬ 
position as shown; Left, Calmalloy, Right, Westinghouse 
Alloy. 



-20 0 90 60 KK) 


Fig. 12—30% nickel type 
of magnetic temperature 
compensators (Thermoperm 
Alloy) (Stablein). 
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Fe 3406 


Permanent Ma^et Alloys 

By K. L. Scott* 


Introduction—Thls article was written during a period of great development 
activity in the field of permanent magnet alloys. As a result of this activity, 
there are commercially available two distinct types of materials for making per¬ 
manent magnets; namely, the older and well known types of magnet steel, and 
the new, precipitation hardening alloys. There is a possibility that compressed 
metallic oxide magnets may be added as a third type. 


Theory of Permanent Magnets—In order to understand the relative impor¬ 
tance and usefulness of each type of material, a brief resume of the fundamental 
theory of permanent magnets will be given. In Pig. 1 is shown a typical hysteresis 
loop and magnetization curve for a permanent magnet alloy. The variables are 

4 -7r 

magnetizing force, H, in Gilberts per cm. (-^times ampere turns per cm.) as 

10 

abscissae and magnetic flux density, B. in gauss (so-called “lines of force” per sq.cm.) 
as ordinates. Starting with an unmagnetized specimen, if increasing values of H 
are applied (as by gradually increasing the electric current in a coil of wire wound 
on the specimen) the corresponding values of magnetic flux produced in the speci¬ 
men will be as shown by the normal induction curve. If now the values of H be 
gradually reduced from the highest applied value, 
to zero and then increased in the negative 
direction to a negative Hmax (accomplished by re¬ 
versing the current in the magnetizing winding), 
the value of B will change from a positive Bmi* 
to a negative Bm.x along the left-hand curve of the 
hysteresis loop. If this process be repeated, start¬ 
ing with a negative Hm.x, the right-hand side of 
the hysteresis loop will be traced. If the value of 
magnetizing force be reduced from Hnu to zero (a« 
by opening the circuit of the magnetizing winding) 
the value of B will drop from Bmxx to the inter¬ 
section of the hysteresis loop with the B axis. The 
value of B at the point of intersection is called 
the residual induction, designated Br. If there is 
now applied sufllcient negative magnetizing force 
to reduce the value of B from Br exactly to zero, 



Pig. 1—Typical hysteresis loop of 


the value of negative H required will be as shown pciminent magnet alloy, 
by the intersection of the hysteresis loop with the 
H axis. This particular value of H is called the coercive force, designated H*. The 
descending branch of the hysteresis loop between the points B, and He is most 
important in permanent magnet theory. It is known as the demagnetization curve. 
If the product of the coordinates, B and H, of this curve are plotted against cor¬ 
responding values of B, a new curve is obtained, as shown in Pig. 2. The maximum 
value of the product B x H, designsited (BH) m», as obtained from this curve, is pro¬ 
portional to the maximum amount of magnetic energy which a magnet of the 
given material can support in an air gap, per unit volume of material in the mag¬ 
net. Hence, the most efficient magnet design will be one which works the magnet 
at the flux, density corresponding to the (BH)mM point of the material. 

It is not necessary to plot the curve of B x H against B to determine the value 
of (BH)m«x, or the corresponding value of B. The coordinates of the (BH)m.x 
point are determined to a close approximation by the intersection of the diagonal 
of the rectangle having sides (0 Br) and (0 He) with the demagnetization curve, as 
shown in Fig. 2. 


Since the value of (BHlmas is proportional to the maximum maintainable air 
gap energy per unit volume of a magnet, it constitutes a criterion of the magnetic 
quality of a permanent magnet material. It has been shown empirically that the 
quantity (BH) is proportional to the product Br X He. Hence this product can 
also be used as a criterion of magnetic quality. It has also been shown that the 


*Snglne«r, WMtom BMtrle Co., Chlesgo. 
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coordinates B and H of the (BH) max point are equal, respectively, to approximately 
0.65 Br and 0.65 He. Hence the determination of Br and He for a material serves 
to determine its magnetic quality as a permanent magnet material, and also to 
determine the flux density at which magnets of the given material should be 
designed to work. 

It has been shown also that the flux density of a fully magnetized bar magnet, 
designated Br.m, depends upon the length L and equivalent diameter, D, in the 
manner shown in Fig. 3. This curve holds for all permanent magnet materials, 
but applies strictly only to straight bars. The curve will also apply quite well to 
magnets of other shapes, however, unless the ends of the magnets are quite close 
together, or are brought effectively close together by iron pole pieces. In most 
cases the curve can be used as a check on the measured flux values of formed 
or cast magnets of various shapes when magnetized and tested as bare magnets. 
In these cases the actual flux values obtamed should never be lower than pre¬ 
dicted by the curve. 

Testing of Magnet Materials and Magnets—Most manufacturers and large users 
of permanent magnet steels or alloys test the materials for magnetic quality by 
measuring Br and He. The tests are made in some form of permeameter on 
straight bars of cast or rolled material, after proper heat treatment. Methods and 
equipment for making these tests are described in A.S.T.M. Standard Method of 
Testing A-34-33. 

Most magnet users also make a flux test on the finished magnets. This test 
can be made most accurately with a search coil and a flux meter of the galva¬ 
nometer type. Sufficient accuracy for commercial 
purposes and greater speed are obtained with flux 
meters of the direct current meter type in which 
the test magnet furnishes the field to deflect the 
moving coil of the meter. 

Aging of Magnet Materials and Magnets— 

The magnetic properties of the permanent mag¬ 
net steels are not stable with time. The residual 
induction and coercive force of most magnet 
steels begin to change spontaneously as soon as 
the steels are hardened and continue to change 
for an indefinite time. The rate of change is 
greatest immediately after hardening, and de¬ 
creases rapidly so that in a few days the rate 
is slow. The rate and amount of change differ 
for different kinds of steel and are not uniform for 
any given kind of steel. The direction of the 
change is always for the residual Induction to increase and the coercive force to 
decrease. Because of this instability, it is good practice for a user of magnet steel 
buying under specifications of magnetic properties to allow an aging period to 
elapse between the hardening and testing of test bars. 

Because of their nature, and the kind of heat treatment employed, such aging 
phenomena are known to be much less pronounced in the precipitation hardened 
alloys and may be absent in some of them. An increase of coercive force with 
time has been observed in test bars of iron-nickel-cobalt-aluminum with no change 
in residual induction. 

The state of magnetization of magnetized magnets made of a magnet steel 
is also subject to a peculiar instability. It is observed that magnets magnetized 
immediately or soon after hardening will spontaneously suffer a decrease in flux 
begiiming immediately after magnetizing. The rate of loss of flux is greatest 
Immediately after magnetization, and decreases rapidly with time, so that after 
several days the flux has reached an approximately stable value. If the magnet 
is remagnetized, the same phenomenon is repeated on a smaller scale. The phe¬ 
nomenon, however, is only temporary and disappears with a sufficient lapse of 
time after hardening. 

This phenomenon is not found in the commonly used precipitation hardening 
alloys and is probably of negligible importance in all of them. 

The loss of flux that occurs in magnets due to external demagnetizing influ¬ 
ences is also commonly but improperly referred to as aging. External demagnetiz- 



Pig. 2--Typical demagnetization 
curve of permanent magnet alloy. 
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Ing influences include mechanical shock, adverse magnetic flelds (this includes 
Mtemating current flelds and the flelds of other magnets) and heat. In general, 
Mf a magnet is weakened by any one of the above means, it will not be further 
rweakened by a repetition of the same treatment and wrll suffer only a slight loss 
in flux from the application of any other treatment that would have weakened it 
originally by about the same amount. In the process Inspection of magnets after 
hardening, some users follow the magnetizing operation by a partial demagnetiza¬ 
tion or **aging*’, before testing. The partial demagnetization in the inspection 
process is for the purpose of eliminating magnets that are improperly hardened 
or made of defective material and is not intended as a stabilizing treatment. If 
a stabilizing treatment is required, as for magnets to be used in measuring instru¬ 
ments, they may be stored for a long period of time, subjected to heat as by im¬ 
mersion in boiling water, or merely be partially demagnetized by an a.c. or d.c. 
fleld after flnal magnetization. 

Methods of Magnetizing Magnets-—The problem of magnetizing permanent mag¬ 
nets is becoming increasingly difficult with the advent of materials with coercive 
forces above 200 oersteds. The magnetizing field required fully to magnetize a 
magnet is several times the coercive force of the material, amounting in some cases 
to as much as 1500 ampere turns per centimeter. The magnets made of low coercive 
force steels and most magnets made of cobalt steel can be fully magnetized by 
means of large electromagnets. Precipitation hardened magnets of favorable 
shapes can also be magnetized by the same means, but magnets of intricate shapes 
made of cobalt steel or the precipitation hardening alloys can only be fully mag¬ 
netized by winding heavy wire on each magnet and sending a heavy current 
through the wire by shorting the windmg across 
a suitable source of heavy current. In this case, 

It is advisable to protect the current source and 
the winding by using a fuse in series. The fuse 
wire will melt and open the circuit before damage 
occurs to the current source or the magnet wind¬ 
ing. 

Magnet Sleels—The types of magnet steel 
produced commercially in the United States are 
classified by their manufacturers as follows: 

Carbon-manganese, chromium, chromium-molyb¬ 
denum, tungsten, and various grades of cobalt steel 
including cobalt-chromium and cobalt-tungsten. 

The chromium steels are made in grades ranging 
from nominal 1% chromium to 6% chromium, the 
tungsten steel ranges from 5-6% tungsten, and the 
cobalt steels contain from 3-36% cobalt with 
chromium from 2-10% and tungsten from 1-10%, and a fraction of 1% molybdenum 
in some cases. In some instances, the tungsten steels contain sufficient chromium 
to make them oil hardening. Otherwise, the tungsten steels, the 2% chromium 
steel, and the carbon manganese steels are water hardening and all the rest are 
oil hardening. It is noteworthy that the 1% chromium steel has the best magnetic 
properties when quenched in oil; but that water, some water solution, or a light 
oil are universally recommended for the 2% chromium steel. Data concerning the 
various types of magnet steel are shown in Table I. Only those types reported 
by various American manufacturers are included, and the data are summarized 
from information furnished by the manufacturers. 

Manufacture of Magnet Steel—In general, the methods of melting, rolling, and 
fabricating magnet steels are similar to those used for tool steels of similar com¬ 
position. Exceptions arise from the fact that mechanical properties are of sec¬ 
ondary Importance and practices which would be harmful to the magnetic prop¬ 
erties must be avoided as much as possible.. In particular, this means that the 
thermal history of the steel should be as brief as can be. Rolling or forging should 
be accomplished with a minimum amount of reheating and overheating should 
be avoided. Annealing should not be resorted to unless necessary for machining 
operations and the anneal should be as light as is consistent with machinability. 
Forming temperatures should be just high enough for proper working of the steel. 
It is rarely feasible to restore the magnetic properties of magnet steel which have 
been damaged by too prolonged heating or overheating. 



Aj/W 
D yBp 


Pig. 3—Relation between mag¬ 
netic properties and dimensions of 
straight bar magnets." 
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Melting: and Rolling—Magnet steels are quite universally melted in electric 
furnaces, either arc or induction. One exception lies in the use of open hearth 
furnaces for melting carbon-manganese steel and the chromium steels of lower 
chromium content where larger tonnages are involved. In some cases ingots are 
cooled in lime, dry sand, or other material before rolling; but where possible it is 
preferable to break them down without cooling. This is done either by forging 
or rolling. Surface defects are generally removed by grinding. The rolling tem¬ 
peratures at start range from 1800-2100°F. and the finishing temperatures from 1300- 
1700®P., depending upon the critical temperature of the steel. 

Hot Forming—In most cases, the shapes of permanent magnets are such as to 
require hot forming. This may be done satisfactorily at temperatures between 
1400®P. and 1800“P. Higher temperatures are detrimental to the quality of the 
steel. A medium temperature is preferable and the heating and forming should 
be done as quickly as possible. Magnets are generally air cooled after forming. 
In some cases, magnets are hardened by quenching immediately following the 
forming operation, thus eliminating one heating operation. This practice requires 
better than ordinary control of the forming temperature. 

Annealing—Too much emphasis cannot be laid upon the desirability of design¬ 
ing magnets so that they do not require annealing for machining operations. 
Where this is unavoidable, as light an anneal as possible should be used. Annealing 
always damages the magnetic properties of a magnet steel. Grades of steel which 
are air hardening must be annealed by the fabricator after the hot forming opera¬ 
tion if machining is to be done on the formed magnets. Otherwise, annealing may 
be done at the mill if forming is not required or if the machining may be done 
before forming. Magnet steel should be heated to the annealing temperature 
quickly, held at temperature only long enough to be heated through and cooled 
Just slowly enough in the furnace to avoid air hardening. In all cases, cooling 
from 1000®P. to room temperature may be done in the open air, since no air hard¬ 
ening will take place below 1000°P. 

Hardening—The recommended hardening temperatures are specified in Table I. 
The optimum hardening temperature is that which gives the highest value of 
the product Br x He, except that some magnets are not designed for maximum 
efficiency and require higher values of Br or He than are associated with the maxi¬ 
mum value of the product Br X He. High values of Br are best for long or slender 
magnets and high values of He for short thick magnets. Oil quenching results in 
higher values of He and lower values of Br than water quenching. The latter 
results in a much greater amount of warping, cracking, and breakage. For this 
reason oil quenching steels are gradually replacing water quenching steels for most 
applications. Magnets should not be held at the hardening temperature longer 
than is necessary to heat them through. 

Grinding—Great care must be exercised in grinding hardened magnets to avoid 
the production of grinding cracks which sometimes develop hours after the grind¬ 
ing operation. Wet grinding and light cuts are the best safeguard against grind¬ 
ing cracks. 

Cast Magnets—Magnets of intricate shapes, chiefly made of cobalt steel, are 
frequently produced by casting. The properties of cast cobalt steel do not differ 
greatly from those of forged or rolled steel, although the coercive force is usually 
higher and the residual induction lower. The same annealing and hardening prac¬ 
tices are recommended. The cast material is generally more brittle than the forged. 

Miscellaneous—Reliable correlation of microstructure with magnetic properties 
has not been accomplished. In general, a fine, silky fracture is associated with 
good material. Decarburization should of course be avoided. Heating above 212®P. 
after hardening is detrimental to the magnetic properties. Actual damage begins 
to take place at from 300-400°P. Defective magnets may frequently be reclaimed 
by rehardening. There is, in general, no particular way of immersing magnets 
quenched in water which will minimize warpage or breakage. Tongs used in quench¬ 
ing magnets which must be formed to size just before the quench should be as 
light as possible to avoid cooling the magnets too much by contact with cold metal 
before the quench. 

Precipitation Hardening Magnet Alloys—The range of possibilities for the de¬ 
sign of permanent magnets has been greatly extended by the introduction of sub¬ 
stantially carbon-free alloys of the precipitation hardening type. The magnetic 
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properties of any of the permanent magnet steels can be substantially duplicated 
by some of the possible carbon-free alloys and, in addition, materials having coercive 
forces greatly in excess of any of the magnet steels are commercially available, with 
still others in process of development. The alloys appearing to have the greatest 
commercial possibilities at the present time are an alley of iron, cobalt, and molyb¬ 
denum; and an alloy of iron, nickel, and aluminum; or iron, nickel, cobalt, and 
aluminum. The former has the advantage of slightly higher coercive force and 
residual induction than 36% cobalt steel, greater machinability, slightly lower 
density and lower cost. It has the disadvantage of greater brittleness. The latter 
alloys have coercive forces from 2-3 times those of 36% cobalt steel and residual 
Inductions from %-% those of 36% cobalt steel. They have still lower density and 
cost, but they have the disadvantage of being neither forgeable nor machinable. 
Their use is therefore confined to magnet designs which can advantageously be cast. 

The above alloys may, under proper conditions, be made to produce good 
magnets in the cast condition without further heat treatment, but in general, a 
high temperature solution heat treatment terminated, in some instances, by an oil 
quench, but generally by a rapid cool in an air blast and followed by a precipitation 
heat treatment is required for best and most uniform magnetic quality. The iron- 
cobalt-molybdenum alloy is machinable before and after the solution heat treatment, 
but not after the precipitation heat treatment. 

It is possible to make magnets by the process of compressing and sintering the 
powders of the constituent metals. This process may also be applied to the pro¬ 
duction of magnets from the oxides of the constituent metals. The metallic oxide 
magnets have the peculiar property of being greatly improved by being magne¬ 
tized at an elevated temperature. The improvement persists for subsequent remag¬ 
netizations at room temperature. 

Properties of some of the carbon-free magnet alloys are given in Table n. 
Other alloys which have been reported include an iron-platinum alloy with coercive 
force of 1800 oersteds and a residual induction of 4000 gauss, an alloy of neodymium 
with iron having a coercive force of 4300 oersteds and a silver-iron alloy with a 
coercive force of 5000 oersteds. In these cases the residual induction is so low as 
to practically preclude the possibility of commercial usefulness. 

Table I 

Commercial Types of Magnet Steels 


'—Nominal®—. 

Magnetic Hard- 

Type Properties enlng Quench- 


of 

steel 

C 

Mn 

Nominal Composition®, 
Cr W 

% - 

Co 

Mo 

Br 

gauss 

He Temp, 
oersteds •?. 

tng 

Medium 

Manu¬ 

facturer 

C-Mn 

0.60 

0.80 





10.000 

43 

1450 

Water 

1 

Or 

0.60 

0.40 

0 90 




10.000 

50 

1450 

Oil 

1.2 


0.90 

0 35 

2.25 




9.000 

58 

1500 

Water, Oil 

1. 2, 3, 4 


0.95 

0.2(M).< 

10 3.00-4 00 




9,500 

63 

1525 

on 

l,2,3.4,5t6 


100 

0 35 

6 00 




9.000 

72 

1550 

on 

1, 3, 4, 6 

Cr-Mo 

1.00 

0.35 

4.00 



0.35 

9,000 

65 

1550 

on 

1.4 

W 

0.70 

0 30 

0 20 

5.50 



10,000 

65 

1550 

Water 

1,2,3,4,5,6 

W-Cr 

0.70 

0 50 

0 50 

6.00 


.... 

9,000 

70 

1525 

on 

1. 3.6 

Oo 

0.90 

0 35 

4 75 

1.25 

i'50 


7,500 

120 

1650 

Oil 

3 


0.90 

0.30-0 85 3.50-5.75 

3.75-7.00 35.00-41.00 


9.700 

235 

1700 

Oil 

2, 3, 4, 6 

Co-Cr 

0 95 

0 30 

9.00 


16 00 

iio 

8.000 

180 

b 

Air 

3, 6 

Co-W 

0.85 

0.50 

2.00-5.00 

8.76 

17.00 

.... 

9,000 

165 

1750 

on 

2.3, 4. 6 


•Slllcon limit usually 0.30 max., phosphorus and sulphur 0.03 max., nickel 0 50 max. 
*»Triple heat treatment, 2100®?. cool in air, 1150®P. cool in air, 1850«P. cool in air. 
•Values for previously annealed materials usually 5-10% lower in He. 

The above information is a composite from the following manufacturers: 

1. Universal Steel Co. 

2. Bethlehem Steel Co. 

3. Halcomb Steel Co. 

4. Carpenter Steel Co. 

0. Ludlum Steel Co. 

0. Slmonds Saw and Steel Co. 

Special compositions are also made to order but do not warrant listing in the table. 











PERMANENT MAGNET ALLOYS 


508 


Table n 

Precipitation Hardening^ Magnet Alloys* 


-Nominal Magneti&-> 


Tirpe of Alloy 

Ni 

A1 

-^Per Cent-- 

Co Tl 

Mo 

Pe 

Br 

gauss 

H« 

oersteds 

Fe-Nl-Al 

24 30 

9-13 



Bal. 

7.000 5.000 

400. 600 

Pe-Ni-Al-Co 

24-30 

9-13 

5^10 


Bal. 

10.500-7.500 

130- 660 

Fe-Ni-Co-Tl 

10-25 

.... 

15-30 8-25 


Bal. 

7.600-6 300 

78(^ 920 

Fe-Co-Mo 

.... 

.... 

12 

le 

72 

12,000-8.500 

50- 300 

Oxide 


Iron 

oxide, cobalt oxide 



4,000 

300-1,000 


The data so far reported on these materials vary rather widely both as to composition and 
properties. Standardization into a few recognized and useful tsn^es for commercial applications has 
not yet been accomplished and probably will not be until considerably more exploratory work has 
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The Creep of Metals and Alloys 

By J. J. Kanter* 

Definition of Creep—Creep is a continuing change in the deformation or de¬ 
flection of a stressed member. With regard to metals and alloys, creep is generally 
associated with a time rate of deformation continuing under stress intensities well 
within the yield point, the proportional limit, or the apparent elastic limit for the 
temperature in question. The creep may be an effect of consequential magnitude 
at normal temperatures as well as at elevated temperatures, depending upon the 
material under consideration or the degree to which freedom from continuing 
deformation is sought. 

Value of Creep—The first creep of metals studies of industrial importance were 
published by Dickenson* in 1922 on various steels and alloy structural members 
subjected to high temperatmes in furnaces. His experiments served to demonstrate 
that commercial metallic materials, when used at elevated temperatures, underwent 
a steady rate of deformation under stresses well within the values allowed by good 
design practice and ^'safety factors” at that time. The creep of metals had been 
considered from the academic approach as early as 1910^ and again^ in 1919. 

As the temperatures of industrial processes steadily advanced and it was 
realized that troublesome deformations and even failures of equipment were being 
experienced at supposedly safe design stresses, critical inquiry into the behavior of 
metals at elevated temperatures was initiated. In 1924, realizing the industrial im¬ 
portance of these problems, the A.S.MJ3. and the A.S.T.M. established a standing 
research committee for studying the effects of temperature upon metals which 
has sponsored two symposia,** * numerous reports, and technical papers. 

At first, it was felt that practical stresses, below which creep either did not take 
place or was of inconsequential magnitude, could be determined for the various 
materials at elevated temperatures. Creep investigations made from this point 
of view were published by Lea* in 1927 and French’ in 1926 which purported to show 
that proportional limits determined with sufficient delicacy might be regarded as 
“creep limits.” Investigations published in 1928 by Kanter and Spring.® in which 
refinements of creep meas¬ 
urements had been made, 
showed that considerable 
rates of creep could be meas¬ 
ured at stresses well below 
the lowest proportional lim¬ 
its determinable by the most 
delicate means available. At 
the higher temperatures, an 
increasing disparity between 
short time tensile test values 
and usable creep stress val¬ 
ues was demonstrated, as il¬ 
lustrated in Fig. 1 by data 
for annealed cast carbon 
steel.® It is now a commonly 
accepted fact that short time 
tensile test stress values are 
unreliable design criteria' for 
elevated temperatiure use and 
that values determined by 
actual long time creep test¬ 
ing are to be preferred. Although working stresses based upon tensile strength 
“safety factors” are still authoritatively used as bases of design stress for the 
temperatures up to which creep is of inconsequential magnitude, the accepted basis 
of design for the higher temperatures is the selection of creep stress values. A 
summary of the status of creep studies in 1937 is to be found in the proceedings 
of the International Association for Testing Materials.® 

Character of Creep—^The bulk of available information on the character of creep 
has been gained from observations upon bars under constant tensile load and at 
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Pig. 1—Annealed cast carbon steel. 
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constant temperature. Extensive studies have been made of the interrelation be¬ 
tween creep strain, stress, and temperature by testing series of specimens under 
various combinations of load and temperature. A creep test is generally conducted 
for sujOacient time to establish the character of the creep strain versus time curve 
at the particular constant load and temperature in question. Such a test, to be of 
significance, may require anywhere from a few days to several years. Tests of 
less than one thousand hours duration are not generally regarded as of much 
significance in reliably establishing creep rates. 



Total Time, Houns 


Fig. 2—Typical tensile creep curves obtained under dijGTerent 
loadings for two alloy steels. 


. In Fig. 2 are illustrated 
two typical tensile creep 
curves based upon results 
actually obtained under dif¬ 
ferent loadings on two dif¬ 
ferent alloy steels at high 
temperature. The strain des¬ 
ignated as “total creep*’ is 
the net plastic deformation 
accumulated over and above 
the elastic strain immediately 
incident to the application of 
load. The initial creep upon 
a specimen not previously 
strained is invariably rapid, 
but as the straining pro¬ 
gresses, the rate of creep de¬ 
celerates until after an ap¬ 
preciable period a constant 
rate is approximated. This 
initial straining at a decreas¬ 
ing rate is frequently desig¬ 
nated as the first stage of 


creep. 

The second stage of creep is that strain occurring either at a constant rate or 
in asymptotic approach to a constant rate. The design of stressed members is 
generally based upon the rate of second stage creep strain. The useful life of a 
structure is for some purposes adjudged to be the time elapsed before the termina¬ 
tion of the second stage. In Fig. 2 the upper curve shows second stage commencing 
at slightly less than 2,000 hours at a total creep of about one per cent and terminat¬ 
ing slightly beyond 3,000 hours at a total creep of about 1.4%, where the rate of 
straining commences to increase. The lower curve shows no increase of rate up to 
6,000 hours and tests are available in which the creep of metal specimens has con¬ 
tinued in the second stage for several times this period. During the second stage of 
tensile creep the cross sectional area of the specimen remains sensibly unaltered, and 
thus the constant load creep rate is usually reported for practical purposes as a 
constant stress creep rate. 


The third stage of creep is marked by an accelerating creep rate, leading to 
fracture. Although stress intensification and “necking" of the section contribute 
in the promotion of third stage creep, studies upon numerous materials have tended 
to show that this stage is generally reached at deformations much smaller than those 
sufficient to produce rapid creep to fracture through stress intensification only. 
Such evidence is held to be indicative of marked structural changes which strain, 
time, and temperature produce in metals and alloys. 

Numerous mathematical discussions of the shapes of creep curves have appeared; 
noteworthy among these are papers by McVetty*® and Weaver.” 


Creep Stress—The practical aim of creep testing is generally the determination 
of stress intensities, at temperatures of interest, upon application of which the 
amount of deformation occurring is limited to tolerance values over a period of time 
comparable to the anticipated working life of the member to be designed. Creep 
stresses, as so defined, are generally based upon the rate of creep measured in 
the second stage and are justified as design values upon the assumption that de¬ 
formation during the useful life of the equipment is largely confined to this 
approximately uniform rate of creep. For some materials and purposes of appli¬ 
cation the deformation accumulating in the first stage must be taken into account. 
Constant rate creep stress then becomes inapplicable and other creep stress values 
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based upon the total deformation for the life period are desired. The bulk of 
available creep stress data, however, has been determined in terms of either the 
constant creep rate or tangents to the time deformation curve determined for some 
arbitrarily chosen time of test. An example of creep stress data for steel at elevated 
temperature is shown in Fig. 1, wherein a comparison with short time tensile 
strength, proportional limit, and yield point values is drawn. 

Creep Testing Methods and Apparatus—The modifications of apparatus used in 
obtaining information upon metals vary widely in form and purpose. Although most 
study has been given creep under constant tensile load and temperature, numerous 
arrangements of apparatus have been devised for measurements in torsion, trans¬ 
verse bending, internal pressure, relaxation, variable loading, and variable tempera- 
tiu'e. Ample descriptions of the equipment used for tensile creep testing up to 1931 
are given by Tapsell.** Since the publication of the Tapsell book, there have appeared 
a number of papers describing advances in tensile creep testing technique such as 
given in references 13, 14, 15, 16, 17. 18, 9, 19. 

The A.S.T.M. has tentatively set up a creep testing code" for the guidance of 
investigators se#»king to evaluate the tensile creep characteristics of metals. No 
attempt has been made in the code to prescribe a definite method of procedure or to 
specify apparatus, but rather to point out some of the possibilities, limitations, and 
pitfalls of creep testing. It is recognized that creep investigation is still largely a 
subject for metallurgical research and no hard and fast code rules can be set up 
which might not prove detrimental to the best interests of progressive research. 
Ihdeed, a newly proposed revision of the A.S.T.M. tentative method'* attempts to 
cover only such fundamental considerations as the amount of extension, the effect 
of temperature, the tensile stress, and the time. It is annotated in this new 
A.S.TJM. method that since the characteristics which render a material resistant to 
extension under the condition of test are not yet completely known, the only details 
of the procedure considered are those known to be important influences, and since 
others equally important may in the future be discovered, the recommended details 
of the method are largely advisory in nature. 

Considerable latitude of practice among various investigators is found with 
regard to the choice of test specimens. The gage lengths in use generally vary 
from 2-20 in., while diameters vary from 0.252 to 0.505 in. Longer gage lengths are 
preferred for delicacy of measurement where minute creep rates are of interest. 
For metallurgical comparison purposes where the order of creep resistance is of pri¬ 
mary concern, the 2 in. gage length is usually employed, as not only is the problem 
of specimen procurement simplified, but also easier test bar furnace and measure¬ 
ment technique may be employed. The 0.505 in. dia. specimen is generally preferred 
to the 0.252 in. because errors incurred due to scaling and consequent effect on cross 
section constitute less of an error. 

Determination of the temperature of the specimen during the test is recognized 
by the A.S.T.M. code as the most Important single measurement in connection with 
creep testing, because small variations in temperature may produce large changes in 
creep rate. Care must be taken to insure accurate temperature measurement over 
the gage length of the specimen throughout the test. Reliable temperature measure¬ 
ments must be made at sufficiently frequent Intervals to Insure an accurate determi¬ 
nation of the average test temperature. 

It should be here noted that a great part of the creep data to be found at 
present in the literature was obtained under conditions of test not acceptable under 
the proposed code. A confusion of creep values is to be found for certain com¬ 
positions of steel. While much of the discrepancy is traceable to differences of 
heat treatment and other manufacturing variables, a goodly part of the disagree¬ 
ment must be attributed to lack of standardized technique and careful control of 
testing temperature. 

Extension measurements are made through a number of devices, such as 
microscopes focussed on targets within the furnace or extension arms extending 
beyond the furnace actuating either optical levers or micrometer dial gages. Where 
total extensions are limited to the same order of magnitude as elastic extensions, it 
is important to have the elastic portion of the total extension accurately known. 

The proposed revised A.S.T.M. code for creep testing, recognizing that much 
information pertinent to the intelligent evaluation of creep Information has been 
lost through inadequate descriptions of materials used, recommends that essential 
information for identification of the materials tested be collected on a form which 
provides not only a most complete description of the material as to form, composi- 
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tion, and physical properties, but all manner of grain size information, manufactur¬ 
ing data, and auxiliary test information. The code also adopts a tabular arrange¬ 
ment for the reporting of the characteristics of the equipment used, intended to 
reflect the essential qualities of the measurements obtained. 

Reliability of Creep Data—Considerable difiQculty has been encountered by engi¬ 
neers seeking to use creep data, such difficulty being occasioned frequently by widely 
varying creep stress values for a given grade of material issuing from different 
authoritative sources. There has come about some reluctance on the part of 
creep investigators to attempt predictions of service behavior beyond the period 
of actual test until more knowledge is gained on how to measure reproducibly actual 
creep rates among the various laboratories. 

Inconsistencies in creep data and testing are gradually being mastered, however, 
through cooperative efforte of various investigators and the Joint Research Com¬ 
mittee (A.S.M.E.-A.S.T.M.) on Effect of Temperature on the Properties of Metals. 
A number of research projects are being carried forward through the donation of 
funds and work by Industry and are directed toward systematically determining some 
of the perplexing difficulties encountered in the application of creep information. 



Pig. 3—Time elongation curves for a 0.35% carbon steel at 850”P. under stress of 7,600 psl. 
The curve numbers indicate the different laboratories. 


A recent report” of this committee bears much of the fruit which has come of Its 
efforts. In this report, an appendix prepared by C. L. Clark covers a series of creep 
tests on annealed 0.35% carbon steel at 850®P. under a stress of 7,500 psi. The bar 
steel used In the tests was prepared by one of the co-operating manufacturers with 
extreme precaution to insure uniformity of properties from test bar to test bar. 
Samples were distributed among various co-operating laboratories for test at 850®P. 
and 7,500 psi. stress. Laboratories reporting curves for this uniform material, meas¬ 
ured in strict accordance with the provision of the Tentative A.S.T.M. Creep Test 
Method E22-35T were in excellent agreement as attested by the chart reproduced in 
Fig. 3. The steel used in this work, it is stated, was of at least as high a degree 
of uniformity as is possible to secure commercially under the present knowledge of 
melting practice, and the results obtained from the tests at 850®P. are in goOd agree¬ 
ment when the comparisons are based on creep strength. The conclusion is drawn 
from these results, however, that the creep rate and deformation characteristics 
are too sensitive an index of strength to permit exact duplication either in different 
laboratories or in duplicate tests in the saxhe laboratory. 

Factors in the Materials Tested Which May Influence Creep^In a carefully 
prepared preamble to the Joint A.S.M.E.-A.S.T.M. Committee’s compilation** are 
summarized the factors which experience indicates must be considered as having a 
possible influence on the high temperature creep characteristics of steels. The fac¬ 
tors so treated include melting process and practice, heat treatment, chemical com¬ 
position, grain size, duration of test, number of tests, and various other influences. 
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In an appendix to the Joint Committee report,” studies on the effects of manu¬ 
facturing variables on the creep resistance of steels by H. C. Cross and J. G. 
Lowther emphatically demonstrate the effects which variation in austenite grain 
size may have upon creep rate. The results for the same 0.35% carbon steel for 
which creep curves are shown in Pig. 3 are summarized in Pig. 4, the spread between 
the rates designated for “coarse grain” and “fine grain” representing the decrease 
In creep rate of a steel effected through grain coarsening treatments. Similar con¬ 
clusions were reached by Weaver" with regard to the effect of what he describes as 
carbide grain size on the creep resistance of steels conforming to the S.AE. 4330 at 
840®P. General conclusions as to the effect of grain and carbide coarsening treat¬ 
ments whether affected by heat treatment through transformations or by recrystalli¬ 
zation after cold working were reached by Kanter and Spring in 1928.® ** The 
profound effect which microstructure may have upon creep resistance is marked 
In studies upon alloy bolting steels where two heat treated structures of the same 
bar showing similar short time tensile test values may show widely variant creep 
strengths. In creep stress comparisons at 1000®P. the fine structure resulting from 
an oil quench and temper will sustain only one-quarter of the load permissible for 
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Fig. 4—Same 0.35% carbon steel as Fig. 3 with creep curves summarized. 

the coarse structure obtained by a normalize and temper. A noteworthy study of 
the effect of heat treatment is to be found in a paper by Miller, Campbell, Aborn, 
and Wright.” 

Source of Creep Data—The Joint A.S.M.E.-A.S.T.M. Research Committee on 
Effect of Temperature on the Properties of Metals undertook comprehensive com¬ 
pilation of creep data*^ from as many sources as could be reached. All laboratories 
known to be engaged in creep work, both in the United States and Europe, were 
canvassed for contributions to this compilation. The data were requested to be 
submitted to the committee compiled upon the A.S.T.M. creep test report form as 
adopted in the proposed revised code. Hitherto unpublished data were obtained 
for the compilation in this canvass. Additional valuable information was gained 
to supplement other data available in earlier literature. All information was critically 
co-ordinated with published data and assembled under the sponsorship of the Com¬ 
mittee at the University of Michigan under the directorship of C. L. Clark. This 
book, over 900 pages in content, presents 430 sheets of test data, 270 graphs, and 
73 tables covering wrought and cast carbon and alloy steels, including stainless steels 
and cast iron and nonferrous metals. (See also review by W. A. Baker.”) All creep 
rate stress data are summarized upon log-log charts. Creep stress versus temperature 
charts showing comparison upon the basis of both composition and treatments 
are made for each class of material where data made available at the time of com¬ 
pilation permitted. This compilation has been published in its entirety by the 
A.S.TJiI. and the A.S.M.E. A comprehensive tabulation of creep stress data is also 
to be found in a paper by Chadwick.” Other sources of data are listed in the 
appended references. 
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Acceptability Tests for High Teinperature>-Since it is impracticable to make a 
long time creep test on each heat of steel or heat treatment charge intended for 
service at high temperatures, considerable thought and study is being given to the 
development of some method of test which will assure that a particular lot of a 
given material has creep properties consistent with those dictated by the design 
requirement to which the material is being applied. The requirements for such 
a test are that it can be performed within 24 hr., that it will detect oif-color 
heats of material and that the conditions of test, reproducibility of results, and cor¬ 
relation with creep data are such that mutual agreenlent can be reached between 
manufacturer and purchaser. A number of papers on the subject of the develop¬ 
ment of such tests have appeared by C. L. Clark, A. E. White, and others. An 
appendix of the Joint A.S.M.E.-A.S.T.M. Committee Report” summarizes the results 
of rapid time-to-fracture tests in comparison with long time creep tests on 
several steels. At this writing it is premature to draw conclusions on the general 
usefulness of such tests for specification purposes. The results are encouraging, 
however, and it probably will only be a matter of time until enough experience 
will be gained for various grades of materials to interpret 
brief time-to-rupture tests in the light of long time behavior. 
Noteworthy efforts to develop short “time-yield’* stresses for 
acceptance purposes have been made by Hatfield” and some 
of the German investigators.” 

An interesting diagrammatic presentation of short rup¬ 
ture test results in contrast to regular creep test results is 
given in Fig. 5, as prepared by E. L. Robinson from results 
on annealed S.A.E. 1015 electric furnace steel tested at 
1000® F., published by Clark and White. The choice of work¬ 
ing stresses for high temperature service is frequently based 
on a certain fraction of the short time tensile strength at 

moderate temperatures and on 
a discounted value of the nom¬ 
inal creep strength at high 
temperatures. It has been 
pointed out by Clark and 
White that short time “life 
tests,” in which several speci¬ 
mens are subjected to a series 
of loadings determining time- 
to-rupture, may be extrapo¬ 
lated on log-log plots to 
estimate the 100,000 hr. rup¬ 
ture stress. Such tests as 
pointed out by Robinson do 
not usually show a stress for rupture less than would be chosen on a creep test basis 
unless a high creep rate is allowed. However, for the longer time intervals, the 
rupture strength gets to be considerably less than might be anticipated by some of 
the rules for selecting design stresses. The “life test” or “time-to-rupture” test can 
throw a good deal of light on the boundary region between strength tests and creep 
tests. Such tests make possible the determination, in certain instances, of which is 
the more important consideration, the possibility of rupture or excessive distortion. 
Since life tests and creep tests are distinctly different in character, representing 
quite different considerations, it is important to distinguish clearly the significance 
and value of each type of test. There appear but few cases, unfortunately, in which 
extended life tests have been carried out to deformations leading to rupture as were 
the tests depicted in Fig. 6. 
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Pig. 5—Short rupture time test results in contrast to regu¬ 
lar creep test. Annealed S.A.E. 1015 electric furnace steel, 
tested at 1000 “P. 


Utilization of Creep Data—Space does not permit a digest of the mathematical 
and engineering theories and experiments bearing on the application of creep data. 
A rather extensive literature on this phase of the subject is to be found. A paper 
by Kanter,” prepared as a digest of the uses of creep results, contains numerous 
references to the work published up to 1936. Since 1936 a number of new papers 
on the applied mechanics of creep have appeared, some of which may be found in 
the Transactions of the A.S.M.E. such as papers by O. R. Soderberg, A. Nadai, 
J. Marin, and others dealing with applications of creep to compound stress systems, 
transverse bending, pressure tubes, flanges, relaxations of bolts, and various other 
special problems. 
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Allowable Working Stresses Based on Creep Data—The Boiler Code Committee 
of the A.S.MJ:. proposes to revise allowable working stresses for ferrous materials 
used at elevated temperatures in accordance with the best available creep data. The 
creep data compilations of the Joint A.S.M.E-A.S.TM. Research Committee on 
Effect of Temperature on the Properties of Metals are used for this purpose. 
Allowable working stresses applying to steels at elevated temperature have been 
tentatively proposed*® for inclusion in the A.SME. Power Boiler Code. A diagram 
giving these working stresses at various temperatures is reproduced in Pig. 6 in 
which the steels are identified by their A.SM.E. and A.S.TM. specification numbers. 
The solid lines represent the various grades of carbon steel, with the exception of 
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giving working stresses for steels according to the A.SM.E. and A.S.T.M. 


A203-37T, which is 2%% nickel steel. The dotted lines represent various grades 
of c^arbon-molybdenum steel. The same allowable stress for any grade of carbon 
steel applies to all temperatures from 650°P. to -10°P. and is based upon one-fifth 
of the nominal tensile strength for forged and rolled material and one-seventh of 
the nominal tensile strength for cast materials. In the case of carbon-molybdenum 

steel grades these same rules apply to the temperature range 800°P. to _10®P 

Above these temperatures (650®P. and SOO^P.) the curves are based, conservatively 
upon creep stresses and the best experience. It will be noted that all the curves 
converge toward four common lines at the higher temperatures. The lower group 
of solid lines and the lower dotted line represent cast grades. These cast grades 
are rated more conservatively than corresponding forged or rolled compositions, 
but actually possess creep resistance equal to or greater than the wrought com¬ 
positions. Allowable working stress ratings for elevated temperatures upon addi¬ 
tional alloys, as well as extensions upon the proposals shown, are contemplated 
by the A.S.M.E. Boiler Code Committee after sufficient study of the creep data 
compilations has been made. ^ 
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Mass Influence in Heat Treatment 


By E. J. Janitzky* 


With an increase in the mass of steel of the same shape and composition, there 
is a corresponding change of physical properties when such pieces are quenched 
under identical conditions.^ For example, if a series of round bars of different 
diameters of S.A.E. 1045 steel are quenched from the same temperature by the 
same procedure into the same quenching medium, the physical properties of 
the quenched bars will vary in a regular manner dependent on the diameters of 
the rounds. This difference will also be evident, although different in value, 
after the usual tempering operation. This difference in physical properties is 
due to the rate of decomposition of austenite, which has been shown by Bain* 
to be very slow at the beginning of the transformation (100% austenite), in¬ 
creasing to a maximum at about 50% transformation and again becoming slow 
as the reaction nears completion (Fig. 1). Alloys such as nickel*, chromium*, and 
manganese* increase the hardenability in the same size and shape of piece, that is, 
makes the steel deep hardening, and they effect the rate of decomposition of 
austenite. 


The hardenability as measured by a hardness test depends not only on the 
diameter of the section which is heat treated but also on the depth within the piece 
at which the hardness is measured if the section is large enough so that it has 
not hardened completely, that is, to the center. This would also be true of physical 
properties such as tensile strength, yield point, elongation and reduction of area 
if they were to be determined at different depths within the piece. Characteristic 
hardenability curves* are shown in Fig. 2 in which the Rockwell “C” hardness of 
water quenched rounds of various diameters are plotted against diameter of the 
section. Fig. 2 shows a plain carbon steel, S.A.E. 1045, at the left, and a deep 
hardening alloy steel, S.AJE. 6140 at the right. In Vz in. round the S.A.E. 6140 
has hardened completely and in 1 in. round nearly so. In Vz and 1 in. rounds of 

S.A.E. 1045 about the same surface 
hardness was obtained as in the 
S.A.E. 6140 but the hardness falls 
away much more rapidly towards 
the center of the piece. Even in 
Vz in. round the S.A.E. 1045 has not 
hardened completely. In sections 
2 in. and larger in diameter, the 
surface hardness as well as the hard¬ 
ness in the interior of the piece is 
less in S.A.E. 1045 steel than in 
S.A.E. 6140. In sizes which harden 
completely there is little change in 
hardenability with size. As soon as 
a size is reached which fails to 
harden completely the difference be¬ 
tween the surface and center hard¬ 
ness first increases as the size of the 
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Fig. 1—^Direct comparison of reaction time in a 
nickel and a manganese steel. Both steels contained 
about 0.55% carbon and 3.8% alloy. (Bain.^) 


section is increased and, after reaching a maximum, decreases again as the mass 
becomes so great that the steel is practically inert to heat treatment. 

* Tensile strength and elastic limit will decrease with increase in the diameter 
of the section while elongation and reduction of area will increase. In bars smaller 
in diameter than one which will just harden completely, there is relatively little 
change in physical properties with size in commercial quenching operations. In 
the sizes which fall somewhat short of complete hardening, the change in physical 
properties with size is relatively rapid but diminishes as the size is increased until 
the mass becomes so great that the steel is practically inert to heat treatment. 
Alloying with chromium, nickel, or manganese counteracts this inertness while 
combinations of chromium, nickel, or manganese with vanadium, molybdenum, or 
tungsten may or may not have deep hardening potentialities, depending on the 
composition, grain size and heating temperature. 

Suppose that a series of rounds of S.A.E. 1045 and a similar series of rounds 
of an alloy steel, such as SJV.Jl. 2340, have been quenched under identical conditions. 


• *Ck>n8ultlng Metallurgical Engineer, Oamegie-niinols Steel Co., Chicago. 
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Fig. 2—Hardenabillty curves In which the Rockwell hard- 
ness is plotted against the diameter of the sections. (Gross- 
man.*) 
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Fig. 3~Relatlonship between tensile strength and diameter 
of sections for several steels. 
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A series of physical properties changing with Increasing size will be obtained for 
each steel. However the physical properties of the S.A.E. 2340 series will be differ¬ 
ent in value for identical diameter than in the S.A.E. 1045 series due to the presence 
of nickel in the S.A.E. 2340 steel. Similar effect will be obtained by the use of 
any of the alloys mentioned above although the value of the change in harden- 
ability will depend on the alloying element and its percentage in the steel together 
with the carbon content of the steel. These alloys affect not only the hardenability 
in quenching but also cause the steel to resist tempering more than do plain carbon 
steels. 

The relationship between tensile strength and diameter of section for S.AJE!. 
1045 and several common alloy steels is shown in Fig. 3. These steels were normal- 
ised» then quenched from appropriate temperatures into oil or water as Indicated 
and tempered at 1000®P. The oil quenched specimens are underscored in Pig. 3. 
Tlie tensile tests were taken from midway between center and surface of the 
quenched and tempered rounds except for the 1 in. rounds in which the tests were 
taken from the center. It is evident that the decrement in tensile strength in each 
steel bears a regular relationship to the increase in diameter of the section. The 
following relationship was observed: As the diameter of the section increases in 
arithmetic progression, the tensile strength decreases in hyperbolic order according 
to the following equation: 

n 



In which Pi s= the tensile strength corresponding to the diameter di and 
Pa = the tensile strength corresponding to the diameter da. 
n s exponent (different for each curve). 
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The Marked Similarity in Tensile Properties of Several 
Heat Treated S.A.E. Steels 

By E. J. Janitzky* and M. Baeyertzt 


The effect of increasing tempering temperature on the tensile property of heat 
treated S.AJ5. structural steels is usually represented by a series of charts, each 
chart applying to one carbon content within one S^PI. type. With the growth of 
our knowledge of the tensile properties of plain carbon and alloy steels, however, 
it has become evident that the tensile properties of one might almost be substituted 
for those of another provided that the appropriate heat treatment for each has been 
applied. This has seemed to Justify the following attempt to assemble these numer¬ 
ous tensile property charts into a few charts which show general relationships 
applicable to the SA.E. structural steels as a group. 

The charts presented have been assembled from data on test specimens of 
SJ^.£. structural steels which have been heat treated in a definite manner. Such 
heat treatment is necessary in order to obtain interchangeability of the tempered 
steels on the basis of tensile properties. The requisite heat treatment may be any 
commercial quenching operation provided that the steel and the section be such that 
the test specimen used will harden throughout when quenched. The nature of the 
quenching is immaterial provided that the cooling rate is such that the resulting 
structure is martensite, which in many Instances undoubtedly contains more or 
less retained austenite. Thus a given section of an oil hardening steel which 
will harden throughout if quenched in oil will also harden throughout if quenched 
in water. On the other 


hand, a given section 
of a water hardening 
steel which will harden 
throughout if quenched 
in water may not harden 
throughout if quenched 
in oil. This is caused by 
the greater hardenabil- 
Ity of oil hardening 
steels as compared to 
water hardening steels. 
It is not customary, be¬ 
cause of the high stresses 
developed, to harden 
thoroughly as large sec¬ 
tions in water as in oil; 
hence oil hardening 
steels will harden 
throughout by oil 
quenching in much larg¬ 
er sections than are 
feasible by water 
quenching the so-called 
water hardening steels. 
In fact this is the prop¬ 
erty which has led the 
engineer to group steels 
in water hardening and 
oil hardening grades. If 
test bars of the S.A.E. 
structural steels are 
hardened throughout 
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Fig. 1—^Data on the tensile properties of several S.AJ&. water 
hardening steels. One inch round bars were normalized, quenched 
in water, according to S.A.E. recommendations, then tempered at 
various temperatures from 400-1300*F. 


and are then tempered to the same tensile strength, they will have the same yield 


*Consulting Metallurgical Engineer and tMetallurgist, Camegie-Illinois Steel Corp., Chicago. 
Prepared for the Subcommittee on Alloy Elements, the membership of which was as follows: 
Jerome Strauss, Chairman; H. B. Knowlton. Walter Crafts, J. W. Sands, E. C. Bain. A. J. Herzlg, 
L L. Ferrall. E. J. Janitzky, and C. H. Herty, Jr. 
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tMttiglh, the same elongation, and somewhat the same reduction of area provided 
that the tensile strength is below about 200,000 psi. This is illustrated by Fig. 1, 2 
and 3. Moreover, if tern- 
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tion of area obtained on 

the same test piece. Fig 1 shows that there is little difference between the various 
SJ^.E. grades with regard to the other tensile properties which accompany a given 
tensile strength provided that a tensile strength of 200,000 psi. is not exceeded. 
It should be noted, however, that the tempering temperature required to produce 
any g^ven tensile strength may be different for the different SA.E. grades. 
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Fig. 2—Data on the tensile properties of several S.A.E. oil hard¬ 
ening steels. One inch round bars were normalized, quenched in 
oil, according to S.A.E. recommendations, then tempered at various 
temperatures from 400-1300”F. 
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Above a tensile strength of about 200,000 psi., steels tempered to the same 
tensile strength have the same yield strength and elongation, but the reduction 
of area becomes an independently variable property depending, on the individual 



steel. It is our belief that this vari¬ 
ation is the result of retention of a 
variable amount of austenite on 
quenching, and the structural fea¬ 
tures which accompany the decom¬ 
position of such retained austenite 
at low tempering temperatures. 

Fig. 2 shows a compilation of 
similar data for various oil harden¬ 
ing grades quenched in oil in one 
inch rounds, according to SAJ«. 
recommendations, and then tem¬ 
pered. Again there is little differ¬ 
ence in tensile properties between 
the various grades, provided that 
the test bars are tempered to the 
same tensile strength and provided 
that a tensile strength of 200,000 psi. 
is not exceeded. 

Fig. 3 comprises all the data on 
water hardening steels in Fig. 1 and 
on oil hardening steels in Pig. 2, 
plotted on a single diagram. Be¬ 
cause of the larger number of ex¬ 
perimental points, the designations 
representing the individual SA.E. 
grades have been abandoned and 


Bninell Hardness circles have been used to indicate 

r,i« ^ « I 11 u .. 1 ^ 1 ^ „ all experimental points. Pig. 3 

4 —Brlnell hardness plotted against tensile 

strength for the steels shown in Pig. 1 and 2. shows the interchangeability Of 

quenched and tempered water hard¬ 
ening and oil hardening SA.E. steels on the basis of tensile properties, provided 
that the steels are quenched in such a manner that each steel will harden 


throughout. 


Pig. 4 shows the Brinell 
hardness number plotted 
against the tensile strength 
for the same steels as ^ 300 
shown in Pig. 3. It is ap- ^ 
parent that water hard- S 
ening and oil hardening ^ 
steels, it hardened through- 
out and then tempered to 
the same tensile strength, ^ 
are interchangeable on the ^ 
basis of Brinell hardness. ^ 

One point remains for | too 
discussion, namely, the 
change in tensile strength 
with increase in tempering 400 boo eoo tooo t200 uoc 

temperature. This relation- Tempering Temperature, 

ship is shown in Pig. 5 for pig. 5—change in tensile strength with increase in tempering 
the various water hard- temperature for water and oil hardening steels. The specimens 
<>n 1n g and oil hardening temperature lor 30 minutes, 

grades, using the same ex¬ 
perimental data as in Fig. 1 and 2. Many of the points in Fig. 5 would have been 
superimposed if they had been plotted exactly on the lOO^'F. steps of tempering 
temperature which were actually used in testing. The designation for the various 
steels have therefore been grouped around each tempering temperature while their 
exact position in relation to the tensile strength axis has been retained. Under the 
experimental conditions imposed, the tempering temperature required to produce a 
given tensile strength is a function both of the alloy content and the carbon con- 
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tent of each steel. This relationship must therefore be determined experimentally. 

An example of the use of the figures just presented may not be amiss. Suppose, 
for instance, one desires to obtain a given tensile strength using one of these S-AJS, 
^iteels as hardened throughout and tempered in one inch round section. It follows 
^^from Pig. 3 and 4 that the accompanying yield strength, elongation, reduction of area 
and Brinell hardness niunber will also be fixed within narrow limits provided that a 
tensile strength of 200,000 psi. is not exceeded. Thus if a tensile strength of 170,000 
psi. is desired, then according to Fig. 1, 2 and 3 the yield strength will be approxi¬ 
mately 150,000 psi., the elongation will be approximately 16%, the reduction of area 
will be approximately 54%, and according to Fig. 4 the Brinell hardness number 
will be approximately 350, no matter which of these S.A.E. steels is used provided 
only that the steel shall be hardened throughout prior to tempering. The temper¬ 
ing temperature which, is required to obtain this tensile strength and accompanying 
properties, however, will vary with the steel used according to Fig. 5. For example, 
using SAB. 2330 the tempering temperature required to obtain a tensile strength 
of 170,000 psi. is 800®P., while S.A.E. 6130 must be tempered at 900®P. and SAB. 
4145 at lOOO'^F. in order to obtain a tensile strength of 170,000 psi. 

It will be evident from the foregoing discussion that the S AB. structural steels 
are substantially equivalent on the basis of mechanical properties as determined by 
the tensile test under the following conditions: 

1. If the sections are so chosen that the test pieces of each steel are hardened 
throughout on quenching. 

a. If the test pieces are tempered to the same tensile strength, irrespective of the 
tempering temperature necessary to produce that tensile strength. 

a. If a tensile strength of 200.000 psi. is not exceeded. Under the above conditions 
of quenching, the tempering temperature required to obtain a given tensile 
strength depends both on the alloy and the carbon content of the steel and 
must be determined experimentally 
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The Alloying Elements in Steel 

By Edgar C. Bain* 

The metal Iron, exceeded in abundance by only three other elements in the 
earth’s crust, has been reduced from its ores largely by the agency of carbon, even 
from its earliest utilization; for a high yield of iron carbon is employed plentifully. 
Therefore the products of the reduction carry carbon—together with small amounts 
of such other associated elements as carry through the process or are introduced 
from the fuel and reducing agent and even the operation of oxidizing away the 
undesired portion of the carbon in steel making may permit some of the impurities 
to remain. Thus, practically, iron is found in commerce not as a high purity metal, 
but chiefly as a metal with a moderate degree of “impurity.” These unsought 
accompanying elements and such amounts of correctives as are used to facilitate 
steel making are not generally regarded as forming an alloy steel. Of all the 
elements, it is this same inexpensive carbon which appears to have the most pro¬ 
nounced and generally speaking, beneficial effect, upon the physical properties of 
the element iron. 

Iron, then, not so much in spite of as because of its impurities, forms, with 
increasing carbon (say 0.03-4.0%) a series of alloys, first steels and finally cast 
iron, which provide an array of materials unparalleled in variety and applicability. 
But such limitations as do exist in this amazing series of metals may be greatly 
extended by the intentional incorporation of some proportion of other of the ele¬ 
ments, principally, though not wholly, the metallic ones. These alloying ele¬ 
ments as advisedly added to iron and steel enhance the desired properties in the 
resulting alloy steels (and iron), and below are some of the specific objectives 
toward which the alloy additions in steel are directed. 

A. Enhancement of Mechanical Properties. 

1. Increase In strength of steel as manufactured. 

3. Increase In toughness or plasticity In steel with any minimum hardness or 
strength. 

3. Increase of allowable maximum section which may be quench-hardened to 

desired properties. 

4. Decrease In quench-hardenlng capacity. 

6. Increase in rate of hardening with cold work. 

6. Decrease in plasticity at given hardness In the interest of machlnablllty. 

7. Increase in abrasion resistance or cutting capacity. 

8. Decrease in warping and cracking In development of desired hardness. 

9. Improvement of physical properties at either high or low temperatures. 

B. Enhancement of Magnetic Properties. 

1. Increase in initial permeability and maximum induction. 

2. Decrease in coercive force, hysteresis and watt loss (magnetically *'soft'' 

Iron). 

3. Increase in coercive force and remanence (permanent magnets). 

4. Decrease of all magnetic responses. 

O. Enhancement of Chemical Inertness. 

1. Decrease of rusting in moist environment. 

2. Decrease of attack at elevated temperature. 

3. Decrease of special attack by chemical reagents. 


The foregoing examples are engineering desiderata and contain no clue to the 
actual physical-metallurgical effects of the alloying elements which ultimately 
bring about these useful engineering advances. A study of the articles on the 
individual steels immediately following this section will amply show that no element, 
merely by its benign presence alone, commands a degree of hardness, softness, 
toughness, brittleness or compatible combinations without regard to its effect upon 
the structure of the resulting alloy steel. For this reason, the articles on the 
Individual alloys and their respective alloy steels have much to do with constitution 
diagrams; with the microstructural phases, which are favored by one element, 
opposed by another, or even eliminated. It may well be stressed that the rates 
of the reactions occurring in the heating and cooling, be it a mere cooling from the 
rolls or a quench and temper, are of Just as great Importance as the reactions 
themselves and that the most powerful means of controlling these rates lies In 
alloying elements. Accordingly particular enlightenment may be secured by a 
comparison of the equilibrium diagrams with the constitutional diagrams showing 
the constitution of the various alloy steels after specific representative treatments. 

*A88t. to Vice Pres., United States Steel Corp., Pittsburgh. 
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Although the following chapters show that the tremendously important indi¬ 
vidual physical characteristics of alloy steels are not simply conferred by the added 
elements, there are nevertheless only a limited number of things these elements 
may do, only a few ways in which they may exert their great influence upon the 
steel; and accordingly the philosophy of alloy steels is probably not in fact complex, 
for all its ultimate variety. This chapter sets forth this philosophy for the medium 
carbon, medium alloy steels which constitute the major tonnage. 

While a comparatively small proportion of an alloying element usually sufflces to 
modify appreciably the properties of steel in some manner, some of them make 
their presence manifest at far lower concentration than that required for others. 
When relatively very large amounts of the alloying elements are present the char¬ 
acteristic behaviors of the carbon steels are generally obliterated and such high 
alloy steels will not be treated in detail here, however important they may be; 
their behaviors and properties are so individually characteristic, and so far removed 
from those of carbon steel as to warrant the special treatment they receive in 
other chapters. In this category will be found Hadfleld's high manganese steel. 
Invar (iron-nickel), and the austenitic stainless steel family, as well as the low 
carbon, high chromium alloy steels (chromium in excess of about 15%) which are 
not subject to the allotropic change characteristic of carbon and medium alloy steels. 

Under the chapter “The Iron-Carbon Alloys” it will be seen that annealed car¬ 
bon steel consists of two essential substances; (1) Soft, alpha iron (ferrite), and 
(2) hard, iron carbide (cementite), both of which may carry dissolved elements. In 
addition there are usually some nonmetallic particles which (fortunately) prevent 
too great grain growth in the steel, and which (unfortunately) occasionally assume 
microscopic dimensions which are regarded as undesirably large. When suitably 
heated, such steels undergo the well known transformation in which the ferrite and 
the carbide mutually react to form a single, new solid solution,—austenite. Upon 
cooling, the austenite reverts to ferrite and carbide, but with a range of char¬ 
acteristics which exceeds in variety that known in any other metallic system. Even 
in carbon steel, carrying roughly half of one per cent carbon, the hardness may 
be so great as to enable it to scratch glass or so low as to permit easy deformation,— 
a range due almost wholly to structure, that is, to the flneness and mode of the 
carbon (carbide) distribution. How then do the alloying elements superimpose their 
vast effects upon this control of structure? Clearly the first requisite is a knowledge 
of the distribution of the elements in the phases of the steel. 

Distribution and Effects in Annealed Steel—In the annealed steels under 
discussion here, the alloying element has clearly a limited choice as to its location, 
that Is, as to how it can distribute itself. It may be: 

1. Dissolved in the ferrite: 

Al, Si, Ni, Cu, P, and Co (Zr) very largely; Cu not In excess of some %%; 

Mn, Cr partially; largely so with low carbon content; nearly all elements 
in customary proportion in low carbon steel except S, O and high Cu. 

2. Combined (If carbon is sufBclent) in the cementite or special carbide phase: 

Ti, V, Cb, Ta, W, Mo largely; Mn, Cr in part, depending upon carbon 
content. 

3. Combined with other elements to form special compounds and nonmetalllcs: 

Al in AI 2 O 8 or aluminum sUicate; Si in SiO? and silicates, Zr in Zr02, V in oxide, 

et cetera; Cr in CroOa.MxOy in high chromium steel; Ti, Zr, V, and high Al 

in nitrides, S in sulphides; possibly Si and Ni, Al and Ni, Cr and Si in cor¬ 
responding intermetallic compounds when present in large amount in low 
carbon steel. 

4. Dispersed in elemental form (rare): 

Cu in excess of some 0.75%; 

Pb under some conditions. 

It is essential that it be realized that these categories are nonexclusive; in 
principle each element may be In three (or more) phases as indeed clearly man¬ 
ganese not infrequently is. The elements listed under each phase are merely those 

which are particularly prone by nature to concentrate there. Generally speaking, 
the most insoluble (inactive) state forms preferentially until one or the other 
elements involved approaches depletion after which the element concentrates in 
the remaining possible locations. Thus titanium will form carbide, nitride or 
oxide until it is largely exhausted or the carbon, nitrogen or oxygen nears depletion 
whereafter the remaining titanium will be dissolved in ferrite. Aluminum will com¬ 
bine with most of the oxygen and nitrogen; if some then remains it will be 
dissolved in ferrite since it is not found in the carbide phase. Very little nickel 



THE ALLOYING ELEMENTS IN STEEL 


521 


is found either in inclusions or in the carbide. Silicon combines with much of the 
oxygen and the remainder is largely dissolved in ferrite for it is not a carbide 
forming element in steel. Obviously the location of the carbide forming elements 
depends upon the carbon content, and the deoxidizing elements will be found in 
ferrite only when present in relative excess of the oxygen. To repeat, trends only 
are shown above; the actual distribution depends upon the amount of the element 
present relative to the amount of other elements, on the basis of the partition 
coefficients of the phases. Nevertheless the distribution pattern is highly char¬ 
acteristic for each element. 

Metallographic Effects of the Elements According to Distribution. (Annealed 
Steel )—In Ferrite —All of the elements as dissolved in ferrite increase its hardness 
and strength and, in differing degree, most of them simultaneously reduce its 
ductility. This mode of strengthening iron is mild by comparison with that of an 
effective dispersion of hard particles, but it does not take as great a toll in 
plasticity. Nickel, for example, is exceedingly sparing in its impairment of ductility. 
The effect of elements in solid solution in the ferrite matrix is best studied in a 
series of nearly carbon free alloys, although it may also be evaluated in higher 
carbon alloys if the same carbide volume and distribution is maintained in all 
compositions. Other effects, described beyond, may be superimposed upon the solid 
solution effect. 

It is probably not generally realized how little of the extra strength of some 
alloy steels is contributed through the solid solution effect; yet high strength struc¬ 
tural steels to be welded without special precautions must derive a large share of 
their strength improvement from this effect. 

In Cementite or Carbide Phase —In one respect the different varieties of 
metallic carbides found in annealed alloy steel are similar. They appear to increase 
the total hardness and strength similarly for equal volumes and size of particles; 
all are relatively so hard that this would be expected, even though some are more 
voluminous than others for the same carbon content and may resist abrasion or 
function in cutting tools somewhat differently. The several elements, however, 
which appear in the carbide phase (be it the cementite or a special crystal form) 
have a vast disparity in diffusion rate, and therefore in the amount of coalescence 
occurring under like conditions. No element, so far as is known, joins with carbon 
(and iron) in forming a carbide with greater diffusivity than pure cementite. Pe.C. 
This circumstance is suggestively consistent with the “weakness*" of the pure 
compound FejC which is always more or less undecided whether to form or 
dissociate. 

In Nonmetallic Compounds —^In the annealed alloy steels the nonmetallic com¬ 
pounds exert comparatively little influence upon properties except to contribute 
slightly to hardness or if in excessive amount in the form of threads, to decreased 
transverse ductility. It is in part this same adverse effect which results in improved 
machinability. The important role of the nonmetallic particles is discussed in the 
next paragraphs. 

Distribution of Elements at Elevated Temperature—^When the alloy steels are 
heated, as in hot working or for hardening, into the temperature range for com¬ 
plete or maximum austenite formation much the same changes occur as in carbon 
steel. Certain elements raise this requisite minimum temperature range, others 
lower it, that is, for the substantial disappearance of ferrite and solution of some 
or all of the carbide. In low carbon steels with sufficient proportions of the elements 
more soluble in ferrite than in austenite some ferrite may persist at aU temperatures 
but these are borderline alloys approaching those not within the present scope. 
At suitable austenite forming temperatures the alloying elements are then found: 

1. Dissolved in the gamma iron solid solution: 

Nearly all elements seemingly dissolve In at least small proportion, and most 
of them in large amount, except as partially combined to form strong 
carbide compounds in higher carbon steels or as nonmetallic compounds. 

2. Combined with carbon to form persistently Insoluble carbides: 

Ti, Ta, Cb, and V, largely with high or even medium carbon; Mo, W par¬ 
tially, depending upon carbon content. 

3. Combined with other elements to form special compounds or nonmetallics: 

A1 in A1:>08 or aluminum silicate, 

Zr in ZrOs, V in oxide. 

Si in SiOs in silicates (somewhat dissolved), 

Cr in CrsOs.MxOv in high chromium steel, « 

8 in special sulphides, 

Tl. A1 and Zr ix> nitrides (somewhat dissolved). 
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Much of the previous discussion of the distribution of the elements in annealed 
steel applies here in principle, except that the carbide phases are vastly more 
soluble in austenite than in ferrite, and some nonmetallic inclusions are dissolved. 
So far as is known no element increases the solubility of carbon beyond the maxi¬ 
mum 1.7% in pure iron-carbon alloys. All the strong carbide forming elements 
greatly reduce the maximum solubility of the carbide phase. It is not at all un¬ 
common to quench such alloy steels with considerable carbide still undissolved. 

Metallographic Effects of the Elements According to Distribution at Elevated 
Temperature (Above or Near Upper Critical )—In Austenite —When the annealed 
alloy steel is suitably heated the elements previously in the ferrite are at once 
incorporated into the austenite as well as all such elements as were combined in 
such carbide as may dissolve. In the case of nickel, copper, and manganese steels 
and certain chromium steels the temperature for complete austenite formation is 
lowered below that of pure iron-carbon alloys; the other elements raise the tem¬ 
perature. In alloy steels wherein all carbide disappears there is metallographically 
little difference from the austenite of carbon steel except as to rate of formation, 
homogeneity and grain size. Certain elements are said to coarsen the austenite 
grain, but this impression almost certainly results from the customary higher 
heating temperature employed or to prior effects having to do with attendant 
change in the nonmetallic content. When much fine carbide, either by intentional 
suppression of heating temperature or time, or by virtue of its low solubility, 
remains undissolved the austenite grain size remains fine, or, at least, does not 
increase much from the initial magnitude. The principal effect of the alloying 
elements dissolved in austenite has to do with the transformation rate upon cooling, 
an important subject which is discussed in subsequent paragraphs. 

In the Carbide PAasc—When the alloying elements are to be found in consider¬ 
able portion in the carbide phase the resulting carbide is less soluble at any certain 
temperature than that of the cementite of plain carbon steel. Thus at heat treating 
temperature such undissolved carbide robs the austenite of both carbon and alloying 
element. Such undissolved carbide particles may serve a good purpose, as in high 
speed steel. The effect of undissolved carbide may be great in that little grain growth 
in the austenite beyond its initial fine grain size occurs while any considerable 
number of fine special carbide particles remain. It is probably due to this circum* 
stance that the vanadium, tungsten, and molybdenum steels are generally fine 
grained; the carbide is usually not wholly dissolved—when it is, coarsening may begin 
at once. At exceedingly high temperature the grain may coarsen somewhat whether 
or not some carbide remains, as in high speed steel, for the last carbide particles to 
dissolve are the large, and therefore ineffective ones. Other Important effects are in 
turn brought about by austenitic grain size and these are treated in the following 
section. 

In Nonmetallic Inclusions —Some nonmetallic inclusions increase in solubility 
when the metal is heated well into the temperature range for the austenitic condi¬ 
tion. With solubility raised and diffusivity inevitably increasing it is not surprising 
that some coalescence of inclusions takes place in austenite. Other inclusions, 
notably the aluminum compounds, coalesce exceedingly slowly; Indeed, aluminum 
itself diffuses slowly, which may be somewhat the same thing in essence. 

The most important function of Inclusions, particularly the fine ones, is that of 
restricting grain growth. The example usually cited is that of thoria particles in 
tungsten and the effect is spoken of as “grain growth obstruction.” This designa¬ 
tion may be descriptive but scarcely aids in suggesting a mechanism* for the 
preservation of fine grains at higher temperature when the solid solution carries a 
dispersion of foreign particles. 

Dispersed particles raise the temperature of grain growth but usually bring 
about a greater abrupt coarsening when coarsening does occur. For this reason, 
nonmetallic Inclusions are of importance in steel and the significant point is that 
exceedingly small amounts of inclusion forming elements, notably aluminum in the 
presence of oxygen, or perhaps nitrogen, may alter the characteristics of a steel 
profoundly by virtue of grain growth effects. Nonmetallic particles may be more 
effective than insoluble carbide particles in the restraint of grain growth. 


*Pcrhap8 the particles, by providing copious nucleatlon during recrystallization upon heating, 
merely contrive to produce a grain system wherein all the fine grains are of substantially the 
same small size and consequently there Is no family sufficiently smaller than the others as to 
merge with them and thus caus%. grain growth. 
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Alloying Elements In Hardening—Thus far, it may appear, no very profound 
changes in physical characteristics have been traced to the alloying elements 
although the valuable solid solution type of hardening of ferrite and certain grain 
growth effects of special carbides and inclusions have been noted. The considerable 
solubility of many of the elements in austenite and the effect upon austenite grain 
size of others have been pointed out, however, and herein lies, by all odds, the 
greatest of the effects of alloying elements. 

Alloys Dissolved in Austenite—It has been explained in many recent publica¬ 
tions how austenite, upon cooling, does not immediately transform when it reaches 
a temperature at which ferrite and carbide (not austenite) are stable, but that it 
delays during a period of so-called nucleation. Accordingly it is possible to utilize 
this period of lag to cool the piece to a temperature as low as 200®P. or lower, 
before transformation begins and when this is accomplished the steel is hardened. 
The product is then not lamellar pearlite (with or without proeutectoid constituents) 
as would in carbon steel have formed near the critical temperature: instead, hard 
martensite is formed. The interior of a piece of steel cools more slowly than the 
surface layers and often, when a piece is quenched and superficially hardened, 
it transforms near the center at temperatures (Ar') producing the softer ferrite 
carbide aggregate. The larger the section quenched the slower all zones cool in 
any medium so the hardened exterior is relatively thinner in large sections. The 
cooling rate, necessary to prevent the Ar' transformation and enforce the low 
temperature transformation, at Ar", to martensite is called the “critical cooling 
rate.” The temperature range which identifies this critical rate obviously lies 
between the critical temperature and that at which the Ar' reaction is most rapid, 
that is, for carbon steels from 1330®P. to around 930-1020®P. One may say then 
that hardenability is a function of maximum transformation rate in the Ar' range 
and accordingly, of the critical cooling rate in the active temperature range. 

So far as known, all elements, except cobalt, when dissolved in austenite (of 
any certain grain sis^) decrease the maximum Ar' transformation rate, decrease 
the critical cooling rate and therefore increase hardenability. How cobalt is an 
exception is not known but it appears to confer a specific mobility to the crysW 
resulting in high transformation rate. The elements vary in this respect as to 
effectiveness. Nickel, aluminum, silicon, chromium, and manganese (somewhat in 
order of increasing effectiveness) are moderate in effect, while curiously enough, 
when actually dissolved, the carbide forming elements are exceedingly effective, 
so that the amount actually dissolved need be only relatively small to accomplish 
a considerable increase in hardenability. Grossmann has communicated that an 
increase of sUicon from 0.16-0.32% resulted in a change of depth of hardening in 
a 1% in. round of 0.60% carbon steel from %-% in. An increase of 1% manganese 
in a tool steel may permit oil hardening instead of water quenching. The rate of 
transformation may be so decreased by alloying elements that heavy billets as corned 
in the air will not transform except at temperatures so low as to form the harder, 
acicular structure. In a somewhat different category are the large additions of 
nickel, manganese or combinations with chromium which prevent all transforma¬ 
tion even at low temperature, so that the alloy is persistently austenitic.* 

This same hardenability effect operates to alter the lamellar, pearlitic structures 
which result from cooling at subcritical rates. A low transformation rate permits 
the steel to cool to a lower temperature before the transformation sets m and as a 
result a pearlite of finer lamellar spacing, and therefore of higher hardness, is 
produced. This feature is taken advantage of in such high strength steels as are not 
specially heat treated but used as cooled from rolling or normalizing temperature. 
In such steels, generally hypoeutectoid, the proportion of free ferrite is likewise 
lessened with increased hardenability for any carbon content. 

It should be emphasized that the effect of dissolved elements to increase harden¬ 
ability is the most important basis for their use. 

Alloys in Undissolved Carbide—It has been shown that many carbide-forming 
alloys greatly reduce the solubility (and incidentally the rate of solution, sometimes 
confused therewith) of the carbide phase in austenite, and undlssolved carbide may 
remain at heating temperature. This means that the carbon content of the austenite 


•Hardenability U a function of transformation velocity in the temperature region, to 
principle It Is not Involved at all with the retention of untransformed austenite after quraching, 
evS carbon steels retain some austenite along with the martensite and some 
for example, manganese, cause retention of austenite to a greater extent than other additions 
for the same hardenability. 
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is correspondingly lower than that of the steel as a whole and if the carbon content 
is high, the austenite is likewise leaner in alloying element (such as Ti, Va, Mo, W 
or Cr) than the over-all analysis indicates. This lack of solution of the carbon is 
reflected in the softer martensite produced, for martensitic hardness is influenced 
much more by carbon than by any other element. However, this effect is generally 
less Important than that of undissolved carbides upon grain size. 

A change in austenitic grain size from about a No. 8 to about a No. 2, A.S.T.M. 
standard, may slow up the transformation rate some 6-10 fold, or as a rough guide 
an increase of two A.S.T.M. numbers often about doubles the transformation rate 
for any given composition. In a carbon tool steel, for example, halving the trans¬ 
formation rate (decrease of two AS.T.M. numbers) may increase the depth of 
hardening (based upon 55 Rockwell C) from about % in. to about tli in. In a steel 
(1 in. round) of greater hardenability the same increase in grain size may. for 
example, raise the hardness, % in. from the center, from 50 Rockwell C to 63-64. 
The direct evaluation of hardenability by determining transformation rates is 
involved with experimental complexities. The simple, practical hardenability test 
of penetration of martensitic hardening to measured depths in one suitably sized 
bar is more satisfactory and, moreover, amenable to interpretation for another 
size. General *‘laws” relating these various manifestations of the same funda¬ 
mental factor are currently presented by Grossmann, Azimow and Urban.* An 
approximation of the depth of hardening for any size bar can be made by plotting 
the ratio of hardened depth to radius against the reciprocal of the diameter squared, 
and since this is in part nearly a straight line function, only two points are required. 
This method is currently being presented by Queneau and Mayo.* 

To sum up. carbide particles left undissolved, or especially when they are 
insoluble by nature at the heating temperature, restrain grain growth and to this 
extent limit the hardenability of whatever austenitic composition carries them. 
Thus a fine grained, alloy bearing steel may have the same hardenability as a 
coarse grained carbon steel; the deep hardening effect of the alloy being offset 
by the shallow hardening effect of restricted grain size with an overall gain in 
toughness. 

Alloys in Nonmetallic Particles —In previous sections it was pointed out how 
the nonmetallic particles restrict grain growth as do carbide particies and often 
with greater efficacy. Seemingly the alumina bearing inclusions are particularly 
effective in this way and accordingly yield steels of low hardenability for a given 
composition in alloying elements. 

Alloying elements then influence hardenability in any form they may take: 

1. Increase hardenability (except cobalt) as dissolved in austenite. 

2. Decrease hardenability (by restricting grain growth) as incorporated in insoluble 

carbide particles or nonmetallic inclusions. 

The effect of grain size control upon hardenability alone would scarcely be of 
consequence if it were not for the superior toughness of the heat treated trans¬ 
formation products from fine grained austenite. The energy absorbed in the 
breaking of two quenched and tempered bars, identical except for prior austenitic 
grain size, may have a ratio of 5-1 if the grain size of the tougher bar is 4 or 5 
grain size numbers finer than the other. The tendency toward quenching cracks, 
warpage and grinding cracks is gredtly reduced for any steel by a finer austenitic 
grain size; the superior properties are apparent in the freshly quenched martensitic 
condition and in the moderately tempered products as well. There is evidence that 
the benefits of fine grain are in large part due to Internal stress, for microscopic 
cracks are hardly found in martensite from fine grained austenite but become 
increasingly prominent in coarser grained specimens. 

An element which is partly dissolved and partly combined as persistent carbide 
may thus at once contribute deep hardenability and toughness through grain growth 
restriction. 

Alloying Elements in Tempering—-In freshly quenched steel the alloying elements 
are largely in the martensite; some remain in undissolved carbide and inclusions. 
These latter play small part in tempering. It is taken as established that the real 
fimction of tempering depends upon the formation and coalescence of carbide 
particles. Because of the preponderance and ubiquity of iron there can be little 
doubt that the first carbide particles to form (and start growth) are predominantly 


•Haxxlenablllty of Alloy Steels, A.8.M., 1939. 
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of iron carbide, since minimum diffusion is thereby involved. Later the special 
carbide elements assert themselves and in some cases the Pe,C particles are no 
longer exceedingly small when this occurs. Often considerable softening has occurred 
before the carbon migrates to form a fine dispersion of special carbide which then 
retards or halts the softening or causes a “secondary” hardness. 

Elements which remain in the ferrite solid solution during tempering exert the 
solid solution effect, a strengthening with little loss in plasticity. The special carbide 
particles are of great importance in that their coalescence is slow, and hence the 
hardened alloy steel resists softening at higher temperature than does carbon steel. 
This makes possible high creep strength. Furthermore the stresses in the ferrite 
matrix (inherited from the severely stressed martensite) are doubtless greatly reduced 
by the higher tempering temperature possible in alloy steels (carrying carbide 
forming elements) when any certain degree of final hardness is sought. This alone 
will explain much of the superior toughness of alloy steels, though the fineness of 
austenitic grain is probably still more potent in enhancing plasticity and toughness 
in quenched and moderately tempered steel. 

During tempering the alloying elements influence the steel in that they 
(1) dissolve in the ferrite matrix to improve strength and to resist ferrite recrystalli¬ 
zation; and (2) form a persistently fine dispersion of more slowly coalescing special 
carbide which, for any hardness, allows higher tempering temperature and accom¬ 
panying alleviation of internal stress in the matrix. 

Nonmetallic dispersions so far as is known have practically no effect upon 
tempering or carbide coalescence. Very large inclusions of course are undesirable. 

It is important to bear in mind that prior austenitic grain size alone has no 
significant effect upon the rate at which martensitic steel softens during tempering. 
This is due to the fact that grain size does not alter carbon diffusivity, true both 
for ferrite and austenite. Thus the preservation of fine grains by the use of small 
amounts of aluminum to form an aluminum oxide type of dispersion is found 
experimentally to have no effect upon the rate of carbide agglomeration at any 
certain temperature. When austenitic grain growth is restricted as only one mani¬ 
festation of a definite alloying effect (as with vanadium) the softening during 
tempering is, of course, modified. In both instances, however, transformation rate, 
and hence transformation temperature at any particular cooling rate is changed and 
this difference in temperature produces a different degree of carbon diffusion. 

The alloying elements serve to improve the properties of heat treated steel in 
still another way, that is, by bringing about acicular structures having mechanical 
properties superior to those of lamellar structures but still without involving first a 
full martensitic hardening. 

Some alloy steels have certain special transformation rate characteristics by 
virtue of which a moderately slow continuous cooling results in transformation at a 
somewhat elevated temperature to a slowly formed, acicular structure,* softer than 
martensite, having a spheroidal carbide dispersion. Its superior properties, with 
or without tempering, are probably due to lower internal stress somewhat as in the 
direct transformation product produced in carbon and low alloy steels by rapid 
quenching to intermediate temperature and maintenance thereat for deliberate 
transformation. 

Equilibria in Alloy Steels—While it cannot be denied that a knowledge of the 
influence exerted by the several alloying elements upon hardenability and grain 
size and thus upon the final resultant strength, and toughness of the heat treated 
steel is of primary importance, some interest attaches to the constitution of alloys 
of each element alone with iron, and a great deal more to the iron-carbon alloy 
ternary equilibrium and constitutional diagrams. 

The principal constitutional effects of the various elements upon iron relate to 
melting point, alpha (delta) <—> gamma (A^) and gamma <—> alpha (A,) 
transformations and the magnetic change point A,. Depending upon whether or 
not the elements form iron-rich compounds and whether they restrict or widen 
the temperature range of the gamma form of iron, they fall into a system of four 
categories. It must be stated, however, that the influence of an element as reflected 


*The names troosto-martenslte, self tempering martensite, pseudo-martensite, cubic martensite 
and balnite have been used to describe this structure. The last is the name applied, however, 
to the similar, direct transformation product of **Austemperlng” also mentioned In the next 
sentence. 
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in Its binary allo 3 ns with Iron has little to do with its important effect upon 
steels other than those of very low carbon content. Attempts to classify alloy 
steels on the basis of the binary diagrams have been almost useless. For example, 
it was thus erroneously assumed that nickel and manganese, which “stabilize’* 
austenite would be the most effective retarders of transformation of austenite 
in medium alloy steel, whereas some of the elements which stabilize ferrite, and 
form carbide, are actually more effective. 

With respect, however, to the ternary equilibrium diagrams, considerable needed 
information is here provided. The effect of the element upon the temperature 
necessary to produce austenite, the shifting of the eutectoid composition, the solu¬ 
bility of the carbide, and the compositions exhibiting special carbide, are all 
essential items of information in gaining acquaintance with the alloying elements 
in steel. There are other diagrams, based not upon equilibrium at all, but showing 
instead Just which constituents and aggregates are actually established after speci¬ 
fied treatments, that are even more informative. Some of these are available. It 
is hoped that many more will be worked out from time to time. What the equili¬ 
brium diagram cannot show is the rate of change from one condition to another 
with a change in temperature (for example, hardenability); it can tell nothing 
of the retardation of these changes due to low diffusion rates; finally, the ternary 
diagrams based upon pure alloys are not necessarily applicable to commercial 
materials which carry elements employed for steel making facility. Notwithstanding 
these shortcomings the philosophy of alloys in steel cannot be built up without a 
knowledge of the trends, and the constituency toward which the alloys move as the 
tendencies more and more assert themselves. 

Conclusions—In the foregoing paragraphs, it has been shown that alloying 
elements in steel may exert only a certain few basic influences upon fundamental 
behavior and properties. An element may exert the usual solid solution effect toward 
strengthen^ the ferrite, or when dissolved in austenite profoundly enhance the 
hardenability of the steel. When the alloying element is combined with carbon 
(and some iron) the resulting special carbide may restrict austenite grain growth 
at heat treating temperature and, as formed after quenching, during tempering, 
it may, with benefit, necessitate and permit higher heating temperature for any 
certain degree of softening. As combined to form dispersed nonmetallic inclusions 
it may restrict grain growth or in other larger particles improve machinability. 
These fimdamental influences serve to impart valuable engineering properties. 

It might be anticipated, then, that many alloy steels intended to be heat treated 
are similar. Indeed when suitably heat treated to develop similar austenitic grain 
size and a similar hardness, the mechanical properties at ordinary temperature 
are almost indistinguishable as between many different analyses. The same cannot, 
of coimse, be said of chemical properties such as corrosion resistance. It is some¬ 
times forgotten that, within its rather narrow limits of cross section, carbon steel 
may be so treated as to secure room temperature properties approaching those of 
many low and medium alloy steels. This limitation of size is, however, a serious one, 
and in overcoming this feature the addition of alloying elements contributes one of 
its foremost benefits. The effects upon fundamental mechanical properties of the 
alloying elements are all, so far as is known, gradual and very largely predictable 
in nature however critical they may seem for any particular application. The 
precise degree of an alloy effect will have to be determined experimentally although 
approximate interpolation of properties for intermediate proportions is not impos¬ 
sible. There are few, if any, instances wherein abrupt physical changes actually 
accompany slight changes in proportion of added elements and even less probable 
are any unexpected sharp maxima of good properties at certain ratios or propor¬ 
tions among the elements. There is a persistent belief, perhaps valid, that the 
use of two elements having similar effects instead of one somehow brings about 
more than the expected sum of effects. Since few alloying effects are measured 
in dimensions or quantities which are in nature linear or additive, this impression 
may be erroneous. 

Tkble I sets forth some of the basic trends of the elements in terms of metallo- 
graphic effects. These effects may be translated into property trends in light of the 
concepts set forth heretofore. The table refers to a fairly broad range—medium to 
high-^ carbon content, but not to the very low carbons, and some allowance is 
made for the amount of element customarily employed in low and medium alloy 
steels. 
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Table I 


Trends of Influence of the Alloying Elements 


As Dissolved 
in Ferrite: 
Strength 


As Dissolved 
in Austenite: 
Hardenabilitj 


As Undissolved 
Carbide in Aus¬ 
tenite: Fine- 
Grain, Toufhoess 


As Dispersed Car¬ 
bide in Tempering: 
High Temp. Strength 
(and Toughness) 


As Fine Dispersion 
of Nonmetallio: 
Fine Grains 
Toughness 


Mild 

Mild 

None 

None 

Mild 

Moderate 

Strong 

Moderate 

Strong 

Negative 

None 

None 

t 

? 

Strong 

Strong ' 

Mild 

hlild 

None 

None 

Strong 

Moderate 

Mild 

Mild 

Moderate 

Strong 

Strong 

Strong 

Mild 

Mild 

None 

None 

Strong 

Mild 

None 

None 

Moderate 

Moderate 

None 

None 

Moderate? 

Strong? 

Strong 

Strong 

? 

Strong? 

Very strong 

Little*? 

Moderate 

Strong 

Strong 

Strong 

? 

Very strong 

Very strong 

Very strong 

t 

? 

None? 

None? 


•As a result of very slight solubility. 


Very stronf 

Blight 

None 

None 

None 

Slight 

None 

None 

None 

Moderate 

None 

Moderatet 

None 

Moderatet 

Strong! 
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Chromium Steels 

By Walter Crafty* 

Description and Sources of Chromium-—Pure chromium is a soft, fairly ductile 
metal with a blue-white metallic luster but the commercial forms which contain 
small amounts of impurities are relatively hard and brittle. Physical constants are 
given oh page 78. It has limited use as a pure metal except as addition to non- 
ferrous alloys. 

Chromiiun was first reduced to the metallic condition by Vauquelin in 1797 and 
was added to steel by Berthier in 1821, who immediately recognized the resulting 
greater hardness, magnetism, and resistance to acid. In 1822 Faraday and Stodart 
recognized the superior oxidation resistance. It is of interest that these properties 
are basically those for which chromium is used today, although their significance 
and useful development were not realized for almost a century. 

Starting with the addition of chromium to structural steel by Baur in 1865, the 
commercial use of relatively small amounts of chromium in tool, ordnance, and 
engineering steels has increased continually. The production of low carbon ferro- 
chromium led the way to high chromium-low carbon steels of the stainless type. 
Brearley developed stainless cutlery steel containing 11-14% chromium in 1913, and 
with the oxidation resistant chromium irons of Becket and the austenitic chromium- 
nickel steels of Strauss and Maurer, the application of stable surface steels containing 
large amounts of chromium developed in enormous strides. Resistance of these 
steels to food, chemical and atmospheric attack has permitted technological, 
mechanical, and stylistic changes whose effects on our civilization may be as yet but 
dimly realized. 

The only industrially important chromium mineral is chromite of the nominal 
composition PeO.Cr,jOa. The ore usually occurs in massive form but frequently 
is found as grains in a serpentine matrix. The luster of chromite is submetallic to 
metallic; the density is 4.32-4.57 and the hardness is 5.5 on the Mohs scale. The 
ore is widely distributed although the most important sources are Turkey and 
Rhodesia. Although a fairly large amount of chromite was mined in the United 
States during the World 
War, the bulk of the nor¬ 
mal requirements is sup¬ 
plied by other countries. 

For metallurgical piu-poses 
the ore should be of a mas¬ 
sive structure, contain at 
least 48% Cr^Os, and have 
a chromium to iron ratio 
of at least 3 to 1. 

Ferrochromium c o n - 
tabling 60 to 72% chro¬ 
mium is used for adding 
chromium to steel and is 
made in several grades 
with carbon contents rang¬ 
ing from 0.05 to 9%. The 
ore is reduced in an electric 
furnace, with carbon for 
the high carbon grades and 
with silicon for the low carbon alloys, to produce ferrochromium containing 60- 
72% chromium. A description of ferrochromium and its introduction into steel is 
given in the section on ‘‘Metals and Ferroalloys Used in the Manufacture of Steel”. 

Structural Influence of Chromium in Steel and Cast Iron—On account of its 
utility in promoting hardness and toughness, and also wear, oxidation and corro¬ 
sion resistance, chromium is commonly used in steel and cast irpn in amounts 
ranging from a fraction of a percent to 35%. As indicated by the diagrams described 
in the articles on the Constitution of Iron-Chromium Alloys and Iron-Chromium- 
Carbon Alloys, a wide range of structural characteristics is developed, which produce 
marked changes in physical properties: Many extra-equilibrium structures of 
importance are readily obtainable by virtue of the characteristically slow rate of 
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Fig. 1—Constitutional diagram for chromium steels. Normal¬ 
ized in V 2 in. sq. sections. 


*Unlon Carbide and Carbon Resaarch Laboratories, Ina^ Niagara Falls, N. T. 
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transformation that is conferred by chromi^jm. This property permits attainment 
of great depth of hardness in high carbon steels, toughness in structural steel, high 
strength and ductility in large sections, thermal stability at elevated temperatures, 
and persistent austenite at atmospheric temperatures when combined with austenite 
forming alloys. 

The effects of chromium on the constituents of normalized steel are illustrated 


in Pig. 1 and 2. The structures of Pig. 1 were det^ermined in specimens ^ in. sq. 
that were heated to ISSO^P. and cooled in air. Under these conditions the rate of 
austenite transformation is retarded so that martensite is‘formed during air cooling 
at relatively low chromium contents. In high chromium and carbon compositions 
there is also a tendency for aus¬ 
tenite to be retained. The effect 
of mass is illustrated by the dif¬ 
ferences between Pig. 1 and 2. 

Specimens from which Pig. 2 was 
determined were bars approxi¬ 
mately 1 in. in dia. which were 
heated to approximately 1750®P. 
and air cooled. Signlffcant dif¬ 
ferences between the two dia¬ 
grams are restricted only to the 
relatively high carbon contents. 

General features that are com¬ 
mon to both diagrams are the 
lowering of the carbon content of 
the eutectoid composition, devel¬ 
opment of martensitic structures 
over a widef range of carbon and 
chromium, and the range of fer¬ 
ritic high chromium steels that 
result from restriction of the aus¬ 
tenite held. 

It is apparent that Pig. 1 
and 2 are divided into three more 
or less well defined zones which 
are of considerable value in 



Fig. 2—Constitutional diagram ol cniomium steels con¬ 
taining 0 50% manganese normalized in 1 in. dia. bars. 


classifying the properties and fields of utility of the chromium steels. Up to about 
2 % chromium is a range that is primarily pearlitic, where chromium modifies, but 
does not change the fundamental characteristics of carbon steel. Prom 2 to some¬ 
what over 15% chromium the predominant structure is martensite. In this range 
the properties are quite different from those of carbon steel and are adapted to 
more specialized uses. Above 15-20% chromium, th§ low carbon steels are principally 
ferritic and are useful where certain specific properties are desired. Another group, 
the austenitic class, should be included in this classification, although it is formed 
by the further addition of an austenite forming element and therefore is not indi¬ 
cated by the constitutional diagram of plain chromium steels. 

The broad structural classifications with their approximate chromium contents 
are as follows: 1. Pearlitic chromium steels, -0-2%; 2. Martensitic chromium steels, 
-2-17%; 3. Perritic chromium steels, -17-35%; and 4. Austenitic chromium steels. 


-10-30%. 

These groupings are only approximate and the composition limits may be shifted 
by heat treatment and minor alloy additions. They are, however, sufficiently typical 
to serve as a basis for illustrating the many effects of chromium in improving carbon 
steel and conferring special properties. 

Pearlitic Chromium Although chromium is usually added to pearlitic 

steels to increase the hardness, ductility or toughness, amounts of less than 0.50% 
chromium are widely used in carbon steel and the more simple alloy steels to increase 
moderately the hardenability. Chromiiun tends to reduce segregation, has a slight 
grain refining capacity, and has the property of makihg steel “normal” in the 
McQuaid-Ehn carburizing test. The latter property is of particular value in preserv¬ 
ing uniform hardening capacity in steels made fine grained with aluminum. 

When over 0.50% chromium is used, the greater hardenability, decreased mass 
effect, and toughening become more effective. In low carbon high strength struc¬ 
tural steels chromium is typically a toughening rather than a hardening addition. 
It increases the impact resistance at subzero temperatures and has a specific effect 
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on the brittleness introduced by high F^osphorus contents as shown iii Fig. 3. The 
corrosion resistance conferred by phosphorus and copper is enhanced by chromium, 
although the tendency of chromium to impart corrosion resistance is barely appre¬ 
ciable at 1% chromium unless some special condition, such as abrasion, is involved. 

Chromium carburizing steels are used in applications requiring a high degree of 
surface hardness and wear resistance. S.AH. 5120 is used for general purposes, and 
higher chromium steels are used for severe duty where higher core strengths are 
necessary. Chromium is also used in complex carburizing steels containing vanadium, 
molybdenum, nickel, and manganese. 

Heat treated 1% chromium engi¬ 
neering steels of the S.AJE. 5100 types QO 

develop appreciable freedom from mass 
effect at a relatively low cost and are ^9 
of specific value for wear and fatigue ^ 

resistance at moderately high strengths ^ 

in structural parts, springs, and gears. 

Modified 1% chromium steels of the 
S.AJE. 3100, 4100 and 6100 types also PO 

have wide application for similar pur- 
poses. Higher chromium contents are 
less widely used, but find application Aio 

in articles of larger section. The 2% w 

chromium-vanadium steel used in pres- 
sure vessels for ammonia and alcohol 
ssmthesis is especially resistant to hy- ^ 50 

drogen embrittlement. Some applica¬ 
tion of steels containing about 2% chro¬ 
mium is also made, usually in conjunc- , 
tlon with other alloys, in moderately ^ 

severe elevated temperature service. M fin 

Chromium has long been used in ^ 

tool steels in order to obtain extreme 40 

hardness, as in drills, chisels, and files. 

Such steels are deep hardening and ^ 
where toughness is desirable are made S n 
with a fine grain size. Chromium is 

also used in low tungsten chisel, die and « 

finishing steels to Improve the harden- ChnOfT)iun% Poncent 

ing characteristics. Superior wear re- Fig. 3 —Effect of chromium on normalized steel 
sistance, which seems to be a specific containing 0 . 10 % c. 0 . 35 % Mn, o . q 9 % p, and 
property of chromium carbide, makes ® 

1-2% chromium of considerable value 

in tool steels for rolls, shearing dies, and certain types of cutting tools. Ball bearing 
steel Is the preeminent application of this kind and contains about 1% carbon 
and 1.5% chromium. 

Somewhat larger amounts of chromium are used in hot working die steels to 
increase the hardening capacity apd wear resistance. Both tungsten and molybdenum 
types of high speed steel contain about 4% chromium, which controls to a major 
degree the hardenability of the steel and is an essential factor in developing adequate 
toughness and hardness. It also facilitates heat treatment, assists in the formation 
of well distributed small carbide particles and improves the retention of red hardness. 

Steels containing approximately 1% carbon and from 1-5% chromium are the 
most widely used of the permanent magnet steels. Where practical, the steels are 
hardened in water to develop the best magnetic properties, although oil hardening 
is the usual treatment. Although the best properties are obtained at about 3% 
chromium, the economical balance has been found to lie at about 2% chromium. 



Chromium both alone and in conjunction with other alloys is used in cast iron 
to improve the strength, wear resistance, and thermal stability. In the range of 
0.5%, chromium increases the strength by reduction in size of the flake graphite 
and the retention of more pearlite. The matrix in the areas of eutectic graphite 
is made pearlitic so that the soiirces of excessive wear are largely eliminated. The 
breakdown in structure after prolonged heating is minimized by chromium. Above 
about 0.75%, chromium produces primary carbides in gray iron that make machining 
difficult, and higher amounts produce a wear resistant white iron. Irons contaixiing 
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1 - 2 % chromium are resistant to wear and moderately severe high temperature 
service and are used for applications such as grinding balls, grate bars, and 
incinerator parts. 

Martensitic Chromium Steels —^The martensitic range of chromium steels con¬ 
taining 2-17% chromium is used for almost as broad a variety of applications as 
the pearlitic steels, although the utility depends in greater degree on the surface 
stability conferred by chromium. With higher chromium, the effect of mass, and 
resistance to wear, corrosion, and oxidation, increases. 

Steel containing 0.20-0.40% carbon and 2-4% chropiium is pseudomartensitic 
in the air cooled condition and has unusually high ductility and toughness at a 
tensile strength of about 180,000 psi. Railroad rails of this composition, as well as 
similar steels of higher carbon content, are extremely wear resistant. The high duc¬ 
tility at high strength is readily developed in steel castings. Steels of this chromium 
content, usually in conjunction with molybdenum, tungsten, silicon, aluminum, and 
vanadium, are used for moderately high temperature service. 

More severe service requires a higher chromium 
content, and in oil refining stills steels of 4-6% chro¬ 
mium are most widely used although some steels of 
higher chromium content are used to combat more 
extreme conditions. The 4-6% chromium steel con¬ 
tains a carbon content of less than 0.20%. Molybdenum 
or tungsten is usually added to increase the creep ^ 
strength at elevated temperatures, and columbium or S 
titanium Is used to stabilize the carbides and prevent ,5 
air hardening. Chromium confers some strength at 
elevated temperatures, but its primary effect is to re- ^ 
duce oxidation and the corrosive effect of sour oils. 

The effect of chromium on oxidation resistance is 
illustrated in Fig. 4. Steels of the silicon-chromium ^ 
type with higher carbon and higher silicon, in some 
cases with secondary alloys, are used for valves in 
Internal combustion engines in which the high 0 4 3 P f6P0942859 

strength and resistance to corrosion by the combus- Chnomium, Percent 

tion gases make an effective combination. Fig. 4 —Effect of increaeing 

At about 12% chromium the resistance to corro- chromium on oxidation resist- 
Sion by oxidizing media becomes much higher, and 
steels containing 12-18% chromium are widely used 

for cutlery. The low carbon grade is cold rolled to develop hardness suitable for 
cheaper knives. This steel also has an extremely high order of mechanical prop¬ 
erties after heat treatment, and is used for turbine blades and valve trim. The 
steels containing 13% chromium with 0.30-0.40% carbon, and 16-18% chromium with 
0.60-0.80% carbon are used for the better grades of cutlery and for a variety of 
purposes requiring high strength, oxidation and corrosion resistance. They must 
be fully hardened and free from surface imperfections to develop maximum corro¬ 
sion resistance. With modifying elements such as nickel, molybdenum, and vanadium 
the steels are even more suitable for cutlery and articles such as valve parts and 
ball bearings where wear is severe. Steels containing carbon up to 2% are also used 
in tools, rolls, and dies to avoid excessive wear. Modifying alloys are commonly 
used. The steel can be annealed for machining and is hardened by oil quenching 
followed by tempering to secure appropriate properties. 

Ferritic Chromium iSfecls—When the chromium content exceeds 16-17%, austen¬ 
ite formation is largely restricted as shown in Fig. 1 and 2, and the structure consists 
primarily of ferrite that is not transformed to austenite at elevated temperatures. 
The low carbon steel does not harden readily and can be cold worked to an unusual 
degree especially when the small percentage of carbon present is fixed with colum¬ 
bium or titanium. The steel containing 18% chromium is widely used on account of 
its great corrosion resistance, and higher chromium contents up to 28% are used 
for oxidation resistance at high temperatures. The latter steel is subject to grain 
growth at elevated temperatures and if so heated is quite brittle unless the steel 
is given a persistently fine grain size by the addition of nitrogen. These steels have 
found application in furnace construction, and heat exchangers for resistance to 
oxidation and sulphur-bearing gases at temperatures up to 2100°F., and for resist¬ 
ance to mine water and mixed acids at ordinary temperatures. 

Higher carbon increases the oxidation and wear resistance, and a large propor¬ 
tion of the steel in the range of 15-30% chromium is used in the form of castings 
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with 1.00-2.50% carbon. High chromium cast iron is one of the most abrasion 
resistant of the ferrous materials, and is used for such parts as sand blast equip¬ 
ment and piercing points. 

A more recently developed application of ferritic steel is the alloy containing 
37% chromium and 7V^% aluminum for resistors in electric furnaces. While the 
alloy has a low strength, it resists oxidation at temperatures up to 2370“P. 

Austenitic Chromium Steels—Due to the sluggish manner in which high chro¬ 
mium steels .transform, it is possible, by the addition of metals such as nickel, 
manganese, and copper, to produce and retain exceedingly persistent austenite by 
moderately rapid cooling from 1825-2190°P. The austenitic chromium steels have 
an extremely high order of corrosion and oxidation resistance. They have excep¬ 
tionally good cold working properties, are adaptable to severe deep drawing opera¬ 
tions, and are suitable for use in the cold rolled condition if high strength is required. 
The steels have the low magnetic susceptibility and the high coefficient of expansion 
typical of austenite. Due to their ease of fabrication by welding, bending, forming, 
or spinning, the austenitic steels have enjoyed the widest range of application of 
any of the stainless steels. 

The most popular composition contains 18% chromium and 8% nickel. Several 
other steels ranging up to 25% each of chromium and nickel are also used. Higher 
chromium is required to gain further oxidation resistance, and more nickel is added 
to obtain greater austenite stability and greater strength at elevated temperatures. 
Steels similar to 18-8 have also been developed where manganese and copper are 
substituted for all or a part of the nickel. These steels have good drawing prop¬ 
erties and are more resistant to sulphur-bearing atmosphere than the 18% 
chromium-8% nickel steels. The chromium-manganese steel has a structure con¬ 
sisting partially of austenite and partially of ferrite. Other additions are made to 
austenitic chromium steels for specific purposes. Columbium or titanium is added 
to prevent susceptibility to intergranular corrosion during heating in the range of 
575-1650®P. Molybdenum, tungsten, and copper confer additional corrosion resistance. 
Aluminum and silicon may be used to increase the oxidation resistance. Selenium 
and sulphur Improve the machinabllity. 

The austenitic chromium steels are used primarily for acid resistance in chemical 
and food handling plants, for furnace parts, and for architectural trim. Tlie corro¬ 
sion resistance and high strength of cold worked austenitic chromium steel make 
possible the use of light box type structural members of great strength and stiffness. 
Although this type of construction is being developed for uses where weight is a 
primary factor, as in aircraft, railroad cars, and ships, it is evidently destined to 
play a large role in other applications. 
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Stainless Steel* 

(Castings Not Included) 

By Owen K. Parmitert 

Less than 20 years ago, the term “Stainless Steel” referred to but one type 
of corrosion resistant material. The steel contained 0.35% carbon and 13.50% 
chromium. Today, the niunber has increased to upwards of 60 different compo¬ 
sitions including types for practically every application. requiring a heat or 
corrosion resistant steel. 

So rapid has been the progress in developing new combinations and types that 
It Is difficult to decide at this time upon the relative importance and merits of 
many of them. Limited space confines this discussion to about* 16 representative 
types whose value has been established. These are briefly described, special consid¬ 
eration being given to composition, heat treatment, and general physical properties. 

Series of Straight Chromium-Iron Alloys—All of the corrosion resistant steels 
included In this series possess a comparatively low degree of heat conductivity and 
a high resistance to the softening action of heat, the combined effect of which 
makes forging somewhat difficult. In addition to this, the high carbon types 
harden readily in air after forging, which necessitates a softening or annealing 
operation before further fabrication. Each of the following “type compositions” 
requires heat treatment to bring out its maximum properties. Aside from those 
particular steels that require a definite hardening treatment, most of the various 
types are furnished by the manufacturer heat treated ready for use. 

5% Chromium-Iron—^This composition was developed as an intermediate type 
between ordinary carbon steel and stainless iron. It possesses properties that make 
it desirable for use in the oil refining industry. A number of modified compositions 
containing molybdenum, tungsten, aluminum, and copper are available. 

Composition and Heat Treatment 


c SI Mn Cr Mo-W-Al-CU 


0.05-0.25 0 50 max. 0.50 max. 4.00-6.00 Up to 1.00% of each as desired 


Appro.x Brlnell 

Operation Temp. Range. “P. Hardness No. 


Forging. 2000-1700 

Annealing. 1550-1575 150 

Hardening. 1800-1850, water 375 

Tempering. Up to 1200—To suit purpose. 


Physical Properties of 5% Chromium-Iron 


Water Quenched 1800*F. 
Fully Annealed Tempered 1100*P. 


Yield point, psi. 

Tensile strength, psl.. 
Elongation, % in 2 in. 
Reduction of area, %. 
Brlnell hardness No.. 

Specific gravity. 

Electrical resistivity.. 
Thermal conductivity. 
Modulus of elasticity. 
Izod Impact, ft-lb. 


25.000 (min.) 145.000 

60.000 (min.) 175.000 

30 (min.) 18 0 

. 60 0 

170 (max.) 300 


7.78-7.82 

43 microhms per cm.* 

72% that of wrought Iron 
30.000.000 lb. 

90 (annealed) 


Turbine Blade and Valve Trim Type—^In the heat treated condition this type 

*Author’s Note—^Thls article is offered as a digest for quick reference. Complete details per¬ 
taining to heat and corrosion resistant materials can be found In The Book of Stainless Steels, 
published by The American Society for Metals. 

fMetallurglcal Engineer, Firth-Sterling Steel Co., McKeesport, Pa. 

This article not revised for this edition. 
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STAINLESS STEEL 


'^Modified Analysis” Stainless Steels for Special Purposes 


Elements Added 
to Those 
Already Present 

Percentage of 
Additional 
Alloys 

Purposes for Which 

Additional Alloys Are Incorporated 

Aluminum 

4.00-4.50 

Increases the electrical resistance. Greatly improves the 
resistance to scaling at high temperatures. 

Copper 

1.00-4.00 

Improves resistance to corrosive action of dilute hydrochloric 
acid, also brine and ammonium chloride solutions. 

Columblum 

0.60-1.50 

Action similar to titanium. Greatly increases resistance 
to intergranular corrosion. 

Manganese 

3.00-5.00 

Improves ductility and resistance to Impact. Has strong 
stabilizing action. Increases corrosion resistance. 

Molybdenum 

1.00-4.00 

Similar to tungsten In its action. Increases resistance to 
sulphurous and phosphoric acids also brine and hypochlorite 
solutions. 

Selenium 

0.20-0.30 

Imparts free machining properties without sacrificing tough¬ 
ness and strength. 

Silicon 

0.50-3.50 

Produces better workability and welding properties. In¬ 
creases resistance to oxidizing action of high temperatures 

Sulphur 

0.30-0.40 

Combined In the form of certain sulphides it greatly 
Improves machining properties. 

Titanium 

0.40-0.80 

Reduces warpage In sheet form. Prevents precipitation of 
carbides and intergranular corrosion. 

Tungsten 

2.50-3.50 

Acts as an inhibitor of Intercrystalline attack. Increases 
strength at elevated temperatures. Improves resistance to 
sea water corrosion. 


combines a high degree of strength and elasticity without any loss of toughness 
and machinability. Some resistance to corrosion, however, is sacrificed for this 
excellent balance of physical properties. In the cold rolled, work hardened state, 
this type is used extensively for the cheaper grades of cutlery. 


Composition and Heat Treatment 


c Si Mn cr Ni 


,0.12 max. 0.20 0.40 12.00-16.00 0.50 max. 


Approx. Brlnell 

Operation Temp. Range, *P. Hardness No. 


Forging. 2000-1700 

Softening. 1400-1450 225 

Annealing. 1550-1600 165 

Preheating. 1450-1500 

Hardening. 1775-1825 400 

Drawing. Up to 1200—Depending upon size and purpose. 


The U. S. Navy Department Specification for physical properties for heat 
treated turbine parts made from this steel is as follows: 


Proof stress. 

Tensile strength..... 

Elongation. 

Reduction of area... 

Izod impact. 

Brlnell hardness No. 


70.000 psl. (min.) 
100.000 psl. (min.) 
20% in 2 In. (min.) 
60% (mln.) 

50 ft-lb. (mln.) 
200-240 
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Typical Physical Properties 



Oil Quenched 
1826“P. 

Tempered 700*P. 

Oil Qenched 

1825»F. 

Tempered 1200*P. 

Annealed* 

1600*F. 


160.000 

100.000 

68,000 

85.000 

33.0 

70.0 

100 

165 

86 B 

Tensile strength, psl. 

Elongation, % in 2 In. 

Reduction of area, % . 

Izod impact, ft-lb. 

Brinell hardness No. 

Rockwell hardness. 

Sn#»eifle ffrAVitV.. 

185,000 

17 5 

60.0 

SO 

395 

43 C 

120,000 

22.5 

70.0 

6d 

240 

99 B 

7.77 

Coefficient of expansion. 

Thermal conductivity. 

Modulus of elasticity. 

Electrical resistivity. 

Magnetic prop^nien. 


Q.0000105 (20-200*0.) 

0.046 cgs. units 

30.000,000 psl. (approx.) 

50 microhms per cm.* 

Fair 


Maximum Brinell hardness No. 

Corrosion re.sistance. 

Machlnabllity. 


400 (light sizes to 475) 
Good 

Good 



Original Cutlery Type—This is the original stainless steel described by 
in his patent. It serves as an ideal material for many purposes. In order to bn^ 
out its maximum resistance to corrosion, It Is necessary to harden and tn» 
thoroughly grind and polish It. This type can be made reasonably hard but Is not 
capable of the same intense hardness possible with carbon tool steel. 

As this particular steel Is air hardening. It must be annealed after fo^^ u 
machine work is required. In all heating operations It is 
then hold longer at the required heat than with ordinary steel. Poising *8 
r^iiehPri with more difficulty than with carbon steel. Frequent reheating is advisable. 

Grinding has an Important bearing on the ability of hardened ft^^le^ 
to resist co^oslon. Wet grinding is always preferred, and It must Ite ^ 
thorough Every trace of scale and surface scale must be removed. Any rem^n^ 
scale'pits serve as seats for corrosion and an electrolj^lc action is set up which 
rapidly spreads over the surface of the material as rust 


Composition and Heat Treatment 


C 

81 

Mn 

Cr 

0.30-0.40 

0.20 

0.35 

12.00-15.00 


—---- Approx Brinell 


Operation 


Temp. Range, •P. 


Hardness No. 


Forging.... 
Softening.. 
Annealing. 
Preheating 
Hardening. 
Tempering. 


2000-1700 

1400-1450 

1575-1625 

1450-1500 

1776-1850 

350- 900—To suit purpose. 


220 

185 

550 


Typical Physical Properties 


Oil Quenched, Oil 

1825*P. 1825“F 

Tempered 450-F. Tempered 1250»F. 


Annealed. 

1600-P. 


Yield point, psl. 

Tensile strength, psi.. 
Elongation, % in 2 in. 
Reduction of area, % 

Izod impact, ft-lb. 

Brinell hardness No... 
Rockwell hardness.... 


200.000 
240,000 
4.0 
8.0 
10 
500 
52 C 


125.000 
150.000 
12.0 
40.0 
25 
300 
107 B 


65.000 

100.000 

27.0 

60.0 


185 
91 B 


(Contintted) 
































STAINLESS STEEL 




Qpeeifle graTlty. 

Cotffleient of expansion. 

Tbeimal conductlTlty. 

Ifodulus of elastloitj. 

naetiloa] resistivity. 

ICagnetle properties. 

Maximum Brlnell hardness No. 

Corrosion resistance. 

Machlnabillty. 


7.77 

0.0000109 (20*-200*C.) 

0.0334 cgs. units 
30.000,000 psi. (approx.) 

60 microhms per cm.* 

Fair 

560 (approx.) 

Good (in hardened state) 
Good (in annealed condition) 


Modified Cutlery Type—This type was developed in an endeavor to incorporate 
some of the advantages of carbon steel into stainless material without sacrificing 
the quality of resisting corrosion. In most respects it works quite similarly to the 
original cutlery type, except that a more Intense hardness and a better cutting edge 
are possible. This modified composition for stainless cutlery is used principally in 
hot rolled double bevels. 


Composition and Heat Treatment 


C 81 Mn Cr Mo 


9.56-0.75 0.40 0.45 15.00-18.00 0.50 optional 


Approx. Brlnell 

Operation Temp. Range. *P. Hardness No. 


Forging. 2000-1700 ... 

Softening. 1400-1450 230 

Annealing. 1625-1675 195 

Preheating. 1450-1500 

Hardening. 1825-1925 600 

Tempering. 300- 800—To suit purpose. 


Typical Physical Properties 



Oil Quenched, 
1850"P. 

Tempered 450®F, 

Oil Quenched, 

1860*F. 

Tempered 1260*F. 

Annealed, 

1650*F. 

Yield point, psi. 

245,000 

100,000 

54,000 

Tensile strength, psi. 

270,000 

130,000 

95,000 

Bongetlon. % in 2 In.. 

2.0 

12.0 

27.0 

Reduction of area, % . 

3.5 

30.0 

45.0 

Xsod impaet, ft-lb. 

3 

6 

14 

BrineU hardness No. 

546 

285 

185 

RockweU hardness. 

55 C 

105 B 

91 B 

Speeiflo gravity. 


7.73 


Coeffieient of expansion. 

0.0000100 (20«-200*C.) 


Thermal conductivity. 




Modulus of elasticity. 




Beetrlcal resistivity. 

75 microhms per cm.* 


Magnetic properties. 

Fair 


Maximum Brlnell hardness No..... 

600 (approx.) 


Corrosion resistance. 

Very good (In hardened state) 


MachinabUlty.. 

Good (in annealed condition) 



BaU Bearing Type—This special composition is adapted for purposes where 
hardness and resistance to abrasion are required in a corrosion resistant steel. 
This type is capable of a hardness up to as high , as 62 O Rockwell in small 
cross sections and in this state shows excellent noncorrosive properties. 

It is recommended particularly for balls, valve seats, and wearing surfaces in 
general where maximum abrasion resistance is demanded in a stainless steel. It has 
found particularly valuable application in the oil industry for needle and check 
valve parts in oil lines. This type is the hardest form of stainless steel. 

Composition and Heat Treatment 


C. 

Si 

Mn 

Cr 

Mo 

V 

8.90-1.10 

0.45 

0.40 

15.09-18.00 

0.60 optional 

0.25 optional 




































STAINLESS STEEL 


53» 


^ Approx. BrlnoU 

Operation Temp. Range. •P. Hardness No. 


Forging . 1860-1700 

Softening . 1450-1500 325 

Semiannealing . 1800-1650 250 

Pull annealing . 1700-1750 225 

Preheating . 1400-1450 

Hardening . 1825-1925 (max.) 625 

Tempering . 300- 800~To suit purpose. 


18% Chromium-Iron—This nonhardening alloy is highly malleable and ductile. 
It is used for parts where great strength is secondary to corrosion resistance and 
workability. It is useful for drop forgings, cold upset articles, sheets and tubing. 
It does not work harden to the same degree as “18-8” and. therefore, is tougher 
after cold heading operations. This characteristic is of considerable advantage In 
many cases. 


Composition and Heat Treatment 


c 

81 

Mn 

Cr 

N1 

0.12 max. 

0.50 max. 

0.50 max. 

16.00-18.00 

0.50 mas 


Approx. Brlndl 

Operation Temp. Range. *P. Hardness No. 


Forging.. 2000-1600 

Softening . 1375-1400 180 

Annealing . 1400-1450 140 

Preheating . 1400-1450 

Hardening . 1775-1825-~011 quenched In light sections. 250 


Typical Physical Properties at Room Temperatures 
Annealed State 


Yield point, psl... 

Tensile strength, psl. 

Elongation, % In 2 In. 

Reduction of area. %. 

Brlnell hardness No. 

Speclflo gravity . 

Coefficient of expansion (per "C., 0*C.-800*C.) 
Thermal conductivity . 


45.000-55.000 

75.000-85.000 

35-45 

60-70 

135-170 

7.70 

0.0000117 

Approx. Vb that of ordinary steel. 


28% Chromium-Iron— This 28% chromium alloy Is recommended for high tem¬ 
perature applications. While it shows a remarkable resistance to oxidation at tem¬ 
peratures up to about 2000®P.. it has a tendency to lose strength at such elevated 
heats and, therefore, should not be used for installations where high strength and 
toughness are requisites. It possesses excellent noncorrosive properties and is 
recommended for its resistance to acid mine water, mixed acids, and to sulphur gases 
at high temperatures. 


Composition and Heat Treatment 


C 

81 Mn 

Cr 

N1 

0.35 max. 

0.50 max. 0.50 max. 

23.00-30.00 

0.50 max. 


Operation 

Temp. Range, •P. 


Approx. BrlndU 
Hardness No. 


. 2100-1500 


• • • 

Softenfug . 

. 1300-1360, air-cooled 

. 1560-1600. water 


200 

160 

Pr^h^atlng ., - - - 

. 1500-1700 


... 


. Cannot be hardened by thermal treatment 
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Average Physical Properties at Room Temperatures 
Forged, Rolled, and Annealed 


Yield point, psl. 

Tensile strength, psl.. 

Elongation. % In 2 in. 

Reduction of area. %. 

Brlnell hardness No. 

Specific gravity . 

Coefficient of expansion, 32“' 212*F. 

32»-1832®P. 

Thermal conductivity . 

Electric resistivity . 


45.000-60.000 

75.000-05,000 

25-35 

45-65 

160-200 

7.60 

0 0000056 
0 0000074 

About 50% that of wrought iron 
385 ohms per circular mil foot 


Series of Chromium-Nickel Iron Alloys—Tlie representative types contained in 
this group of highly resistant chromium-nickel alloys include various combinations 
of chromium and nickel in amounts ranging from 8.00-25.00% of each. Many modi¬ 
fied forms of these high chromium-nickel steels have been developed for special 
purposes. These include additions of aluminum, copper, columbium. manganese, 
molybdenum, selenium, silicon, sulphur, titanium, and tungsten. These additional 
alloys have a marked effect upon the structiure and heat and corrosion resistance of 
tlie resultant steel but in most cases little or no effect upon its forging or heat 
treatment. 

All of the high chromium-nickel combinations are austenitic and possess the 
usual characteristics of that type, namely, low heat conductivity, comparatively 
high coefficient of expansion, nonmagnetic properties, inability to harden by heat 
treatment, good workhardening properties, and satisfactory toughness. Like other 
austenitic steels with the exception of the 8.50% Cr-22.00% Ni type, they are 
annealed or fully softened by cooling rapidly from a high temperature, usually 
about 2000®P. These steels of the austenitic group require prolonged soaking during 
both the preheat and initial heat for forging. 

8.50% Cr-22,00% Ni Type 

(Highly Resistant to Heat, Corrosion and Abrasion) 

Composition and Heat Treatment 


C St Mn Cr NI Cu 


0.25 max. 1 25-1.50 0 60-0.90 7.00-10.00 21.00-23 00 1.00-1.50 


Approx. Brlnell 

Operation Temp. Range, *P. Hardness No. 


Preheating . 1600-1800 (soak well) 

Forging . 2050-1800 (do not soak) 

Annealing . 1650-1750 (cool slowly) 150 

Hardening . Only by cold working 


Do not soak at temperatures above 1800«F. 
Do not forge at temperatures below 1600*’F. 


Typical Physical Properties in Annealed Condition 


Yield point, psl. 

Tensile strength, psl. 

Elongation, % in 2 in. 

Reduction of area, %. 

Brlnell hardness No. 

Specific gravity . 

Coefficient of expansion, per *C.: 

20»-300"C 

300«-600«C 

600“-900®C 

Electrical resistance . 

Specific heat . 

Thermal conductivity . 

Modulus of elasticity.. 

Magnetic properties . 


.50,000- 65,000 

.90.000-100.000 

. 20- 35 

. 45- 65 

.165-190 

, 8.00 

,0.0000168 

0.0000180 

. 0.0000200 

,0.520 ohms per mil ft. 
0.07 

.1/14 that of copper 
28,000,000-30,000,000 lb. 
Nonmagnetic 
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18.00% Cr.8.00% Ni Type 
Composition and Heat Treatment 



Operation 


Temp, Range. -P. 


Approx. BrlneU 
Hardness No. 


Forging . 2350-1750 

Partial softening. 1600-1700 

Complete softening . 2000-2200 (cool rapidly) 

Hardening . By cold working only. 

Drawing (after cold working).. Up to 750"F. improves ductility. 

Physical Properties at Room Temperatures 
(Softened Condition) 

Tleld point, psl.30.000-35 000 

Tensile sirengih. psl.85.000-95,000 

Elongation, */t in 2 in... 55- 60 

Reduction of area %.70- 75 

BrlneU hardness No.145-160 

Rockwell haidiiess (B scale). 80- 84 

l 2 od Impact, ft-lb.115-120 

Specific gravity .7.93 

Thermal conductivity .0 0390 cgs. units (100*C.) 

Coefficient of expansion.0 000020 (O'-IOOO^C.) 

Scaling point .1700*F. 

Specific heat .0 118 cal. per *C. 

Melting point .2700*’F. 

Deep drawing properties.Very good 

Electrical resistivity .91 microhms (100*C.) 

Magnetic properties .Practically nonmagnetic 

Modulus of elasticity, psl.29.000.000 

Structure ...Austenitic 


20.00% Cr.25.00% Ni Type 
(Heat Resistant, High Strength Alloy) 

Composition and Heat Treatment 


2.25-3.00 


0.50-0.70 


19.00-21.00 


Operation 


Temp. Range, ®F. 


Approx. BrlneU 
Hardness No. 


Forging ... 2050-1700 

Complete softening. 2000-2100* 

Hardening . Only by cold working. 

*Do not soak at this temperature; cool rapidly. 


Typical Physical Properties in Softened Condition 

Yield point, psl.45,000- 50,000 

Tensile strength, psl.90^00(1-110,000 

Elongation, % In 2 In.35 

Reduction of area, % .35- 45 

BrlneU hardness No. 

Isod Impact, ft-lb. 

Specific gravity. 

Coefficient of expansion, per *0.: 

300®-600®0. 0 0000180 

600*-900*C.0.0000200 

Electrical resistance . a®uaaa ^ 100*F. 

Modulus of elasticity.......About 30,000,000 lb. 
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25.00% Cr-12.00% Ni Type 
(Heat Resistant, High Strength Alloy) 

Composition and Heat Treatment 


0 

81 

Mn 

Cr 

NI 

0.20 max. 

0.75 max. 

1.00 max. 

22.06-26.00 

11.00-13.00 


Operation 


Temp. Range. *F. 


Approx. BrlneU 
Hardness No. 


Preheating ... 1650-1600 (soak well) ••• 

Forging . 2250-2000 (soak well) 

Annealing . 2000-2100. air cool* 160 

Hardening . Only by cold working. 


*Do not soak at annealing heat. 
Do not forge below 1800*P. 


Average Physical Properties in Annealed State 


Yield point, psl. 

Tensile strength, psl... 

Elongation. % In 2 In. 

Reduction of area. %....... 

Brlnell hardness No. 

Bpeelfle gravity . 

liiermal conductivity ... 

Resistance to scaling. 

Coefficient of expansion, per *F., S2*F.-932*F. 
Bpeelfle eleetrlcal resistance. 


.40.000- 60.000 
.90.000-110.000 
. 45- 55 
. 60- 60 
.150-200 
.7.83 

.About 40% that of ordinary steel 
.Up to about aiOO*F. 

0.0000096 

, 80 microhms per cm.* 


25.00% Cr-20.00% NI Type 
(Heat Resistant, High Strength AUoy) 

Composition and Heat Treatment 


O Bi Hn Cr NI 


•J6 max. 0.70-1.50 0.50-0.70 24.00-06.00 10.00-21.00 


Approx. BrlneU 

Operation Temp. Range, •F. Hardness No. 


Preheating. 1700-1800 (soak well) 

Forging . 2200-2050 (soak well) 

Annealing . 2000-2100* 165 

Hardening . Only by cold working. 


*Do not soak at annealing heat. 
Do not forge below 1800*F. 


Typical Physical Properties in Annealed Condition 


Yield point, psl.. 

Tensile strength, psl.. 

Blongatlon. % In 2 In. 

Reduction of area. % .. 

Brlnell hardness No... 

Oharpy impact, ft-lb. 

Coefficient of expansion, per *F.: 

32*- 600*F. 
32*-1700*F, 

Thermal conductivity . 

Specific gravity . 


45.000- 55.000 
100.000-110.000 
. 45- 65 
56-60 
.155-175 
35- 65 

.0.0000085 

0.000010 

Approx. 40% that of ordinary steel 
7.93 


Free Machining Types—Two general types comprise this group; one a free cut¬ 
ting 14.00% chromium-iron, and the other a free cutting *T8-8’* steel. Selenium, 
phosphorus, and sulphur in the form of metallic sulphides are used in rarlouB com* 
binations to produce the desired crisp machining effect. 












































STAINLESS STEEL 
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Free Machiniiiflf 14.00% Chromium-Iron 
Composition and Heat Treatment 


c 

81 

Mn 8 

Or 

Mto 

0.12 max. 

0.25 

0.45 0.350 

12.00-16.00 

0.40 


Operation 


Temp. Range, ‘F. 


Approx. Brlnoll 
Hardness No. 

Forging* . 

Annealing . 

Annealing . 

Preheating . 

Hardening . 

Tempering . 


.... 2200-1800 
.... 1300-1450, air cooled 

.... 1300-1450, furnace cooled 

.... 1450-1500 

1825-1850 

— Up to 1200*F.—To suit purpose. 


iis 

160 

3M 


^Forging temperature for this type la considerably higher than for similar type containing 
low sulphur. 


Typical Physical Properties in Annealed State 


Yield point, psl. 

Tensile strength psl. 

Songatlon. % In 2 In. 

Reduction of area, %. 

Isod impact, ft-lb. 

Biinell hardness No. 

Rockwell hardness . 

Specific gravity . 

Coefficient of expansion. 

Thermal conductivity . 

Electrical resistivity . 

Magnetic properties . 

Maximum Brinell hardness No 

Corrosion resistance . 

Machlnabillty .. 

Recommended uses. 


50.000-65.000 
75.000-00.000 
20- 30 
50- 60 
50 

160-190 
85- 90 
7.75 

0.0000104 (20*-900*C.) 
.0.046 cgs. units 
50 microhms per cm.* 
Fair 
350 
.Fair 

Very good 

.Screw machine work 




Free Machining "18-8” 

Composition and Heat Treatment 



C 

81 

Mn Or N1 

P 

8e 

O.OS-0.20 

0.70 max. 

1.00 max 17.00-19.00 7.00-9.00 

0.120 

0.200 


The improved machinability of this type over the standard **18-8** composition 
has been obtained with a slight loss of corrosion resistance, but without sacrificing 
strength or toughness. It can be drilled, tapped, threaded, and machined with 
ordinary machine tools and practice. In automatic screw machines, recommended 
speeds are about 70% of those used on ordinary screw stock. This free machining 
type is recommended for general machine parts, including screws, bolts, nuts, pump 
shafts, valve trim, bushings, and spindles. 

Free Machining **18-8*’ shows about the same physical properties as the stand¬ 
ard composition and the same heat treating instructions apply. 
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Fe 3416b 


Wrought Heat Resisting Steels* 

Introduction—Carbon steels, which offer a wide selection of mechanical prop¬ 
erties at room temperature, lose their valuable characteristics at elevated tempera¬ 
tures with the result tha*t the mechanical properties tend to seek equilibrium and 
the effect of initial heat treatment is more or less eliminated, depending on service 
temperature. Wherever carbon steels are unsatisfactory for use at elevated tem¬ 
peratures either because of insuflacient strength or lack of satisfactory corrosion or 
oxidation resistance, it is customary to turn to alloy steels, either low alloy additions 
of molybdenum, chromium, or silicon, or for more severe service conditions, the 
higher chromium stainless alloys such as 12%, 17%, 27% Cr, 18% Cr-8% Ni. 25% Cr- 
12% Ni, 25% Cr-20% Ni, and modifications thereof. The modifications may incor¬ 
porate additions of such elements as titanium, columbium, molybdenum, tungsten, 
or silicon for specific purposes such as stabilizing carbides, increasing strength or 
scaling resistance. Nitrogen may be added to retard grain growth, particularly in 
the 27% chromium alloy. Other alloys having less than 50% iron content, for 
example, nickel-base alloys such as 35% Ni. 15% Cr; 65% Ni, 15% Cr; and 80% 
Cr, 20% Ni are used for heat resisting purposes especially for metallic resistors, 
furnace parts, carburizing boxes and are covered in other articles in this Handbook. 

Carbon, one of the most mobile elements encountered in ferrous metallurgy, 
because of its atomic dimensions, is unstable at elevated temperatures both chemi¬ 
cally and constitutionally; witness, for example, such effects as carbide aging in 
mild steel even at room temperatures, the prevalence of decarburization as com¬ 
pared to “dechromiumization” or “desiliconization,” and latitude of properties 
obtained by heat treating eutectoid steel as compared to mild steel. 

For this reason carbon is of little benefit in wrought steels for use at elevated 
temperatures and, except in special cases such as in carbon steel superheater tubes, 
alloy bolt steels and valve steels, is usually kept below 0.20% and in some cases 
below 0.10%. Most of the other elements described are present in solifi solution in 
the austenite or ferrite, depending on the nature of the alloy. Thus chromium, 
for example, affects an inherent change in the properties of the metal apart from 
modifying the structural habits, that is, pearlite or troostite formation. As the 
chromium content of a 0.1% carbon steel is increased, one of the first noticeable 
contributary effects is the increased sluggishness of phase changes; 5% chromium 
steel is air hardening in much larger sections than mild steel because the austenite 
or high temperature modification persists on cooling much more than is the case 
for mild steel and does not usually transform until near room temperatures to 
yield a martensitic product. Supplementary, but entirely unrelated to this effect 
Just described, the addition of chromium tends to reduce the rate of attack of 
many reagents on the metal and at about 11% addition of chromium, this change 
becomes so marked that the iron alloys containing more than 11% chromium have 
been termed “stainless steels.” 

Chromium is a ferrite stabilizer, that is, it acts to increase the temperature 
range in which ferrite is stable and with the addition of about 16% chromium, and 
a low carbon'content, the austenite or high temperature constituent is almost 
completely eliminated. A higher chromium content than 16% renders the metal 
nonresponsive to heat treatment in the ordinary manner practiced with steel but 
does not prevent grain growth at the higher temperatures. Nickel is an austenite 
former and tends to offset the effect of chromium. The addition of about 8% 
nickel to an 18% chromium alloy results in the formation of austenite as the 
stable phase in the heat treating range of temperatures and as a result of the 
quantity of alloying elements present, the austenitic phase persists on cooling to 
room temperatures. Deforming this border-linet 18-8 composition at temperatures 
below 300®F. causes the austenitic phase (nonmagnetic) to break down and partially 
transform to the ferritic phase (magnetic) but on reheating to temperatures above 
1400®F., ferrite quickly reverts to austenite. Larger quantities of nickel yield com¬ 
pletely stable austenite which does not transform on cold working. 

Chromium is a carbide forming element and will readily usurp the place of 
iron in cementite to form a series of mixed iron carbide-chromium carbide inter- 


< Prepared for the Subcommittee on Wrought Heat Resisting Steels by H. D. Newell and John 
J. B. Rutherford, The Babcock 9i Wilcox Tube Co. The membership of the subcommittee was 
H. D. Newell, Chairman; R. H. Aborn, F. B. Foley, R. Franks, S. M. Heck, C. M. Johnson, E. R. 
Johnson, V. N. Krivobok, and N. B. PUling. 

tSee the article in this Handbook on the Constitution of Iron-Chromium-Nickel Alloys. 
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inedlate phases. Since the chromium carbide is more stable, the solubility of carbon 
in iron-chromium alloys is lower than in iron. About 0.037o carbon is soluble in 
18-8 (austenite) at 1400°P. whereas in iron at the same temperature (also austenite) 
about 0.9% carbon is soluble in the austenite. 

These features serve in the interpretation of the effect of temperatures on the 
structural behavior of these alloys. The 12% chromium alloy is amenable to heat 
treatment, is air hardening and fairly resistant to chemical and oxidation attack. 
The 17% chromium alloy is not normally amenable to heat treatment but can be 
hardened to a limited extent by air cooling from high 'temperatures (above 1800®P.). 
(It can be hardened in presence of sufiftcient carbon and/or nickel). It is more 
resistant to oxidation than the 12% chromium alloy. The 27% chromium steel Is 
not amenable to heat treatment but is susceptible to embrittlement if held in the 
range 800-1000°P. and then tested at room temperature (this effect has been asso* 
dated with the foimation of an iron-chromium compound); it is still more resistant 
to oxidation than the other ferritic alloys. Certain of the lower chromium steels also 
develop cold brittleness after long heating in this range of temperature, for example 
17% chromium-iron and 5% chromium steel, toughness is returned on warming or 
by heating to 1200®P. and rapidly cooling. Among the austenitic steels. 18-8, 25-12, 
and 25-20, those containing higher chromium content are more resistant to oxida¬ 
tion, the additional nickel content gives greater resistance to creep at elevated tem¬ 
peratures, to oxidation, and to chemical attack in certain media. 

Resistance to Oxidation—The first prerequisite of a steel for use at elevated 
temperatures is resistance to oxidation. Table I gives comparative scaling tempera¬ 
tures for a group of steels. It should be noted that this scaling temperature is 


Table I 

Comparative Scaling Temperatures 


Type and /-Nominal Composition. %-- Scaling 

Code No. 0 Mn S P SI Cr Nl Temp..'»F. 


12 Cr. 410 0.10 0.5 0.02 0 02 0.3 12 .. 1300 

17 Cr. 430 0.10 0.5 0 02 0 3 17 15.50 

27 Cr. 448 0.15 0.7 0 02 0 02 0.3 27 .. 2100 

18-8. 302 0.10 0.5 0.02 0.02 0.5 18 8 18.50 

25-12. 309 0.15 1.0 0.02 0.02 0.7 25 12 2100 

25-20. 310 0.15 1.0 0.02 0 02 0.7 25 20 2150 


based on rather arbitrary standards and serves to indicate generally the lowest 
temperature at which, on prolonged heating in a strongly oxidizing atmosphere, a 
scale will form of sufficient thickness to cause flaking or spalling. These steels will 
oxidize at much lower temperatures forming a series of temper colors until a thin, 
black adherent scale layer is formed but this reaction tends to cease whereas above 
the scaling temperature, spalling causes progressive deterioration, thus reducing 
service life or making mandatory a selection of higher alloy for economical and 
continued operation. Compositional modiflcations, such as the addition of silicon or 
aluminum, changes the scaling temperature by changing the nature of the scale 
layer. A similar effect, also related to the nature of the scale product, concerns the 
type of atmosphere in which the metal is tested. Table II contains the results of 

Table II 
Scaling Tests 

--—-^Types-- 

Test Conditions 12 Cr 17 Cr 27 Cr 18-8 25-12 


Oatn in Weight, mg. per sq. cm. 

50 hr. lesO'-P. In Air. 0.7 0 7 

50 hr. 2010^*^ in Air. 250.0 7 0 2 5 

50 hr. ISOO^P. in Hydrogen Sulphide . 1000.0 930.0 820.0 


1.5.0 


9.0 


scaling tests conducted in a highly oxidizing atmosphere and, for comparison, similar 
tests conducted in an atmosphere of hydrogen sulphide. At these test temperatures, 
the chromium-rich oxide is refractory and reduces further chemical reaction while 
the complex sulphides formed are liquid and promote interaction between the gas 
and metal phases. In reducing atmospheres, where quantities of carbon monoxide 
are present, the scale formed is lower in chromium and therefore, offers less pro- 
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Table m 

Short Time Tensile Tests on Wrou^^ht Alloys* 

(1 hr. at temperature—pulled 0.05 In. per min.) 


Material 

Temp. 

op 

Ultimate, 

psl. 

Elongation, 

% In 2 In. 

Red. of 
Area, % 

12 Cr. (Type 410) 

Room 

89,370 

32.0 

71.4 

0 0.12, Mn 0.42, 

200 

83,170 

29.0 

75.0 

P 0.014, S 0.020, 

400 

76,580 

28.0 

76.0 

81 0.18, Or 12.27, 

600 

72,850 

25.0 

73.6 

Hi 0.204 (annealed) 

800 

66,140 

25.0 

70.8 

900 

54,700 

26.0 

73.2 

Brlnell hardneas 187 

1000 

44,750 

26.0 

77.5 

1100 

34.700 

43.0 

87.3 


1200 

24,810 

50.0 

92.9 


1300 

15,160 

58.0 

95.S 


1400 

9,200 

68.0 

97.9 


1500 

9,450 

78.5 

73.4 


1600 

9,740 

69.0 

41.9 

17 Or (Type 430) 

Room 

76,580 

32.0 

74.4 

0 0.07, Mn 0.30, 

200 

71,860 

30.0 

74.0 

P 0.013, 8 0.020, 

400 

67,140 

27.5 

75.8 

81 0.29, Or 16.66, 

600 

63.900 

26 0 

70J 

Ni 0.157 

800 

56,190 

29.0 

74.6 


900 

48,980 

34.0 

75.6 

Brlnell hardneei 170 

1000 

35.800 

35.5 

84.4 


1100 

26.850 

55.0 

90.8 


1200 

18,650 

61.5 

97.1 


1300 

11,440 

67 0 

99.1 


1400 

7,460 

70.0 

99.5 


1500 

5,090 

83.0 

99.8 


1600 

3,480 

188.0 

98.4 

i7 Or (Type 446) 

Room 

93,480 

26.0 

69.6 

0 0.10, Mn 0.74, 

600 

83.170 

19.5 

53.5 

P 0.021, 8 0.014, 

800 

82,380 

19.0 

47.5 

81 0.13, Or SO, 

900 

80,630 

20.5 

41.6 

Ni 0.57 

1000 

70,520 

15.5 

47.2 


1100 

39.280 

47 0 

73.3 

Brlnell hardnen 168 

1200 

24.210 

47.0 

85.2 


1300 

10,860 

57.0 

90.7 


1400 

6,890 

80.0 

93.0 


1500 

4,245 

133.0 

97.7 


1600 

3,355 

165.0 

98.8 

18*8 (Type 304) 

Room 

91,500 

68.0 

75.5 

18% Or. 9% Ni, 

200 

78,600 

59.0 

79.5 

0.07% O Mai 

400 

70,250 

47.0 

73.1 


600 

71,430 

46.5 

70.6 


800 

67,025 

45.2 

68.8 


900 

64,480 

40.2 

69.1 


1000 

61.625 

44.5 

69.0 


1100 

53,740 

40.7 

64.8 


1200 

44,375 

46.7 

64.1 


1300 

35,620 

50 7 

58.2 


1400 

23,650 

53.2 

51.0 


1500 

17,210 

54.5 

47.3 


1800 

14,500 

50.0 

45.0 

25-13 (Type 309) 

Room 

79,680 

71.0 

81.0 

C 0.082, Mn 0.97, 

200 

73..S20 

56 0 

80.0 

P 0.014, 8 0.013, 

400 

66.890 

52.5 

78.0 

81 0.38, Or 22.94. 

600 

66.530 

47.5 

75.0 

Ni 12.73 

800 

66,400 

48.0 

72.0 


900 

61,680 

47.0 

72.0 


1000 

60.920 

48.0 

69.0 


1100 

54,920 

41.5 

60.0 


1200 

44,680 

28.0 

31.0 


1300 

36.570 

27.5 

28.0 


1400 

28,610 

25.0 

S1.0 


1500 

21,470 

38.0 

33.0 


1600 

15,970 

29.5 

32.0 

25-20 (Type 310) 

Room 

82,380 

55.0 

79.0 

0 0.07, Mn 1.22, 

300 

73,350 

51.5 

78.0 

P 0.023, 8 0.021, 

500 

69,870 

45.0 

75.0 

81 0.35. Or 24.99, 

700 

70,620 

48.0 

73.0 

NI 20.46 

900 

69,120 

50.6 

71.0 


, ' ’ 1000 

66.760 

50.0 

67.0 


1100 

60,170 

41.0 

46.0 


1200 

47,500 

24.0 

29.0 


1300 

41,190 

24.0 

26.0 


1400 

81,950 

26.5 

27.0 


1500 

24,360 

37.0 

87.0 

1600 

•.505 In. dla. 1 2 In. gage length speclmena. 

17,900 

33.0 

46.5 
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tectlon; furthermore, if carburization occurs, since carbon combines preferentially 
with chromium, the surface of the metal is depleted in effective chromium content 
and scaled more rapidly. Mention may be made of the fact that under repeated 
heating and cooling, the ferritic stainless steels tend to scale less austenlUe 
steels owing to their lower coefficient of thermal expansion. 

Mechanical Propertles~In order to determine the mechanical properties of 
metals at elevated temperatures, two types of test are customarily practiced, short 
time tensile and creep tests. The departure from room temperature testing technique 
is necessitated by the fact that at temperatures above about 700"F. a new 
phenomenon of flow becomes operative which requires study on the basis of stress* 
strain-time factors at each temperture. The short time tensile test is similar in 
procedure to the ordinary tensile test except that the specimen is enclosed In a 
furnace designed to give a uniform temperature distribution held for a period of 
30 min. to one hour, then, still maintained at temperature, it is pulled to fracture. 
Table III contains a compilation of data obtained by this type of test. 

Creep Strength--Creep strength data are usually computed on the basis of the 
load required to obtain an elongation of 1% in either 10,000 hours or 100.000 hours 
depending on service requirements. The carbon steels may be satisfactory up to 
800®P. or even to 1000®P.; under low stresses, low alloy steels are commonly used 
between 800®P. and 1100®P., above 1100®P. the extra strength and corrosion resistance 
of the stainless alloys generally become necessary. Table IV contains creep strength 
values for the stainless alloys. It should be noted that stress required to obtain a 
flow rate of 1% In 10,000 hours is greater than, but not in direct proportion to, the 
stress required for 1% in 100,000 hours. The practice of extrapolating the data In 
this table to different temperature ranges, flow rates, or composition is not 
recommended. 

Table IV 


Creep Strength Data 


Temp., 

0.11% C 

0.10% c 

0.20% C 

0.06% C 


0.13% O 

•P. 

12 Cr 

17 Or 

27 Or 

18-8 

25-12 

25-20 


Sirett cauHna creep rate of 1% elongation in i0,00C 

* hours 


900 




24,000 



1000 

13,000 

8,500 


17,000 



1100 

5,200 

5,200 


11,550 



1200 

2,100 

2,100 

1,^0 

7,000 


7,400 

1350 

1,400 

1,200 

400 

3,000 


3,300 

1500 




850 


1,100 


Stress causing creep rate of 1% elongation in 100,000 hours 


800 




25,300 



900 




18,000 



1000 

10,000 

7,000 


11,500 



1100 

4,000 

4,500 


7,100 



1200 

1,600 

1,600 

1,000 

4.250 


5.400 

1350 

900 

900 

180 

1,600 


3,800 

1500 






800 


The superior creep resistance of the austenitic alloys Indicates the advantage of 
this type for service at temperatures above lOOO^P. Relatively small additions of 
molybdenum and silicon, for example have been observed to alter considerably the 
creep strength values of the various chromium and chromium-nickel alloys. In the 
marginal austenitic alloys, this may be due to ferrite formation brought about by 
the additional element. The unexpected decrease in creep resistance of the higher 
chromium ferritic alloys at 1200 and 1350®P. may be associated with the peculiar 
temper aging which occurs in this range, or even with the formation of an iron- 
chromium compound, since it is generally regarded that structural instability lowers 
creep resistance. Purther, it appears that fundamentally the body-centered cubic 
atomic lattice arrangement (alpha ferrite) is less creep resistant than the face- 
centered atomic lattice arrangement (austenitic or gamma iron). 

P. H. Norton has summarized his early creep test experiments as follows: 

The results obtained on steels at temperatures over 1000*P. lead to the follow¬ 
ing conclusions: 

1. The high chromium ferritic stainless steels have distinctly inferior creep 

resistance as compared with austenitic stainless steels. 

2. The face>centered structure of the austenitic steels seems to offer a distinctly 

greater resistance to creep than the body-centered type. 
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3. The high chromium, high nickel type of austenitic steel seems to offer by far 
the most advantages in regard to creep resistance, heat resistance, and per¬ 
manency of structure. 

\ An increase in chromium content in ferritic stainless steel above 18% seems to 
decrease the creep resistance. 

5. No evidence is found for a cessation of creep as the load is decreased, and the 
flow rate seems to decrease with the load in an exponential manner. 

Fatigue Stresses—In view of the fact that rapid intermittent stresses (fatigue 
stresses) may have a similar effect at elevated temperatures as they have at normal 
temperatures, and since pulsating stresses occur at elevated temperatures in some 
types of service, research on this subject may appear advisable. The data in Table V 
are from a recent paper (J. S. Kinney, A.S.TM. Preprint No. 46, 1938) on fatigue 
properties at elevated temperatures. 


Table V 

Fatigue Strength at Elevated Temperatures 

composition %: C 0.10, Mn 0.29, P 0.014, S 0.019. Si 0.31. Ni 0.38. Cr 12.30. 
Condition: Annealed, 6 hr. 1175'*F. furnace cooled to 570'*F. then air cooled. 


Mechanical Properties at Room Temperature 



Tensile Strength, Yield Point, 
psi. psi. 

11,700 80.000 

Elong. in 

2 in., % 
23.5 

Red. of Area, 

% 

67.9 

Temperature . 

Endurance Limit, Ib/sq. in. to 10-^ 

cycles. 58.000 49,000 

850'*F. 

43,500 

lOOO-F. 

27.200 


Design—Permanency of the stainless alloys at elevated temperatures may be 
Judged by oxidation and creep resistance values shown but numerous other physical 
properties are required by the engineers to estimate behavior at temperature rather 
than length of life. A group of such properties, which are believed to be quite 
reliable with proper interpretation, are included in Table VI. Most of these prop¬ 
erties can be modiffed to a considerable extent by cold working. For example, 18-8 


Table VI 

Physical Characteristics of the Stainless Steels 

Annealed Condition 




12 Cr 

17 Cr 

- 

27 Cr 18-8 

25-12 

25-20 

Bielting Range—Top, "F. 


2790 

2750 

2750 

2590 

2570 

2600 

Bottom, ®P. 


2750 

2710 

2710 

2550 

2530 

2550 

Specific Gravity, g./cc. 


7.65 

7.57 

7 49 

7.92 

7 83 

7.9 

Ib./ln.* .... 


0.276 

0.273 

0.270 

0.286 

0.283 

0.285 

Specific heat, cal./*’C./g. 








0-100‘’O. .. 


0.11 

0.11 

0.11 

0.12 

0.12 

0.13 

Electrical resistivity, 70'’F.. 


57 

59 

67 

70 

78 

80 

Microhms/cm.* 1200®F.. 


109 

115 

115 

117 

115 

117 

Thermal conductivity 








cal./cm.*/sec./®C./cm., at 

100*C.. 

0 0595 

0.0583 

0 0500 

0.390 

0.03-0 04 

0.039 

B.t.u./ft.»/hr./‘’F./ln., at 

212*^.. 

173 

169 

145 

113 

87-116 

113 

cal./cm.*/sec./®C./cm., at 

500-C.. 

0.0686 

0.0624 

0.0583 

0.0515 



B.t.u./ft.Vhr./»F./ln., at 

932*F.. 

199 

181 

169 

150 



OoelScient of thermal exnansion 







per •P.Xl0-«. 32- 212*F. . 


6.1 

6.0 

6.9 

9.6 

8.3 


32- 932*P. . 



6.7 

6.3 

10.2 

9.6 


32-in2“P. . 


6.65 






105-1320*^. . 







9.2 

70-1832"F. . 







10.6 


When severely cold worked has an expansion coefiacient similar to the 17 Cr type 
by virtue of the change from the nonmagnetic to the magnetic condition but at 
temperatures above about 800°P. this change does not apply. In general, cold work¬ 
ing is of little consequence in these alloys when used at elevated temperatures 
because of automatic stress relieving effects. Another factor concerning heat con¬ 
ductivity which is not shown in the tables is the tenacity of the oxide scale layer 
which frequently has been observed to offer greater resistance to heat transfer than 
the metal itself. In the use of bimetallic linings, heat transfer can be readily cal¬ 
culated if, for example, mild steel and stainless steel are welded together but in the 
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case of a fitted lining within which an appreciable scale layer exists, it Js impossible 
to calculate heat transfer. 

Because of the variety of design problems involved in the application of these 
materials to heat resisting structures, and lack of uniform methods of applying 
safe stress values, it is obvious that each application is a problem in Itself as to 
selection of material for the service requirements and proper design for expected life 
of equipment. 
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HEAT RESISTING CASTINOS 


Fe 84150 


Heat Resisting Castings* 

(Chromimn-Nickel-Iron Alloys) 

All heat resisting alloys are essentially alloys of iron and chromium in which 
the chromium serves to inhibit high temperature corrosion. In addition to iron 
and chromium, most heat resisting alloys also contain nickel which has been 
added to inten^y the action of the chromium and to enhance the physical prop- 




t2oo MOO moo moo 1200 moo moo moo 2000 
rempeneture» 

ng. 1 And a—Design strength for chromium-nickel alloys. 


erties of the metal. The chromium content varies from about 12-30% and the 
nickel content may be as low as 8% or as high as 65%. Typical compositions are 
as follows; 


1B% Cr—8% NL 
24% Cr~13% Ni. 
28% Civ-10% Ni. 
25% Cr--20% Ni. 
15% Cr—65% Ni. 
15% Cr—35% Ni. 
20% Cr—25% NI. 
18% Cr 
28% Cr 


Balance principally Iron 
Balance principally iron 
Balance principally iron 
Balance principally iron 
Balance principally iron 
Balance principally iron 
Balance principally iron 
Balance principally iron 
Balance principally iron 


In the following discussion, alloys containing more nickel than chromium 
will be referred to as tiickel-chroTniuin alloys. Those in which chromium predomi¬ 
nates will be called chromium’-nickel alloys and those containing only chromium 
and iron will be designated straight chromium alloys. 

Chemical Stability—Of the several alloys available for high temperature service, 
some are more stable than others in their resistance to chemical attack depending 
upon the environment in which they are to function. The most common forms 
of chemical action encountered in commercial heating practice ate oxidation* 
sulphuridation. and carburization. These factors acting together or independently 


^ iV subcommittee on Heat Resisting Castings by J. D. Corfleld. Michigan Steel 

subcommittee was as follows: Dr. O. B. Harder, Chairman; 
Jr C. Ba^ P. M. Beeket, Dr. P. A. Pahrenwald. H. H. Harris, M. A. Hunter, C. M. Johnson, T H, 
Ndaon, N. B. Pilling, L. J. Btanbery, B. H. StUwUl, F, K. Ziegler, and R. D. Van Nordstrand. 


ThU article woe not revised for this edition. 
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may cause premature failure unless they have been carefully considered in select¬ 
ing the alloy. Under purely oxidizing conditions any one of the three types of 
alloys mentioned may be used, the choice depending upon the temperature and 
the physical properties of the metal at elevated temperature (to be discussed later). 

Under reducing conditions (in the alisence of sulphur compounds) the nickel- 
chromium alloys are generally preferred because these alloys do not carburise 
readily. 

In the presence of sulphur compounds, it is customary to select one of the 
chromium-nickel alloys. The extent to which sulphur may Influence corrosion 
depends upon the amount present, the temperature, and the form in which it 
exists, usually SO* or HaS. The subject of high temperature corrosion by sulphur Is 
not well enough understood to permit other than a few general remarks, but prac¬ 
tical experience indicates that chromium-nickel alloys are more resistant than 
nickel-chromium alloys and not infrequently the only alloys that can safely be 




used in furnaces fired with high sulphur content fuels. In general it Is assumed 
that harmful compounds will be present if the fuel contains in excess of 1% 
sulphur. It is further the general opinion that the higher chromium to nickel 
ratio is more important under reducing than under oxidizing conditions. 

High Temperature Strength—Next in importance to the question of chemical 
stability at high temperature is that of high temperature strength. It would be 
useless to select an alloy on the basis of high temperature strength alone because 
the physical strength of the material would be discounted by the loss of section 
due to progressive surface deterioration where this occurs. Conversely a material 
offerifig maximum resistance to corrosion and lacking in high temperature strength 
would lead to premature structural failure. But where more than one alloy la 
known to possess adequate resistance to corrosion under a particular set of condi¬ 
tions the.choice should obviously be based upon physical characteristics and cost 

The straight chromium alloys compare unfavorably with the chromium-nickel 
and nickel-chromium compositions in the matter of high temperature strength 
under conditions of sustained loading. For this reason and because they may be 
subject to embrittlement at temperatures above 1200°F. and to grain growth at 
higher temperatures, the straight chromium alloys find a limited field of useful¬ 
ness in high temperature applications. 

Because of their nickel content the chromium-nickel alloys are In some re¬ 
spects more stable at high temperature than the straight chromium alloys. While 
these alloys may become less ductile under prolonged heating they do not become 
actually brittle in their cast forms unless the carbon content is sufficiently high 
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to permit excessive carbide precipitation at the grain boundaries. Brittleness 
from this cause should not be mistaken for brittleness due to carburization to 
which the chromium-nickel alloys are more or less susceptible, the rate increasing 
as the nickel content is lowered. Carbon exerts a profound strengthening effect 
in all chromium-nickel alloys which is achieved at the expense of ductility. For 
this reason it is generally preferable to limit the carbon content to that shown in 
the following table: 


Chromium. % 

Nickel. % 

Carbon. % Max. 

18 

8 

0.20 

28 

10 

0.35 

24 

12 

0 50 


Of the above alloys, the 18-8 material is most susceptible to embrittlement 
due to carbide precipitation and carburization and for this reason it is not widely 
used at high temperature in cast forms. 

Fig. 1 gives recommended design strength values for the most commonly used 
chromium-nickel alloys with carbon contents as indicated above. 

The nickel-chromium alloys and most of the 
chromium-nickel alloys are essentially austenitic 
alloys by reason of their high nickel content 
Consequently they are more stable at high tem¬ 
perature than the straight chromium compositions. 
The effect of carbon in promoting brittleness is 
less apparent in the nickel-chromium alloys al¬ 
though excessive carbon content involves a serious 
loss in high temperature strength. For this reason 
nickel-chromium alloy castings are usually pro¬ 
duced with a carbon content of 0.40-0.70%. Rec¬ 
ommended design strength values for the two best 
known and widely tised nickel-chromium alloys are 
shown in Fig. 2. 

The design strength values given in Fig. 1 
and 2 have been developed from data largely de¬ 
rived from service installations. Little is known 
concerning the mechanism of strain at elevated 
temperature and from data as yet derived it is 
not possible to assign infallible design strength 
values to the various commercial heat resisting 
alloys of which those already discussed are representative. Obviously “design 
strength” must comprehend loss of section due to corrosion which in extreme cases 
may approximate 10% or more per year. Design strength should also provide a 
margin of safety in cases of accidental overloading or overheating which may 
occur in spite of the most advanced methods of control. Where corrosive condi¬ 
tions compel the use of an unstable alloy it must be considered that the rate at 
which transformations adversely affecting the strength of the material take place 
is a function of time as well as temperature and due allowance must be made for 
this phenomenon in arriving at a suitable design strength value lor a givei\ tem¬ 
perature. 

Cases in which premature failure take place due to actual lack of load carry¬ 
ing capacity are fortunately rare. This is due to the circumstance that most heat 
resisting castings must be designed within practical foundry limitations which 
generally compel departure from theoretical ideals. But where no such limitation 
exists the most dependable practice is to employ design values which have been 
arrived at from accumulated data covering many thousand actual installations 
where load, temperature, and service life are definitely known and where the 
“coefficient of abuse” has been included in consideration of the service life. 

Casting Design—It is always preferable to design a section of symmetrical 
proportions such as the I-beam, rectangle, or tube Instead of channels, angles, 
and tees which are eccentric to at least one axis. H. Klouman in the Book of 
Stainless Steel, p. 637, points out that the eccentric shapes cannot be produced 
as straight castings due to the effect of unequal cooling in the mold, nor can such 
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Fig. 4~*Expan8ion data. 
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sections be put into service after straightening with assurance that they will 
remain straight. Hollow, circular shapes are well produced as centrifugal castings 
which are now available in all heat resisting analyses. Centrifugal castings are 
less subject to residual stresses which are retained in tubular shapes that have 
contracted while in a plastic condition against a relatively unyielding sand core. 

Metal thickness should be as uniform as possible because nonuniformity of 
integral parts tends to create shrinkage strains and cavities when cooling unequally 
from the molten state. Such sections are predisposed to warp in service due to 
different rates of change of temperature in the same casting. For similar reasons 
solid intersections should be avoided where possible. The effect of shrinkage can 
be minimized by the use of carefully located chills or preferably by coring through 
the mass of metal at intersections. 

In designing structural elements it is important that the metal be correctly 
disposed. Trussed girders can frequently be designed more eflaciently than solid 
webbed beams because the lightly stressed metal near the neutral axis of the 
latter can be used to greater advantage in truss chords and web members operat¬ 
ing at full design stress. In operation trussed members permit freer circulation 
of heat than solid webs and thus have more even temperature distribution. Care¬ 
fully placed brackets and ribs will often render a light lattice structure as stable 
as a heavy solid element because dead weight at high temperature is a large con¬ 
tributing factor creating stress which frequently exceeds that due to externally 
applied loads. Fig. 3 shows comparison of solid and trussed beams having the 
same load carrying capacity. 

Where choice exists as to the size of individual castings it is preferable to 
use several short pieces instead of one long piece, thus facilitating the casting 
of lighter metal sections and minimizing the possibility of warpage due to unequal 
temperature distribution throughout the length of the longer member. Multiple 
spans designed as continuous beams are objectionable because supporting elements 
operating at high temperature are always subject to irregular displacements rela¬ 
tive to each other and a slight displacement of supports seriously affects the mag¬ 
nitude of the stresses calculated on the assumption of contintdty. 

Thermal Expansion—In the design of heat resisting castings it is imperative 
to allow for free expansion of each part. Otherwise, stresses of incalculable mag¬ 
nitude may arise with the certainty of failure or distortion somewhere in the 
structure. The coefficient of expansion for all heat resisting alloys is not constant 
throughout a given temperature range but for practical purposes may be consid¬ 
ered so. Fig. 4 gives average ratps of evr»qrjsinn for the chromium-nickel and 
nickel-chromium alloys included in the preceding discussion. 
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Copper as an Alloying Element in Steel 

By C. H. Lorig* 

General—Most iron ores contain copper in small amounts which enter the iron 
on reduction. Copper from this source appeared in many of the early irons, their 
long life being attributed by some to its presence. Recently the relative cheapness 
of copper and its marked influence on properties of iron and steel have stimulated 
an interest in its use as an alloy. With several previous drawbacks to their use 
overcome through investigations, the commercial applications for steels containing 
copper have increased rapidly. 

Constitution of Copper Steels—The constitution of the iron-copper alloys is 
given in another section of this Handbook. 

The constitution of alloys from the iron-rich comer of the iron-copper-carbon 
system is quite uncertain, although Ishiwara, Yonekura and Ishigaki (Science 
Report, Sendai, ser. 1 , vol. 15, 1926, p. 81-114), outlined a possible iron-coppcr- 
cementite diagram. In this diagram the solid phases existing are delta iron, gamma 
iron or austenite, alpha iron or ferrite, iron carbide or cementite, and epsilon, the 
copper-rich solid solution. The system did not have a closed gamma loop. Carbon 
decreased the solubility of copper in liquid iron, forming a two-liquid region, and 
decreased the solubility of copper in solid iron. 

Prom lattice constant determinations, Norton found the maximum solubility of 
copper in alpha iron at 1560®P. to be 1.4%. The solubility falls rapidly with tem¬ 
perature down to 1200®P., where it remains constant at 0 . 35 %. Because at room 
temperature the solubility of copper in iron is small, the epsilon phase may exist 
in all copper steels except in those containing only a few tenths per cent of copper. 
The actual existence of the epsilon phase in copper steels, however, is determined 
somewhat by the treatments given them. 

Copper raises the A 4 point and depresses the As and Ai points in steels. It also 
retards the alpha-gamma transformation. The work of the Japanese investigators 
indicated that the eutectoid is located approximately at 0 . 9 % carbon and 1 . 9 % cop¬ 
per at a temperature of 1290°F. 

The microstructure of steels containing only a small percentage of copper does 
not differ greatly from that of carbon steels. A new constituent to appear, the 
copper-rich solid-solution epsilon, forms either a network or large particles during 
solidification and cooling, or tiny particles, sometimes of submicroscopic dimensions, 
dispersed throughout the grains when precipitated from alpha iron. Under ordi¬ 
nary conditions the epsilon phase contains practically no carbon and little iron. 

Alloying of Copper in Steel—In the reduction of cupriferous iron ores all of the 
copper enters the pig iron. On the basis of this, it was suggested that the intro¬ 
duction of copper in amounts required for the manufacture of corrosion resistant 
copper steels be effected by the use of copper bearing ore in the blast furnace. 

Copper may be added to steel in the form of alloys, copper bearing pig iron, or 
steel scrap. A widely used practice is to introduce the copper in its metallic state, 
as ingots, borings, scrap, baled wire, or other shapes. It may be added to the steel 
in the furnace, in the ladle, or in the mold. Losses of copper during the mairing 
of a heat of steel are negligible. 

Effect of Copper in Steel— General —^No particular difficulties or peculiarities in 
the making of copper steels can be ascribed to the presence of copper. In the fabri¬ 
cation of the steels, however, hot working difficulties at high temperatures have 
been noted. As an alloying element, it affects the properties of steels, particularly 
the corrosion resistance, and mechanical, electrical, and magnetic properties. 

Mechanical Properties—The changes in mechanical properties with carbon con¬ 
tent of normalized and of water quenched and tempered steels containing 0 , 1 , and 
2% copper are shown in Pig. 1 and 2. For normalized steels the changes in prop¬ 
erties for a given copper content are practically independent of the carbon, while 
for water quenched and drawn steels the changes, for a given copper content, de¬ 
crease with carbon. 


*Batte11e Memortal Institute. Columbus. Ohio. 

B Research Monograph. "The Alloys of Iron and Copper." by J. L. Oregg and 

2-* deals with this subject most comprehensively and, therefore, 

material from It was used freely in preparing this section. 
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For the first 0.5% copper the mechanical properties are but slightly affected, 
out as tne copper content increases changes in properties are rapid. They reach 
a ma^amum at about 3% copper. The properties of normalized steels containing 
from 0.5-3.0% copper change linearly with copper content. With quenched and 
tempered, and annealed steels and steels tempered after normalizing rapid changes 
in properties occur when the copper increases from 0.5-1.2%, but further alloying 
with copper is appreciably less effective. 

in Ti?® strength rises with copper more rapidly than the tensile strength. 
For the low carbon steels it exceeds the tensile strength when the copper content 
approaches 3.0%. 



Fig. l~The effect of carbon and copper on mechanical properties of 
steels containing 0, 1, and 2% copper after normalizing at 1650*F. 


The ductility of carbon steels is lowered by copper. For a given strength, how¬ 
ever, copper reduces the ductility less rapidly than carbon. This is shown in Fig. 3 
where the Charpy impact and tensile strength values for normalized carbon and 
copper steels are plotted. 

Test data on comparatively high carbon steel containing up to 1.65% copper 
indicate no change in the endurance ratio. 

Scattered information on the properties of cold worked copper steels and on 
creep and high temperature tensile properties of copper steels indicate that improve¬ 
ments along these lines are produced by copper. 

Heat Treatment^The alloying of copper to steels does not affect their response 
to heat treatment nor does it materially alter the heat treating schedules adopted 
for unalloyed steels. The reduction in the rate of the gamma-alpha transformation 
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by copper permits less drastic quenching and gives the steels greater depth harden¬ 
ing qualities. Slow cooling on annealing or prolonged drawing treatments cause 
the coalescence of the copper-rich epsilon phase in medium and high copper steels 
Itrhich may produce appreciable changes in the structure. 

Steels containing more than 0.6% and up to about 4% copper are susceptible to 
precipitation hardening due to the decreased solubility of copper in ferrite from the 
lower critical temperature to a temperature of about 1110°F. Steels with from 
1.2 to about 1.5% copper are most susceptible to precipitation hardening. 

To produce the supersaturated solid solution of copper In ferrite which will 
respond to a precipitation hardening treatment, it is unnecessary to quench. In 
low carbon steels, rates of cooling greater than 2®C. (3.6“P.) per min. are sufltt- 
cient for maximum hardening effects, while some hardening occurs even after cool¬ 
ing as slow as 0.4*’C. (0.7°F.) per min. 



Carbon, Per Cent 

Fig. 3—^The effect of carbon and copper on mechanical properties of 
steels containing 0, 1, and 2% copper after water quenching from 
1650*F. and tempering at 1250*F. 

Precipitation hardening is effected by reheating the supersaturated solid solu¬ 
tion of copper in ferrite for a period of time, determined by the condition of the 
steel and the temperature, within the range of .750®-1245®F. The greatest hardness 
increase takes place on heating to from 840’’-930*’F. for from 3-20 hr.; the longer 
heating time being required for the lower temperature. 

The maximum changes in mechanical properties resulting from precipitation 
hardening normalized carbon steels containing 1.5% copper are shown in Fig. 4. 
The tensile strength, yield strength and Brinell hardness increase; the reduction 
of area and elongation decrease on hardening, the effects diminishing as the carbon 
content of the steels Increases. 
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Precipitation hardening in copper steels is seemingly unafTected by small quan¬ 
tities of many other alloying elements, but it is affected by cold working. 

The precipitation of the copper increases the electric conductivity, the density, 
and the residual induction of the steels. 

Physical Properties—The electric resistance of iron is increased with copper up 
to at least 0.62%. In steel the maximum resistance is attained at a copper content 
which is the lower, the higher the carbon content. 

It is stated that magnetic properties of steels of the permanent magnet type are 
improved by copper. The decrease in magnetic flux on aging is somewhat smaller. 

Case hardening of steels is not affected by copper, provided the surface is not 
oxidized and the copper content is below 3%. 

Corrosion Resistance—The results of the A.S.T.M. atmospheric corrosion tests 
summarized by Kendall and Taylerson are given in Table I. 

The atmospheric resistance of steel to corrosion increases rapidly up to 0.25% 
copper and then more slowly for higher percentages. The resistance to corrosion 



O 10 20 50 40 50 60 

Cherpy Impact, Ft-Lb. 

Pig. 3—The relation of tensile strength to Charpy 
impact resistance of normalized carbon steels con¬ 
taining 0. 1. and 2 % copper. 

continues to increase above 0.50% copper only if it is retained in solid solution in 
the ferrite. This is shown by weight losses of copper-bearing steel sheets exposed 
to sea air for 10 months. They are as follows: 


No. 

C, % 

Cu, % 

Weight Loss, 
g./sq.cm." 

Treatment 

1 

0.041 

0.018 

0 01671 

Box annealed 

2 

0.017 

0.196 

0.01495 

Box annealed 

3 

0.023 

0.492 

0.01445 

Box annealed 

4 

0.020 

1.02 

0.01563 

Box annealed 

5 

0.020 

1.02 

0.01360 

Box annealed; reheated to 
1435*P.; air quenched. 


The differences in loss of weight of specimens 4 and 5 imply that the atmos¬ 
pheric corrosion in the higher copper steels is accelerated only when the copper 
exists out of solid solution in the ferrite. 
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Numerous exposure tests have Indicated that painted and galvanized surfaces 
are more durable on copper-bearing than on noncopper-bearlng steels. 

While it is definitely established that copper increases the resistance of iron 
and steel to atmospheric corrosion, the results of submerged corrosion tests are 
not in good agreement. The infiuence of copper under the latter conditions is sec¬ 
ondary to and is masked by variations in external conditions such as oxygen con- 
oentration, mill scale, and location of tests. 

In summarizing the U. S. Bureau of Standards soil corrosion investigation, 
Logan stated that copper bearing steel does not appear to be superior when burled 
in soil, perhaps because of the limited supply of oxygen. 

Hot Working Properties—The reputed hot shortness in the low and medium 
copper containing steels does not exist. Although cracks appear on the edge and 
surface of steels containing as little as 0.20% copper during forging or hot rolling 
above 2000'^P., they are caused by the intergranular penetration of copper depos¬ 
ited beneath the scale of copper steels. This intergranular penetration of copper 
and the surface cracking may be corrected by adding small amounts of nickel, by 
hot working below the melting temperature of the copper-rich solid solution, or by 
preventing the formation of scale on the steel. 

The high copper steels, on the other hand, owing to the occurrence of inter¬ 
granular copper-rich solid solution, may be distinctly hot short at high hot working 
temperatures. 

Table I 

Summarized Results of the A.S.TJH. Atmospheric Corrosion Tests 


Location of Test 

<-^Duration, 

Begun 1 

of Test-- 

Finished 

Gage 

No. 

—^Materlal-^ 

Kind 

No. of 
Sheets 

Failures 

No. 

to Date 
Per¬ 
centage 

Pittsburgh. Pa. 

Dee., 1916 

March. 1923 

22 

Copper .... 

.... 146 

123 

84.4 

(Induatrial) 




Nonoopper 

.... 84 

84 

100.0 





Total .. 

... 230 

207 

90.0 




16 

Copper .. 

... 132 

None 

0.0 





Noncopper 

.... 126 

102 

81.0 





Total .. 

... 258 

102 

39.5 

Port Sheridan. ni 

AprU, 1917 

April. 1928 

22 

Copper ... 

... 136 

50 

36.8 

(Rural) 




Noncopper 

... 83 

77 

92.8 





Total .. 

... 219 

127 

58.0 




16 

Copper ... 

... 136 

None 

0.0 





Noncopper 

... 124 

4 

3.2 





Total .. 

... 260 

4 

1.5 

Annapolis, Md 

Oct., 1916 

Last 

22 

Copper ... 

... 148 

4 

2.7 

(Marine^ 


Inspection 


Noncopper 

... 79 

44 

55.7 



April.. 1933 



. 

— 

— 





Total .. 

... 227 

48 

21.1 




16 

Copper ... 

... 130 

None 

0.0 





Noncopper 

.... 129 

None 

0.0 





Total ... 

... 259 

None 

0.0 


Weldability—The welding qualities bf steels are not influenced by copper in 
amounts at least up to 0.75%. The metal deposited in the weld may be strengthened 
by copper. 

Commercial Copper Steels—The bulk of the tonnage of copper steels falls in the 
group containing only a few tenths per cent copper, it being added to enhance the 
corrosion resistance. 

There is, however, a rapidly increasing tonnage of wrought steels being made 
containing from about 0.3% to several per cent copper, the copper being added to 
effect specific changes in mechanical and physical properties other than corrosion 
resistance. A high strength, cheap structural steel was developed in Germany con¬ 
taining from 0.12-0J25% carbon, 0.3-0.5% silicon, 0.5-1.0% copper, and 0.4-0.6% 
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cbromium. Another copper-chromium structural steel developed in England con¬ 
tains 03% carbon, 0.7-l.l% manganese, 0.7-l.l% chromium, and 0.25-0^% copper. 



Fig. 4—^The changes In properties of normalized carbon steels con¬ 
taining 15% copper on precipitation hardening. The width of the 
bands and the direction of the arrows represent the maximum changes 
in properties on precipitation hardening and direction which these 
changes take with respect to properties of normalized steels. 


Table II 

Mechanical Properties of Cast Steels Containing Copper 


cu.. 

% 

Heat Treatment 

Tensile 

Strength, 

psi. 

Yield 

Strength, 

psi. 

Elongation 
in 2 in., 

% 

Reduc¬ 
tion of 
Area, % 

Brinell 

Hard¬ 

ness 

Charpy 

Impact, 

Ft-lb. 



r 85 500 

54.500 

29.5 

53.4 

146 

21.1 

1.21 1 

1 Normalized 

1 97,500 

68.000 

25.5 

61.0 

170 

17.2 

1.76 

[ 1 hr. lesO^P. 

114.500 

86,000 

19.8 

42.0 

216 

11.1 

2.40 J 


t 121,000 

91,500 

16.8 

34.7 

229 

6.9 


1 hr. at 1650«P.; j 

[ 92.500 

66,500 

26.0 

61.8 

164 

32.4 

1.21 1 

1 water quenched; i 

1 104.500 

89,000 

20 5 

55.6 

198 

25.9 

1.70 1 

tempered 1 hr. at i 

113,000 

99.000 

18.8 

46.9 

216 

20.6 

2.40 J 

1 1200«F. 1 

[ 116,500 

105,000 

20.0 

52.3 

222 

21.6 



f 77,000 

43.500 

28 7 

44.6 

134 

13.8 

1.21 1 

Fully annealed after j 

1 90.000 

61,000 

24.8 

43.6 

161 

11.8 

1.76 1 

1 hr. at 1650OF. 

1 90.500 

58.500 

24.5 

41.4 

159 

10.1 

2.40 J 

[ 89.600 

58,500 

24.6 

44.9 

157 

12.1 


Normalised 1 hr. 

r 83.500 

53.000 

29.3 

51.9 

146 

20.3 

1.21 1 

105O*F.; precipita- , 

1 110.500 

82.500 

21.0 

45.8 

201 

11.6 

1.76 1 

tion hardened 3 hrs. 

1 116.500 

89,600 

18.8 

38.8 

215 

10.1 

2.40 J 

1 at 030«F. 

119,000 

93,500 

19.3 

44.2 

223 

9.3 


Both steels have higher yield strengths than carbon steels of the same carbon con¬ 
tents and ductilities not appreciably lower than those of the carbon steels. A high 
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Strength, corrosion resistant steel containing 0.10% carbon, 0.10-0.30% manganese, 
0.10-0.20% phosphorus, from 0.50-1.0% silicon, 0.30-0.50% copper, and 0.50-1.50% 
chromium, recently developed here, is being used in the construction of light weight 
transportation equipment. 

Other recently developed copper-bearing steels of the low alloy, high strength 
type, are as follows: 

% _ 


%c 

Mn 

% cu 

%N1 

% Mo 

% SI 

%P 

% Cr 

0.08-0 22 


1 00 

2 00 





0.12 max. 

1 00 max. 

0 5-15 

0 5-10 

0 20 




0.12 max. 

0 5-07 

0 9 -1 25 

0 45-0 65 


0.30 max. 

0 10-0.15 


0.12 max. 

0 15-0 90 

0 30-0 80 

0 30-0 80 

0.05-0.25 


0 05-0 15 


0.25 max. 

0.75 max. 

0 30-0 50 

0.25 max. 



0.08-0 10 


0 35 max. 

1 25-1 75 

0 40 min. 



0 30 max. 


0 25 max. 

0.14 

0 70-0 90 

0 25-0 30 



0 15-0 20 


0 12 

0.08-0 30 

0 60-0 70 

0.40-0 60 

0.25 max. 


0 50 max. 


0 25 max. 


The presence of 1 or 2% copper in corrosion resistant chromium steels increases 
the resistance to atmospheric and salt water corrosion and to attack by certain 
aeids. The influence, however, is not great and few of the corrosion resistant steels 
contain copper. A ferritic steel for resistance to atmospheric corrosion contains 
approximately 16% chromium, 1% silicon, 1% copper, 0.40% manganese, and under 
0.1% carbon. Another for abrasion resistance contains 0.3% carbon, 20% chromium, 
and 1% copper. Several austenitic corrosion resistant alloys recently developed 
contain from 1-4% copper. 

Many cast steels are alloyed with copper. The mechanical properties of steels 
with 0, 1.21, 1.76, and 2.40% copper and with base compositions of 0.31% carbon, 
0.42% silicon, 0.75% manganese, 0.029% sulphur, and 0.034% phosphorus are given 
in Table II. 

A heat treated cast steel crankshaft containing 1.25-1.40% carbon, 0.50-0.60% 
manganese. 1,90-2.10% silicon. 0.35-0.40% chromium. 2.50-2.75% copper, and 0.10% 
(max.) phosphorus is being used in one make of automobile. 
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Manganese As An Alloying Element in Pearlitic Steels 

By A. Oram Fulton* 

Manganese Is a very hard grayish white metal, with a reddish lustre. It takes 
a high polish and is not malleable. When in an extremely pure state, manganese 
scratches glass. The article “Physical Constants of the Principal Alloy Forming 
Elements'* in this Handbook gives the physical constants for manganese. 

Historical— Manganese was first Isolated in 1774 by Gahn working with Scheele. 
It was used as an addition to crucible steel by Heath in 1839. Mushet in 1856 
patented the addition of spiegel to Bessemer steel. Mushet also developed the first 
so-called “high-speed’* steels which contained about 2.5% manganese. 

Sir Robert A. Hadfteld in 1882 made a series of steels containing from 0.83-21.69% 
manganese. The experiments and conclusions drawn were detailed in a paper 
which he presented before the British Iron and Steel Institute in 1888.‘ 

Hadfield’s conclusions resulted in a decided impetus being given to the manu¬ 
facture and use of austenitic high manganese steels, but steel containing manganese 
in low percentages or pearlitic manganese steels were condemned as being brittle 
and having no practical applications. 

In the light of later developments, we now know that this erroneous conclusion 
with regard to low manganese steels was due to the fact that Hadfleld did not work 

with a sufficient variety of 
low carbon, low manganese 
steels, or rather, with low 
manganese steels contain* 
ing carbon in the proper 
relation to tlie manganese 
content. 

In 1903 Leon Guillet 
reported® an extensive re¬ 
search on manganese 
steels. He examined two se¬ 
ries of steels: First, the 
steels containing a small 
percentage of carbon (at 
the most 0.3%); second^ 
the steels in the vicinity of 
the eutectoid ratio contain¬ 
ing from 0.7-1% carbon. 
The result of Guillet’s 
experiments was to completely disprove the previously accepted theory that low 
manganese steels were brittle. Indeed Guillet went farther and added that “these 
steels possess a remarkable shock resistance, and especially a uniformity which is 
only met with exceptionally in carbon steels.** 

Following Guillet’s experiments low manganese steels began to be manufactured 
commercially in this country and have had a steady development to the point where 
they are now meeting with exceeding favor by reason of their machinability, case 
hardening properties, strength and toughness. 

Ores and Their Occurrence-Manganese ores are found in many parts of the 
world. Their occurrence in the United States may be grouped as follows: 

1. Manganese ores, containing at least 35% manganese, are found most abun¬ 
dantly in the Appalachian and Piedmont regions of Virginia and Georgia, and on 
the Pacific Coast. 

2. Manganlferous-iron ores, containing usually more than 5% manganese and 
a variable proportion of iron, are found chiefly in New England, the Appalachian 
region, and the Lake Superior iron district. 

•Pres., Wheelock, Lorejoy A Oo., Zne., Oambrldge, Mass. 

^R. A. Hadfleld, On Manganese Steel, J. Iron Steel Znst., 1888, ?. 2. p. 70. 

*L. OuUlet, Reeberehes sur les Aciers an ManganOse, 04nle civil, 1903, v. 43, p. 281, 280; and 
L. Oulllet, Sur les Proprl4t4s et la Constitution des Aciers au ManganOse. Compt. rend, 1903, 
V. 137 p. 480. 
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Fig. 1—Extra equilibrium constitution chart for condition re¬ 
sulting from water quench from 1740’*F. 

Fig. lA—Same as Fig. 1, but free air cooled from 1740*F. 
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3. Mimganiferous-silver ores, consisting of mixtures of manganese, iron oxides, 
and hydroxides with small amounts of lead and silver, are found in the Rocky 
Mountain and Great Basin regions, but chiefly at Leadville, Colo. 

V Enormous deposits of manganese ore are found in Southern Russia and lylinas 
l&eraes, Brazil. 

Manganese itself has no uses but forms valuable alloys with copper, iron, zinc, 
tin, aluminum, lead, and magnesium. Those with iron, depending upon the percent¬ 
age of manganese content, are known variously by the names spiegeleisen, ferro¬ 
manganese, and silicomanganese. 


Method of Adding Manganese to Steel* 


Standard Ferromanfiranese—Manganese is most commonly introduced into steel 
in the form of ferromanganese which analyzes approximately; Manganese 78-82%, 

iron 15-19%, carbon 6-8%, with small 

brmeW Hardness 
tec 246 165 





Pig. 2—Physical properties of manganese steels. 
Type 2, Table I. Bar % in. round. Quenched 
into water from 1650'*F. 


percentages of silicon, phosphorus, 
and sulphur. Frequently, in order to 
lower costs, ferromanganese is added 
in the ladle, but a much better qual¬ 
ity of steel' is produced when the 
ferromanganese is added in the fur¬ 
nace. The latter method, however, 
results in a greater loss of man¬ 
ganese. 

Low Carbon Ferromanganese-^-ln 
making low carbon, low manganese 
steel, standard ferromanganese of the 
above analysis, because of its carbon 
content, cannot be used entirely, and 
must be supplemented by the use of 
a low carbon ferromanganese. For 
this purpose a low carbon ferroman¬ 
ganese (carbon 0.3-1%, manganese 
80-85%) is used, which can be added 
either in the ladle or furnace, pref¬ 
erably in the furnace. 

Spiegeleisen —Spiegeleisen, which 
in effect is a high manganese pig iron, 
containing 15-30% manganese and 
4.5-5% carbon, is used in Bessemer 
and basic open hearth practice in 
making high carbon steels, usually be¬ 
ing added to the steel in molten form 
direct from a cupola. 


Silicomanganese — Frequently in 
making low carbon steel where there is no objection to silicon, silicomanganese is 
used. Silicomanganese analyzes: Manganese 65-70%, silicon 16-25%, and carbon 
either 1, 2 or 2.5% maximum as desired. It is added either in the ladle or the fur¬ 
nace, preferably the latter. 


Effect of Manganese on Steel—Manganese when added to steel has a benefleial 
effect both directly and indirectly. It increases the strength of the steel directly 
in that the excess manganese combines with some of the carbon to form the carbide 
of manganese, MmC, and this carbide is found associated with the iron carbide, 
FeaC, in cementite. 

It has generally been held that iron and manganese form a series of solid solu¬ 
tions. In the light of recent research it appears that such is not the case. The 
solubility of manganese in iron at room temperature seems to be close to 1.6% man¬ 
ganese. If more than that amount is added to iron (or to steels very low in car¬ 
bon) iron and manganese often display martensiUc-like structures, which on exam- 


•W. J. Priestty, Metalf and Ferroalloyi Used In the Manufacture of Steel, Metals Handbook. 
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Ination prove to be two kinds of solid solutions. In this respect iron-manganese alloys 
appear to be much like the alloys of iron and nickel/ 

The indirect beneficial effect of adding manganese to steel is due to its action 
as a scavenger. It counteracts the effect of certain harmful oxides or gases and 
eliminates the harmful effect of sulphur by combining readily with it to form man¬ 
ganese sulphide, MnS. 

The addition of manganese to steel lowers the transformation temperatures. A 
summary” of published results obtained in studies of.pearlitic manganese steels 
showed that the Aci point is lowered ll‘’P. for each per cent increase in manganese; 
the Aca point is lowered 116®F. for each per cent increase in manganese up to 1%, 
but only 6-11®P. for each per cent increase in manganese up to 3%; the Are point 
is lowered 125*P. for each per cent increase in manganese; the Ari point is lowered 

variably, but about 
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90®P. for each per 
cent increase in 
manganese. 

Manganese not 
only lowers the 
transformation 
points, but renders 
such transformation 
extremely sluggish. 
That is to say, the 
allotroplc transfor¬ 
mation does not take 
place at any definite 
temperature, but oc¬ 
cupies a whole range 
of temperatures, 
sometimes as much 
as 150^. In simpler 
words, it may be ex¬ 
plained that the be¬ 
ginning and the end 
of the transforma¬ 
tion are about 150* 
apart, this figure de- 
pending on the 
amount of manga¬ 
nese.* 

In a study of 36 

Iron-carbon-manganese alloys of commercial purity limited by 1.5% carbon and 
15% manganese, by E. C. Bain, E. S. Davenport, and W. S. N. Waring in a paper 
presented to the A.IMJ:. in Peb., 1932, the extra equilibrium constitution chart was 
developed for the condition resulting from water quench from 1740®P., also, for 
the c6ndition resulting from free air cool from 1740*F. These charts are presented 
in Fig. 1 and lA. 

The letters used in the diagrams represent the following constituents; A, 
austenite; P, ferrite; C, carbide; e, epsilon; M, martensite; T, troostite; P, pearlite. 
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Fig. S—^Physical properties of manganese steel, Type 3, Table X. 
The Rockwell scale was used. Quenched into water from 

1675-1600*F. and tempered to the hardness shown. 


Standard Manganese Steels'^—Table I lists the pearlitic manganese steels which 
are most commonly used. There are other analyses adopted by individual manu¬ 
facturers and users, but the following are those having at present general dis¬ 
tribution. 


^Vsevolod N. Krivobok. Personal Oommunicatlon. 

»J Medium Carbon Pearlitic Manganese Steels, Trans., A.S.S.T., 1928, v. 14, p. 2, 3. 

^flovolod N. Krivobok, Personal Communication. 

*Xn Ibo ease of the eteele with S.A.E. designations the term ''standard'* refers to the analysis 
range reconunended by the Society of Automotive Engineers. In the case of steels without 8.A.E. 
nomenclature the term "standard" refers to recommended analyses of individual manufacturers and 
users. 
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Table I 

Composition Pearlitic Manganese Steels 


steel 


Type 

S.A.E. No. 

C 

Mn 

P 

8 

1 

X-1314 

0.10-0 20 

1.00-1.30 

0.045 max. 

0 075-0.15 

2 

X-131S 

0.10-0 20 

1.30-1.60 

0.045 max. 

0.078-0.15 

3* 


0.10-0.20 

1.30-1.60 

0 04 max. 

0.08 max. 

4 

X-1336 

0.25-0 38 

1.35-1.68 

0.045 max. 

0.075-0.15 

5 

X-1335 

0.30-0.40 

1.35-1.65 

0.045 max. 

0.075-0.15 

6 

X-1340 

0.35-0.48 

1.35-1.65 

0 045 max. 

0.075-0.16 

7 

T-1330 

0.25-0.38 

1.60-1.90 

0.040 max. 

0.050 max. 

8 

T-1335 

0.30-0 40 

1.60-1.90 

0.040 max. 

0 050 max. 

9 

T 1340 

0 35 0 45 

1 60-1 90 

0.040 max. 

0.050 max. 

10 

T-1348 

0.40-0 50 

1.60-1.90 

0.040 max. 

0.050 max. 

11 

T-1350 

0.45-0 88 

1.60-1.90 

0.040 max. 

0 050 max. 

IS* 


0.45-0.88 

1.00-1.30 

0.040 max. 

0.08 max. 


^Tjpet 3 and 12 are frequentlj furnished with additions of chromium and/or molybdenum in 
▼arying percentages. 

lypes 1 . J. and 3 are most commonly used for case hardened parts, such as roller bearings, 
camshafts, and gears. These steels harden with a hard case at low temperatures and possess a 
strong, tough core. They all possess superior machining qualities and are classed as free cutting 
Steels. 


Case Hardening Types 1, 2, and 3—-Following are the various recommended prac¬ 


tices for case hardening of these grades: 

X-nii—I and x-ms—i 

1. Carburize at 1650-1700«P. 

2. Quench direct 

3. Temper to 250«325*F. 

and X-niS—// 

1. Carburize at 1650-n00*P. 

2. Quench direct 

3. Reheat to 1400>1450*P. 

4. Quench 

8. Temper to 250-325*P. 

X-23I4—nr and x-ms-^iii 

1. Carburize at 1650-1700»P. 

2. Cool slowly or in box 

3. Reheat to 1400-1450«F. 

4. Quench 

5. Temper to 250-325»P. 


X-23I4—IV and X-131S---TV 

1. Carburize at 1650-]700*F. 

2. Cool slowly or in box 

3. Reheat to 1650-1700*P. 

4. Quench 

5. Reheat to 1400-1450-F. 

6. Quench 

7. Temper to 250-325*P, 

V end X-niS—V 

1. Heat to ISOO-iesO^P. in 

cyanide or activated bath 

2. Quench in oil or water 

3. Temper if desired 

Parts **cased” in activated baths may be 
given refining heats as indicated in preceding 
heat treatments. 


The particular practice selected in a specific instance depends upon a variety 
of factors, as, for instance, the degree of core toughness, the depth of case, the hard¬ 
ness of case desired, the relative importance of the part, and the cost of the 
operation. 

The allotropic transformation in pearlitic manganese steels occupies a whole 
range of temperatures, sometimes as much as 150** apart. This means that these 
steels are sluggish in passing through the critical range. It is desirable to keep 
the double carbides of iron and manganese in solid solution in order to prevent 
brittleness. With Types 1, 2, and 3 this can be done best by quenching them direct 
from the pot rather than to permit the carbides to be precipitated from solid solu¬ 
tion by cooling in the pot. When this direct quench from the pot is used, it should, 
of course, be followed by subsequent treatment for the refinement of the case. 

Heat Treatment and Uses of Pearlitic Manganese Steels—Types 1, 2, and 3 are 
frequently heat treated for strength and toughness by direct quench in water with¬ 
out carburizing and then reheating as required. Excellent physical properties 
result. Fig. 2 and 3 show the physical properties of two of these steels with varying 
tempering temperatures or at different conditions of hardness obtained by varying 
heat treatments. 

Types 4, 5, and 6 are classified as free cutting steels and for many purposes 
may be substituted for carbon steels of similar carbon content where Improved 
machining, deeper hardening, and higher physical properties are desired. With 
increasing carbon, the manganese steels become primarily oil hardening and can 
be treated in water only by exercising great care and extreme risk of cracking. 
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Heat Treatments 


X-1330-^I 

1. Heat to 1525-1575T. 

2. Quench in water or oil depending upon 
section 

3. Temper to required hardness 

jr-133«—// 

1. Normalize at 1650-1750*F. 

2. Machine 

3. Heat to 1525-1575*F. 

4. Quench in water or oil depending upon 
section 

5. Temper to required hardness 


Jr-n35—/ and X-1349-^I 

1. Heat to 1500-1550«F. 

2. Quench in water or oil depending upon 
section 

3. lumper to required hardness 

X-/335—// and X-1340-^lI 

1. Normalize at 105O-175O*F. 

2. Machine 

3. Heat to 1500-1550*F. 

4. Quench in water or oil depending upon 
section 

5. Temper to required hardness 


Types 7, 8, 9, 10, and 11 are manganese alloy steels and for many applications 
may be used interchangeably with other medium alloy steels of similar carbon con¬ 
tent. They possess good physical properties and may frequently be used in place 
of other medium alloy steels at a saving in cost. These steels are primarily intended 
for oil hardening and can only be quenched in water at extreme risk. Common 
uses are heat treated shafts, gears, and spindles. 


BHntii Hardness 

235 zaz 


zz^ 


steel Type 12, with additions of chromium or molybdenum, or both, is used 

where high physical properties are required. 
Common uses are gears, shafts, clutches, and 
bolts. This type is invariably quenched into 
oil. The physical properties of this steel are 
shown in Pig. 6 when heat treated to the vary¬ 
ing degrees of hardness indicated in the 
abscissae. 

The heat treatment consists of quenching 
into oil frem 1475-1500®P. followed by temper¬ 
ing to the hardness desired. 

General Properties of Pearlitlc Manganese 
Steels 

Welding—These steels cannot properly be 
classed as “welding steels,” but may be used 
without difficulty in the manufacture of parts 
which involve welding in their fabrication. 

Forging—^one of these steels present any 
unusual diflaculties in any of the regular forg¬ 
ing operations, and can be freely used in parts 
wnich require forging as a necessary prelim¬ 
inary to their manufacture. 

Cold Drawing —Pearlitic manganese steels 
may be cold drawn without difficulty. Like 
other alloy steels, it is recommended when cold 
drawing steels of 0.35% carbon or more that 
they be annealed so as to obtain a lamellar 
pearlitic structure before the drawing oper¬ 
ation. 

Machining—h.s a class, the pearlitic man¬ 
ganese steels are particularly free machining. 
Indeed, the low carbon steels, such as Types 1, 2, and 3 in Table I are practically 
equivalent in their machining properties to Bessemer screw stock. As the carbon, 
manganese, and any other alloying elements are increased, the machining becomes 
more difficult. In the case of steels of over 0.40% carbon, it is recommended that 
they be annealed before machining. 



Pig. 4—Physical properties of man¬ 
ganese steel, Type 4, Table I, Bar % 
in. round. Quenched into oil from 
1525»P. 


Other Types of Manganese Steels—Pearlitic manganese steels are made with 
the manganese content higher (up to 3%) than those steels described above, but 
have a limited and special use. Steels are made containing manganese from 1-2% 
in combination of varying percentages with nickel, chromium, molybdenum, silicon, 
and other elements. These steels likewise are limited in use and have a highly 
specialized application. While they possess unusually good physical properties, they 
have presented too many manufacturing difficulties to the user for general adoption. 
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brineU hattiness 



Fig. 6—Physical properties of manganese steel, 
Type 5, Table I. Bar ?4 in. round. Quenched 
into oil from 1475*F. 


Tlie chief difficulties are that they 
add considerable cost in fabrication 
due to difficulty in the forging and 
machining operations. 

Manganese in Tool Steel—^The 
average “normal” manganese content 
in tool steel is 0.20-0.35%. One spe¬ 
cial type of manganese tool steel has 
very decided nonchangeable or non- 
deforming qualities, however, and is 
very generally used. The composition 
of this steel varies somewhat with 
different manufacturers. The ap¬ 
proximate chemical composition is 
C 0.90-1.00% and Mn 1.00-1.50%. 

Some manufacturers run the 
manganese as high as 1.80%, with or 
without vanadium, while others add 
0.50% chromium, 0.50% tungsten, or 
about 0.25% vanadium, or combina¬ 
tions of these. This steel, however, 
depends essentially for its qualities 
upon the carbon and manganese con¬ 
tent. 

The heat treatment consists in 
quenching in oil from approximately 
1450°F. followed by tempering as re¬ 
quired, usually 325-400®P. 



Pig. 6—Physical properties of manganese steel. Type 12, Table I, 
with Cr 0.55% and Mo 0.15%. Quenched into oil from 1475-1500*F. 
and tempered to the hardness shown. 
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Austenitic Manganese Steels 

By John Howe Hall* 

General—Austenitic, or Hadfleld’s manganese steel, was one of the first alloy 
steels discovered and produced on a commercial scale. The experiments of Sir 
Robert A. Hadfield at his father’s Sheffield plant in 1882 led to the development 
of this alloy, which has occupied a unique place among metallurgical products for 
fifty years. In general, wherever hard materials are to be dug, crushed, handled, or 
moved, manganese steel parts are widely employed to resis't the heavy wear involved 
in these operations, and so far no other metal has proved equal to it in a countless 
number of such applications. 

Composition—The constitution of iron-manganese-carbon alloys is fully dis¬ 
cussed on page 408 Metals Handbook. The useful range of composition for austenitic 
manganese steels does not include all the possible compositions shown in the con¬ 
stitution diagram of manganese steels. The valuable austenitic manganese steels 
are confined to those that are truly austenitic after quenching the steel in water 
from a temperature of 1830°P.. or slightly over. This range of composition is that 
Included between the line X — Y and W — Z in Fig. 1. The equations of these lines 
are approximately as follows: 

0.1 Mn 

Carbon = 1.075 +- and 

3 

Carbon = 1.075 — 0.04 Mn» 

To the right of the line WZ the steel in the quenched condition will contain 
considerable free carbide which reduces its strength and toughness. To the left of 
the line XY lie the steels that are more or less martensitic and brittle after 
quenching. This useful area was determined by an investigation made by the author 
In 1907-1908 in which a number of melts of steel were prepared, analyzed, and 
examined. 

As not all the steels lying in the area bounded by these lines are sufficiently 
strong and tough for the severe service to which manganese steel is subjected, the 
composition (in %) of commercial austenitic manganese steels lies within the 
following limits: 

C 1.00-1.40, Mn 10.00 (min.). Si 0.30-1.00, S 0.05 (max.), and P 0.10 (max.). 


The more experienced makers set a lower limit of manganese at 11.00 instead of 
10.00%, as the steels containing less than 11.00% manganese are somewhat lacking 
in toughness and strength. 

Manufacture— The steel is made by the electric furnace, open hearth, or Besse¬ 
mer process. In the case of the open hearth, Bessemer, and acid electric furnace 
methods, standard 80% ferromanganese is melted in crucibles, a cupola, or a small 
electric furnace, and is mixed in the ladle with approx. 5 times its weight of molten, 
low carbon steel. The latter may be tapped from an acid or basic open hearth 
furnace, a side-blown or small bottom-blown Bessemer converter, or an acid electric 
furnace. The cupola for the ferromanganese and the small converter for the low 
carbon steel are the preferred melting mediums for this method of manufacture. On 
, account of the difficulty of controlling the slag volume and 
7$ r " -1 ■' ——— I — composition, the cutting of the bottom, and the impossi- 

q,,. _ L_^ bility of keeping the loss of manganese within reasonable 

§ \ I I ’ T limits, it is not possible to add ferromanganese or manga- 

^ ^ electric furnace, 

%/0 —as is done with most other alloy steels. For this reason, 

§ ^_\ _ 1 when the acid electric furnace is used as the melting 

^ J medium, manganese steel scrap can not be remelted as a 

^ ^ 'Xy part of the charge, but must be disposed of in some other 

o manner. When the open hearth furnace is the source of 

oyn u metal, manganese steel scrap can be remelted in it, but 

yoLenbon cost of the loss of practically all the man- 

ganese contained in the scrap. 

ganese steels * Obviously, if converters are used to produce the steel 

base for the alloy, it is necessary to premelt the ferro¬ 
manganese, as such a large amount of the latter cannot otherwise be incorporated 


0.4 0.6 12 7.6 

% Cenbon 

Pig. 1—Modified form of 
Quillet's diagram for man¬ 
ganese steels. 


*Consultlng Engineer, Chestnut Hill, Phlla., Pa. 

iJohn Howe Hall. J. Ind. and Eng. Chem., 1915, v. 7, No. 2, p. 94. 
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in the steel without chilling it too much. Premelted ferromanganese is desirable 
also for mixing with open hearth steel» because, if the ferromanganese were added 
solid to the bath in the furnace, the loss of manganese would be excessive. 

When the basic electric furnace is used, the ferromanganese is added in the 
furnace to a charge of low carbon steel, and more or less austenitic manganese 
steel scrap is generally incorporated in the charge. In some shops, all of the ferro¬ 
manganese is added after the bath is melted, in others a large proportion of it is 
included in the initial charge. This is the only steel making process by which 
manganese steel scrap can be remelted without almost total loss of the contained 
manganese. The electric furnaces used are generally of the arc type, but of lata 
years the coreless induction furnace has come forward as a competitor in this field. 

The carbon content of standard 80% ferromanganese is such that, when the 
proper amount is added to a bath of low carbon steel, the manganese will be within 
the desired limits, and the carbon will be from 1-1.40%. If the carbon is below 1%, 
the steel is less resistant to wear. Carbon above 1.40% is undesirable, as it increases 
the tendency of the steel to crack in heat treatment. 

Ferromanganese ordinarily carries enough silicon to give the resultant steel at 
least 0.30% silicon. No appreciable effect on the physical properties can be found 
from variations in silicon between 0.30 and 1%. When manganese steel is made in the 
basic electric furnace, with manganese steel scrap as a considerable proportion of the 
charge, it is desirable to add more silicon than is contained in the ferromanganese. 
In this case, a silicon content of over 0.50% in the finished steel is desirable. 

The sulphur is usually so low as to be negligible, because the manganese forms 
MnS with part of the sulphur present in the steel, which floats to the surface and 
enters the slag. 

The phosphorus content is dependent upon that of the ferromanganese used. 
It is generally between 0.06 and 0.09%. Up to 0.1% phosphorus may be present in 
the steel without ascertainable harmful effect. 

Heat Treatment-In the cast condition, manganese steel is quite brittle. Hi 
thk condition the sUoicture consists of austenite, with considerable free carbide in 
patches and in a network between the austenite crystals. To strengthen and 
toughen the metal, the pieces are heated to between 1830 and 1940**F. and quenched 
in cold water. When the composition of the steel is within the correct limits, this 
treatment results in all the carbide being taken into solid solution in the austenite 
and produces a uniform austenitic structure and a high degree of strength and 
toughness. When the carbon exceeds 1.40-1.50%, free cementite will be found in 
amounts which increase in proportion to the carbon content and which will de¬ 
crease the toughness and strength of the steel. A similar effect is caused in 
steel of correct composition if it is heated to too low a temperature before 
quenching, or if it is allowed to cool off too much between the time it is taken from 
the furnace and the time when it is immersed in the water. 

If the heat treated steel were to be reheated for a long time at 660*F.. or for a 
shorter time at or above 750®F., it would become exceedingly brittle, due to the 
liberation of carbide and the partial transformation of the austenite. This makes 
it Impossible to reheat the steel after quenching for the removal of cooling stresses, 
as is done with most quenched steels. These stresses are far higher than in the 
case of most other steels, because the heat conductivity of manganese steel is but 
% that of iron, and its coefficient of thermal expansion is somewhat higher— 
about IVs times that of pure iron. The low thermal conductivity results in a great 
difference in the cooling rate between light and heavy sections, and between the 
Inside and the outside portions of heavy sections. When the castings are quenched, 
great stress is produced, which is still further increased by the high coefficient of 
thermal expansion. As tempering is not possible to relieve these stresses, reasonable 
uniformity of sections between different parts of a single casting is absolutely essen¬ 
tial to avoid severe warping and even breaking of the castings in treatment. 

The same considerations limit sharply the maximum thickness of manganese 
steel parts that can be successfully heat treated. When attempts are made to 
quench sections over 5 or at the very most 6 in. thick, the stresses due to the 
unequal cooling rates of the Inside and the outside portions of the piece are so 
severe as to produce cracl^, and these cracks generally begin at the center of the 
section and extend outward. As they do not always extend to the surface, their 
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presence Is not always detected, with the result that the piece fails in service after 
a comparatively short life. 

Properties of Austenitic Man^nese Steel—In the rolled or hammered condi¬ 
tion the properties of heat treated austenitic, high manganese steel will usually 
come ^within the following limits: 


Tensile Strength, 

Limit of Prop.^ 

Elongation, % in 

Reduction of 

Brinell 

psl. 

psi. 

2 in. 

Area, % 

Hardness 

130.000-160,000 

40,000-60,000 

60-70 

• 40-60 

230 


iLlmlt of proportionality Is given because austenitic manganese steels show no well marked 
yield point. 


In the cast condition the properties of the heat treated steel vary somewhat, 
depending upon the form of the specimen from which the test piece is obtained. 
When a tensile bar is cast approximately to size, the properties obtained from It, 
which undoubtedly represent those of the cross section of similar light castings, are 
not so high as those of pieces ground from the usual coupons used to make tests 
of cast steels. The latter, of course, are fairly representative of the metal in the 
greater part of the cross section of heavier castings. 

The temperature at which manganese steel is poured has a marked effect upon 
the strength of the castings. A high pouring temperature produces a coarse crys¬ 
talline structure which is not refined in heat treatment, and which is some 15,000- 
20,000 psi. lower in tensile strength than the fine grained steel obtained when it is 
poured at lower temperatures. Depending upon pouring temperature and the 
origin of the test piece, the physical properties of cast heat treated austenitic man¬ 
ganese steel are as follows: 


Tensile Pmnnrtlonal Elongation, 
Type of Specimen _ Strength, psl. Limit, psi. % in 2 In. 

Cast to size. 80,000-110,000 . 15-35 

Ground from coupon. 118,000« 42,900>> 44.1« 

•Average of 15 tests. 

^Average of 6 tests. 


Bend 

% In. X ^4 In. Limit of Propor- 
Reduction of Brinell on 1 in. Pin, tionality In 
T 3 rpe of Specimen Area, % Hardness Degrees Compression, psi. 


Oast to size. 15-36 180-220 180 . 

Ground from coupon. 39.0* . ... 24,000 

•Average of 15 tests. 


Type of Specimen 

Shearing Strength, Fatigue Limit, 
Single Shear, psl. psi. 

Oast to size. 

. 84 000 . 

Ground from counon.... 

_ . . . 39 noo« 

•Determined with H. F. Moore type machine. 


Electrical, Magnetic, and Thermal Properties—The electrical resistance of aus¬ 
tenitic manganese steel is 71 microhms per cm.-cube, or 7 times that of pure iron; 
the average thermal conductivity between 0 and lOO'^C. is 0.027 cgs. units or about 
% that of pure iron; and the mean coefficient of thermal expansion between 0 and 
100**C. is 0.000018 per l^’C., or about 1% times that of pure iron.^ 

To all Intents and purposes, manganese steel is nonmagnetic, that is, it has 
no attraction for the magnet. If a bar of the steel be placed across an ordinary 
field compass, the needle will be deflected only 1 or 2®. As yet very little practiciU 
use has been made of this property and for years the only application of the steel 
based on its nonmagnetic properties was the cover plates of electric lifting magnets, 
in which the power of resisting wear was also of value. Of late the attention of 
electrical engineers has been drawn to the subject and the steel is being applied to 
various transformer parts and other portions of electrical machinery where a strong, 
nonmagnetic metal is essential. 


iR. A. Hadfleld, Metallurgy and Its Influence on Modern Progress. Chapman & Hall, Limited, 
London, 1925. 




















570 


AUSTENITIC MANGANESE STEELS 


Determinations made of normal induction and magnetizing force gave results 
as follows: 


Induction, Magnetizing Force, 

Oanzaei _ 011bert*s per ^q.cm. 


10. 9.5 

20. 18.4 

30. 27.3 

50. 44.8 

70.:. 62.5 

100. 89.3 

150. 136 

200. 183 

250. 231 

300. 279 


The magnetic permeability, being the ratio of induction to magnetizing force, 
is nearly unity, the permeability of air, for the determinations in this table. 

From Smithsonian Physical Tables. Sixth Edition, p. 321. the following figures 
are quoted for magnetic values in intense fields, the references given being the 
work of Ewing: 


Magneto Motive 

Force 

Magnetic Moment 
per cu.cm. 

Magnetic Induction 

Permeability 

1930 

55 

2620 

1.36 

2380 

84 

3430 

1.44 

3350 

84 

4400 

l.Sl 

6920 

111 

7310 

1.24 

6620 

187 

8970 

1.35 

7890 

191 

10290 

1.30 

8390 

263 

11690 

1.39 

9810 

396 

14790 

1.51 


Hardening Power of Austenitic Manganese Steels—The Brinell hardness of the 
steel in the cast and in the heat treated condition is only moderately high, about 185 
in the untreated condition and 180-200 after treatment. The correctness of this 
relatively low figure is confirmed by the fact that the steel can be dented with 
the peen end of a machinist’s hammer, or nicked with a cold chisel, up to a certain 
point. The first blows of the hammer produce a considerable dent, but as the ham¬ 
mering proceeds the impression produced grows smaller and smaller, and finally 
a point is reached where the hammer hardly mars the surface, because the steel 
has grown much harder from the effect of the cold working. A Brinell test upon 
the cold worked surface shows a hardness of from 450-550. instead of the 180-200 
of the heat treated steel. In fact, the rapidity with which this metal hardens 
under cold working of all kinds is extraordinary, and is probably responsible for its 
most valuable property, the ability to endure severe abrasion coupled with heavy 
pressiure or blows. 

Wear—Manganese steel owes its power of resisting heavy abrasive wear to the 
property of hardening under cold working to an extent approached by few other 
ferrous metals. The late Henry M. Howe first called attention to this phenomenon 
in a paper before the A.I.MJ3.' In a Jaw crusher, for instance, where the steel is 
subjected both to heavy pressure and severe abrasion, manganese steel will generally 
greatly outlast metals whose initial hardness is much greater. Tests have shown 
that the initial rate of wear of a manganese steel crusher jaw is somewhat greater 
than the rate after a few tons of stone have been crushed. This is due. of course, 
to the hardening of the steel by the kneading effect of the stone crushed. Jaws 
of other hard metals, such as nickel, chromium, and nickel-chromium steel, and 
chilled iron, show practically no difference in the rate of wear as the test progresses, 
and in consequence of their higher initial rate of wear and of the fact that this 
rate decreases little if any as the test progresses, jaws of these steels wear out 
after a life measured in terms of tons of stone crushed usually much less than that 
of manganese steel. 

In wear of a different type, where cold working is largely absent, so that the 
steel is not surface hardened by the pressure, austenitic manganese steel does not 

^H. M. Howe and A. G. Levy, Are the Deformation Lines In Manganese Steel Twins or Slip 
Bands?, Trans., A.I.M.E.. 1915, v. 51, p. 881. 
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outwear other metals to the same extent as In the typical case of crusher Jaws. 
Under the action of the pure abrasion of a sand blast, for instance, chilled iron will 
outwear manganese steel, so that the latter does not make a satisfactory sandblast 
nozzle. In the many types of service where abrasion and cold working are encoun¬ 
tered hi varying proportions, the advantage of using manganese steel will depend 
largely upon whether there is enough poimding or pressure to produce a useful 
degree of hardening. 

Applications of Austenitic Manganese Steels—Typical applications of cast high 
manganese steel are railway and trolley frogs, crossings &nd switches, rock crusher 
parts, steam shovel dippers and teeth, gold, platinum, tin, and gravel dredge buckets 
and lips, conveyor chain, sprockets, gears and pinions of many types, centrifugal 
pump parts for gravel dredges, ball and tube mill liners, rough paper making 
machinery, orange peel and clam shell dipper lips and points, tractor shoes and 
many others. Castings are furnished in all weights from a few ounces to 25.000 
or even 30,000 lb. In the rolled condition the chief application is in rails used for 
special service, though a small amount is used for light forgings subjected to heavy 
wear, for woven screens, and some similar uses. 

Machining—Largely because it hardens under and in front of the tool, heat 
treated austenitic manganese steel is machined only with great difficulty. For 
many years, in fact, all efforts to machine it commercially were failures, and 
finishing operations were universally carried out in grinding machines. Of late 
years some manufacturers of manganese steel have found that by using exceedingly 
heavy, rigid machine tools and the most modern tool steels, some machining 
operations can be carried out more economically than grinding. In general, steel 
tools are better suited to this work than the cemented carbides and similar metals, 
because under the heavy pressures required to cut manganese steel successfully, the 
more brittle metals are likely to break and spall. The great majority of the finishing 
work on manganese steel tastings is still performed with grinding wheels. 

Welding—Until comparatively recent years, gas or electric welds in manganese 
steel have been unsatisfactory, because the heat of the arc or torch damaged the 
manganese steel close to the weld, making it brittle. Periodic quenching of the weld 
does not prevent this brittleness, because it is due to two effects upon the metal, 
one of which is curable only by reheat treating the whole casting, and the other 
is curable qp\y in part bv nnv thermal or mechanical treatment. 

A welding rod has recently been developed containing from 3-5% nickel and 
13-15% manganese, with carbon generally irom 0.60-0.80%. With this, welds in 
manganese steel are made which develop from 50-60% of the strength of the un¬ 
welded metal. The combined effect of the nickel and the low carbon content is 
to greatly strengthen and toughen the “contact zone” of manganese steel close to 
the weld line, in which failure occurs when welding rods of composition similar 
to that of the castings are used. The adoption of these low carbon-nickel-manganesc 
steel rods has resulted in making the fusion welding of manganese steel com¬ 
mercially successful, and many difficult welds of worn and cracked parts are now 
giving satisfactory results in severe service. 

Some authorities on welding prefer to use welding rods or electrodes of the 
18 Or —8 Ni type for welding cracked or broken manganese steel parts, covering the 
welds over with manganese steel to obtain good wear resistance in the welded 
area. The author’s experience has been that stronger and more satisfactory welds 
are obtained with the nickel-manganese steel rods described above.* 

Special Compositions—Austenitic manganese steels containing varying amounts 
of other alloys have been made in recent years. One of these steels whose applica¬ 
tion is the welding rod described above, has been found to roll and forge more 
easily than manganese steel of standard analysis, and to be less easily damaged 
by exposure to temperatures just below dark red heat. In the form of bars, sheet, 
and plate it is to some extent displacing rolled products of the older Hadfield range 
of composition. Car bearing parts, woven screen, and similar applications have 
proven successful uses of the rolled material containing 13-15% manganese and 
3-5% nickel. In the cast condition, a similar alloy containing also about 4% 


'See J. H. Hall, A.S.T.M. Symposium on Welding, 1931, page 62. 
** Welding Engineer, 17(1) 39-41, 1932. 

** Electric Traction, 27, 400-402, 1031. 

Welding Handbook, A.W.S., p. 544, 1938. 
Howard George, Electric Traction, March 1931. 
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Chromium is finding applications in resisting wear combined with temperatures 
approaching red heat.’ 

One of the difficulties experienced with manganese steel is its peening and 
stretching under heavy pressure. In extreme cases, manganese steel parts will 
"grow” enough to cut off the heavy bolts with which they are held in place, or to 
buckle so badly as to interfere with the operation of the machine of which they 
form a part. This tendency to "grow” has always been taken care of by making 
such parts enough smaller than the space they are eventually to fill, to permit 
growth to occur without harmful results. 

Many efforts have been made to counteract this tendency, which is due of 
course to the comparatively low compressive elastic limit of the material, by the 
addition of other alloys to the steel. Chromium up to some 6%. molybdenum up 
to about 1%, or combinations of the two. are the alloys usually preferred. Additions 
of these "hardeners” of sufficient amount to decrease the tendency to peen, decrease 
the toughness of the steel to a considerable extent. To overcome this loss of tough¬ 
ness, additions of nickel as above described, or of copper up to some 2%, have 
been sometimes made. Not enough service tests have been carried out on these 
special compositions to Justify a definite statement as to their value, but the 
indications are that in some cases the extra cost of the alloy is justified by the 
improvement in the results secured in service. 

Prc-Peening—As manganese steel develops its full resistance to wear only after 
the surface layers have been deformed by pressure and consequently hardened, in 
some applications of the metal it is advantageous to perform this deformation 
artificially. This is especially desirable when it is important that the exact shape 
of the piece be maintained as nearly as possible, as for instance in street and steam 
railway special trackwork. In these cases, the part is finished to a little above the 
desired final dimensions, at places where distortion takes place, and these parts are 
brought to the final dimension by cold working by medns of press, hammer or air 
hammer. In this manner, the part can be shipped in condition to give the best 
resistance to wear from the start, without being distorted out of shape while 
developing this desirable condition. 

It has not been found economical to utilize this method to improve the wear 
resistance of manganese steel in classes of service to which it is not otherwise 
suited, such as described above, because the depth of metal hardenec^iby artificial 
cold work bears too small a relation to the total thickness to be worn away in 
service. 
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Molybdenum Steels 

By A, J. Herzig* and W. P. Sykest 

Pure molybdenum is a soft, ductile metal resembling platinum in color. Its 
physical constants are given in this Handbook under *Thyslcal Constants of the 
Elements.*' 

The metal is produced by heating one of its sev^al oxides, or ammonium 
molybdate, in an electric furnace and reducing in hydrogen to pure molybdenum 
powder. The compressed powder is sintered by passing a strong electric current 
through it. The resulting ingot is swaged, rolled, and drawn into sheets, rods and 
wire. The pure metal is used for the spider of incandescent lamps, for parts of radio 
tubes, X-ray equipment, electrical heatmg imits, and in the manufacture of non- 
ferrous alloys. 

Historical—Molybdenite was first distinguished from graphite and galena in 
1778 by C. W. Scheele. In 1782, P. J. Hjelm separated the metal from molybdenite 
and called it molybdenum. Metallic molybdenum was produced by Berzelius at the 
beginning of the 19th century. Although the presence of molybdenum in alloys of 
iron was established as early as 1831 by analysis of several iron-rich meteorites, 
the first intentional production of iron-molybdenum alloys was accomplished by 
Moissan about 1880 in his work with the electric arc furnace. From this date ref¬ 
erences to the application of molybdenum became increasingly numerous and at the 
opening of the 20th century it was in commercial use in high speed steel although 
this application was short-lived. Studies of molybdenum steels were made by 
Guillet (1904) and Swinden (1911). Out of the demands of the World War for 
new materials much information on molybdenum steels was obtained. Molybdenum 
steel was definitely adopted as a standard specification by one of the large auto¬ 
mobile plants in 1920. Since then the commercial use has grown rapidly. 

Supply and Production—Although a small amount of molybdenum is recovered 
from Wulfenite (PbMoOi), the most important ore of molybdenum is molybdenite 
(MoS^). This is a soft, flaky, lustrous mineral, similar in appearance to graphite. 
Mineralogically, it is widely distributed throughout the world, but commercial 
occurrences are relatively rare. The largest known deposits are in the United States. 

Molybdenite is extracted from its usual low grade ores by fine grinding and 
flotation concentration. The concentrate, containing about 50% molybdenum and 
35% sulphur, is calcined to remove the sulphur and the resultant crude molybdlc 
oxide (MoO,) is the base material from which the various compounds and alloys 
of commerce are produced. 

Introduction of Molybdenum Into the Steel Bath—Molybdic oxide briquettes, 
a salt of molybdenum (calcium molybdate or calcium molybdenum silicate) or ferro- 
molybdenum may be employed for making additions of molybdenum to the steel 
bath. The salt or oxide is lower in cost and satisfactory for introducing all frac¬ 
tional percentages of molybdenum. Molybdenum has a low affinity for oxygen 
and the elements of the steel bath. Molten iron will reduce molybdenum from the 
slag in which the molybdate or oxide has been dissolved. All other compounds of 
the salt are slag forming constituents, and only pure nascent molybdenum enters 
the steel. When more than 1% molybdenum is required, ferromolybdenum is pref¬ 
erably employed. 

Effect of Molybdenum in Steel—In solid solution molybdenum is known to 
expand the space lattice of iron. In steel molybdenum will be found both in the 
solid solution phase and in the carbide phase. It tends to inhibit grain growth 
and definitely imparts sluggishness to any structural change which is induced by 
thermal treatment. This effect is clearly demonstrated by the higher requirements 
in quenching and tempering temperatures for the heat treatment of steels con¬ 
taining molybdenum. There is strong evidence that molybdenum markedly raises 
the lowest temperature of recrystallization of iron. 

Molybdenum steels require relatively longer soaking periods for annealing and 
spheroidize more slowly than carbon steels. The depth hardening characteristics 
are decidedly more pronounced than would be predicted on the basis of the change 
in equilibrium transformation temperatures. The critical transformation of steel 
containing molybdenum is sluggish so that with the cooling rates normalhr 

*Chlef Metallurgist, Climax Molybdenum Co. of Detroit. 

tOeneral Electric Co., Incandescent Lamp Dept., Cleveland Wire Works. Cleveland. 
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encountered in practice, deep hardening is readily attained. Molybdenum steels 
are generally characterized by the following properties: Depth hardening; tough¬ 
ness; structural stability; elevated temperature strength; minimum susceptibility 
to temper brittleness. 

Molybdenum in small amounts does not interfere with forging, rolling, machin¬ 
ing, carburizing, or welding operations. In many instances steel containing 
molybdenum is found to harden acceptably from an unusually wide range of 
heating temperatiu-es. Chromium-molybdenum steel is well known for its self scale 
freeing characteristics. It is common knowledge that chromium-molybdenum steels 
of the 4100 series in the fully heat treated condition can be machined at higher 
hardnesses than other alloy steels of comparable physical properties. In regard 
to welding, it is claimed that molybdenum is the one element besides phosphorus 
which can be added to iron without seriously affecting the ability of iron to be 
welded. 

Chroniluin-Molybdenum Steels—Steels properly alloyed with chromium and 
molybdenum are characterized by their resistance to impact, fatigue, abrasion and 
high temperature stress. These steels when suitably heat treated are deep hardening, 
offer good machinability and are readily welded by either gas or electric methods. 
The composition for the SA.E. steels is given in the S.A.E. specification In the 
Handbook, and the heat treatments for steels here considered are in Table I. 


Table I 

Suggested Heat Treatments for Molybdenum Steels 


S.A.E. Normalize, Anneal, Quench, Temper 

No ®P. "F. Footnote* 


4130 

1600-1700 

1525-1575 

4140 

1600-1700 

1500-1550 

4150 

1600-1700 

1475-1525 

4320 

Carburize 

loso-noo** 

1525-1575 

4340 

1576-1675 

1525-1575 

4615 

Carburize 

1650-1700*» 

1550-1600 

4620 

Carburize 
1650-1700’» 

1525-1575 

4640 

1600-1750 

1525-1575 

4813 

Carburize 

1650-1700»» 

1525-1575 

4820 

Carburize 

leso-isoob 

1.525-1575 


1550'1600 Water 

1S7S-1625 Oil As required 

1525-1575 Oil 

1500-1550 Oil 

1400-1450 Oil for Case 

1450-1500 Oil for Core 

1500-1550 Oil “ 

1425-1475 Oil for Case 

1475-1525 Oil for Core 

1425-1475 Oil for Case 

1475-1525 Oil for Core 

1500-1550 Oil “ 

1350-1400 Oil for Case 

1450-1500 Oil for Core 

1350-1400 Oil for Case 

1450-1500 Oil for Core *• 


■A long soak is recommended. ^Box quench. 


S.A.E. Steel 4130 —^This composition is recommended for heat treated automobile 
parts such as driveshafts, rear axle shafts, steering knuckles and arms, connecting 
rods. Other established applications include aircraft tubing, intake valve stems, 
drill collars, sucker rods, bolts and studs. 

SA.E. X4130—This analysis has higher chromium and lower manganese than 
S.A.E. 4130. The most extensive application is airplane construction; it is also 
used Interchangeably with S.A.E. 4130. The heat treatment is the same as for 
S.AH. 4130. 

5.A.E. 4140—This steel is Intended for practically the same purpose as 4130 
except that it is oil quenched and the physical properties are slightly higher. 

S.A.E. 4150—This steel is recommended for heat treated parts which are sub¬ 
jected to wear, such as gears and roller bearings; also for highly stressed automobile 
and machine parts. 

Nickel-Chromium-Molybdenum Steels—In heavier section, these steels offer the 
best combination of ductility and strength and the highest fatigue-tensile ratio 
of any molybdenum S.AJE. steels. Being air hardening, the steels must be prepared 
for machining by a suitable annealing treatment. Because of their deep hardening 
characteristics and resistance to softening at elevated temperatures, these steels, 
with suitable carbon content, are recommended for hot work dies. 

SA.E, Steel 4325—This steel is similar in analysis to S.A.E. 4620 except for the 
chromium content. Its field of usefulness lies in those carburized parts which require 
a somewhat harder and stronger core than is normally developed with S.A.E. 4620. 
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S.A.E, Steels 4240 and X4240—These steels are recommended for oil hardening 
gears, axle shafts, crankshafts, and heavy duty shafting of large sections. When 
quenching large section, the best practice is to remove the work from the quenching 
medium before it becomes cold. 

Chromium-nickel-molybdenum steels outside the S.A.E. classifications are often 
used for parts such as gears, shafts and axles; in the higher carbon range, these 
steels are recommended for special gears, drop forge die blocks, airplane propeller 
shafts and heavy forgings. 

Nickel-Molybdenum Steels—This alloy combination is characterized by excellent 
toughness at relatively high hardness. The hardening range is wide and quenching 
from the carburizing temperature without objectionable distortion or impairment of 
physical properties may be successfully employed. 

S.A.E. 4615 and S,A.E. 4620 —^These steels are used in carburized gears, cams, 
and shafts where high fatigue resistance and good toughness are required. They 
are good carburizing steels from the standpoint of minimum distortion. For best 
results, after quenching, the carburized article should be held for a prolonged period 
of time at a low temperature (300-400®P.). 

S.A.E. Steel 4640—With its higher carbon content this steel is used for gears, 
shafts, and parts where high fatigue resistance is required. Like the lower carbon 
steel, it affords minimum distortion problems. 

S.A.E. 4815 and S.A.E. 4620—These steels are used for carburized gears and 
parts where high core hardness is required. 

Carbon-Molybdenum Steels—Cases where the necessity for welding or some other 
condition which precludes the presence of chromium, form the principal field for 
the straight molybdenum steels. Among the advantages of this composition are 
resistance to grain growth and minimum susceptibility to temper brittleness. These 
steels are adapted to welding and possess excellent creep resistant properties. Rep¬ 
resentative applications include automobile parts, structural plates, welded pipes, 
crankshafts, boiler, and still tubes. 

Manganese-Molybdenum Steels—Steels containing 1.5-2.5% manganese are gen¬ 
erally susceptible to extreme temper brittleness, but the addition of molybdenum 
strengthens the steels statically and dynamically, minimizes temper brittleness, 
stabilizes the properties at elevated temperatures, refines the structure, and widens 
the critical range. Railway rails and locomotive tires, dredge buckets and rock 
crusher parts and high tensile studs are typical applications. 

Silicon-Molybdenum Steels—Molybdenum additions to silicon steel serve to 
increase toughness, reduce the tendency toward temper brittleness and resist grain 
growth at elevated temperatures. Chisels, shear knives, hammers and similar shock 
resisting tools are produced from silicon-molybdenum steels. 

Molybdenum High Speed Steel—While the use of relatively small percentages of 
molybdenum in tool and die steels has been common for a number of years, it is 
only recently that tool steel in which molybdenum is the chief alloying element has 
gained much prominence. A steel containing 8.00-9.00% molybdenum with or without 
1.50-2.00% tungsten is now being prodi^ced commercially. The advantages are: Lower 
cost, lower density, and lower required hardening temperatures. Susceptibility to 
surface decarburization when treated in oxidizing atmospheres has retarted its uni¬ 
versal acceptance. This surface decarburization is satisfactorily overcome by the 
use of salt baths, borax coatings, or controlled furnace atmospheres. 

Molybdenum Die Steels—Die steels properly alloyed with molybdenum are char¬ 
acterized by deep hardening, resistance to abrasion, heat checking and washing. 
Hot work tools and dies, forging rolls, punches, upsetting and extruding dies are 
among the recommended applications. 

Corrosion Resistant Alloys—Copper-molybdenum iron is used to resist atmos¬ 
pheric and mild acid attack. In many instances, molybdenum additions to standard 
18-8 steels increase the strength of the composition at elevated temperatures and 
improve resistance to corrosion. 

Molybdenum Steels for Elevated Temperature—Molybdenum steels retain their 
hardness and strength at elevated temperatures. Carbon-molybdenum steels are 
used in oil refineries for convection tubes and cracking furnace tubes and as steam 
piping for boiler plants. Repeated tests show resistance of carbon-molybdenum steel 
to creep to be about twice that of carbon steel at 900°P. 

Molybdenum in Steel Castings—The properties imparted to forged and rolled 
steel by molybdenum are similarly exhibited ifi steel castings. The following types 
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are common; Carbon-molybdenum, chromium-molybdenum, manganese-molybdenum, 
nickel-molybdenum, chromium-nlckel-xnolybdenum. 

Carbon-molybdenum cast steel is used for castings required to show good 
strength at elevated temperatures. Chromium-molybdenum cast steel provides 
Improved depth hardening characteristics to the castings, high temperature strength 
and abrasion resistance. Special types of chromium-molybdenum cast steel are also 
used for resistance to oxidation and corrosion. Manganese-molybdenum composi¬ 
tions are used where general improvement of tensile and impact characteristics are 
required. Chromium-nickel-molybdenum cast steel finds its application in parts 
where maximum depth hardening characteristics are essential and where severe 
abrasive service must be withstood. 

Mill Bolls—One of the important uses of molybdenum in steel castings is in mill 
rolls where it is usually employed in conjunction with chromium, nickel, or both. 
These rolls are characterized by great strength, toughness, density and wearing 
qualities. The carbon content varies widely from 0.40-2.00% according to the service 
to be encountered or according to which of the above physical characteristics is of 
first importance. Heat treatments vary likewise from slow furnace cooling to air 
quenching followed by tempering. With the heavy masses involved, bath quenching 
is impractical. Molybdenum is used to advantage in cast steel and cast iron rolls, 
both chilled and sand cast. 
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Nickel As An Alloying Element in Steel 

Thomas H. Wickenden* 


Historical—The occurrence of nickel in meteorites and the working of this mate¬ 
rial into swords and tools undoubtedly accounts for the first use of nickel steel. 
Nickel, however, as an element was not recognized until isolated by Cronstedt in 
1751. The first published report of its being alloyed with iron was by Stoddard 
and Faraday* in 1820. The next important development was the production started 
in 1885 by Marabeau of a wide series of iron-nickel alloys and nickel steels. These 
were studied and tested by James Riley of Scotland and the results were published 
in his now famous paper of 1889 on the “Alloys of Nickel and Steel.” He was the 
first to demonstrate the general properties of nickel steels and pointed out their 
commercial value. During this period nickel had gradually become more available 
and cheaper because about this time nickel was produced in commercial quantities 
from both the New Caledonian and Canadian ores. 

Riley*s paper marked the beginning of active engineering and metallurgical in¬ 
terest in these steels. In 1891 the U. S. Navy conducted a competitive test between 
plain carbon and nickel steel armorplate. The nickel steel proved decisively supe¬ 
rior and stimulated a world wide interest in this material for ordnance. In 1899 

Hadfield* published an exhaus¬ 
tive paper on the “Alloys of 
Iron and Nickel.” Since then it 
has been the subject of active 
interest and investigation by 
many scientists, and today finds 
an exceedingly wide field of in¬ 
dustrial applications. 

Alloying Nickel in Steel— 
Nickel is a white, malleable, 
magnetic metal, harder and 
stronger than iron, and has a 
melting point of aoproximately 
2645*’ F. Nickel is supplied in the 
form of electrolytic cathode of 
high purity (99.90% Ni -f Co) sheared to convenient sizes. It is also available in 
the form of shot and ingot of remelted cathode. As nickel is not oxidized in the 
bath, in fact nickel is chemically negative to the iron, it may be added at any time 
practically without loss. Part of the nickel is generally secured by charging nickel 
steel scrap; the balance may be added with the charge or at sufficient time before 
tapping to ensure proper diffusion. As nickel has no deoxidizing properties, it does 
not prevent blowholes, hence the steel to which it is added should be well made. 
Nickel does check segregation and tends to produce a fine grain primary crystal 
but is primarily added to steel for its beneficial effect on the mechanical properties. 

The Effects of Nickel in Steel—Iron and nickel are soluble in all proportions 
in the molten state and remain as a solid solution on solidification. At normal tem¬ 
peratures nickel is in solid solution in the iron phase, either ferrite or austenite, 
depending on the composition. The equilibrium diagram of iron and nickel is given 
in another section of this Handbook. An examination of this shows some of the 
fundamental effects of adding nickel to iron. The addition of nickel reduces the 
temperature of the Aca transformation and introduces a considerable spread be¬ 
tween the temperature of beginning and the end point. The Ara point is reduced 
to a still greater extent, in fact with 33-34% of nickel it is not reached at liquid 
air temperatures. 

The constitution diagram for nickel, iron and carbon, after commercial slow cool¬ 
ing, is given in Fig. 1, The graphitizing effect of nickel is shown by the graphite 
line. The change in structure of these nlckel-iron-carbon mixtures as the nickel 
or carbon is increased is not sharply defined but changes gradually over a con¬ 
siderable variation in composition. This is true when the pearlitic area—generally 
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Fig. 1—Constitution diagram of nickel steel and iron. 


•The International Nickel Co., Inc., New York. 

^The Quarterly Journal of Science, Literature and the Arts, 1820, ▼. IX, p. 324. 

m. A. Hadlleld, Alloys of Iron and Nickel, Proc., Inst. Civil Bngrs. (London), 1899, v. 138, p. 1. 
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as a fine grained sorbite—enters the martensitic area by showing some martensitic 
needles. 


Because traces of austenite soon make their appearance, the range where mar¬ 
tensite alone is found is rather narrow. The martensitic structure in the lower car¬ 
bon range is often difficult to identify as it will show martensitic like needles but 
does not possess the hard properties characterizing this constituent. The mixed 
structiure of martensite and austenite extends over a broad area, the last traces of 
martensite persisting up to a fairly high nickel content under conditions of slow 

The general effect of Increasing 
quantities of nickel on the mechanical 
properties of a cast nickel steel with 
0.25% carbon is illustrated in Fig. 2. 
The strength is gradually increased, 
reaching a maximum of 180,000 psU 
with 12% of nickel. Data on carbonless 
nickel-iron alloys, annealed, by Burgess 
and Ashton show the same maximum 
strength, but at 18% of nickel. The 
strengthening effect of nickel on fer¬ 
rite should be noted as it offers a 
means of strengthening low carbon 
steels without heat treatment. Carbon 
has the effect of shifting the diagram 
to the left and accentuating the mar¬ 
tensitic stage. It should be noted from 
the diagram that the abrupt changes in mechanical properties correspond to the 
changes in the micro-constituents of the steel. 

Classification of Nickel Steel—Characteristics of the 3 groups of steels pearlitic, 
martensitic, and austenitic are discussed in detail. 

The Pearlitic Steels—The pearlitic group, steel containing from 0.5-6.0% nickel, 
Is most widely used commercially. The principal effects of nickel on this group 
of steels are as follows: 


cooling. 



Pen Cent Nickel 


Fig. 2—Comparative physical properties of 
nickel steela with 0.25% carbon. Not heat treated 
(Bullena). 
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Fig. 3—Effect of Nickel on the 
AC Critical Range. 



1. Nickel depresses the critical point and lowers 
the eutectoid ratio. The effect of nickel in lower¬ 
ing the Ac critical range is well illustrated by Scott* 
in Fig. 3. He further states that the ACi is low¬ 
ered 18.9®F., the Ari 38.7°P., and the eutectoid ratio 
is decreased approximately 0.042% carbon for each 
per cent of nickel added. Thus, with a normal 
eutectoid ratio of 0.90% carbon in plain carbon 
steel this is reduced to approximately 0.75% for 
3.5% nickel and 0.70% for 5.0% nickel steel. The 
lower critical range allows the use of lower quench¬ 
ing temperature when heat treating nickel steels, 
and consequently results in less scaling, warping, 
and cracking of the part. This also permits a 
saving of fuel and less wear on the heat treating 
equipment. 


2. Nickel Increases the strength, yield point, and hardness without a correspond¬ 
ing loss of ductility in both the annealed and heat treated steels. The following 
table gives data on an annealed 0.30% carbon steel with different nickel contents. 


Carbon 

Nickel 

Tensile 

Strength, 

psl. 

Yield 

Point, 

psl. 

Elongation 

In 2 in., 

% 

Reduction 
of Area, 

% 

Brinell 

Hardness 

No. 

0.30 

0 

70,000 

40,000 

20.0 

50.0 

145 

0.30 

3.50 

90,000 

60.000 

27.0 

55.0 

175 

0.30 

5.00 

95,000 

65,000 

28.0 

56.0 

185 


These characteristics of nickel are utilized in rolled structural shapes, boiler plates, 
and large forgings or castings which, due to size or shape, are impractical to heat 


9ur. Standards Bull. No. 370, p. 813. Crltleal Ranges of some Commercial Nickel Steels. 
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treat beyond normalizing and annealing. Nickel, often in combination with copper, 
is used in many of the recently developed high tensile, medium corrosion resistant 
steels which are generally used in the as-rolled condition. In some of the nickel- 
copper steels the tensile strength can be further increased by precipitation hardening 
treatment. 

Abbott,* after a great many tests, observed the average effect of nickel up to 
8%, for fully annealed steel, to be as follows: 


1.0% oX nickel increased the elastic limit. 4.000 pal. 

1.0% oX nickel increased the tensile strength. 4,200 psL 

1.0% oX nickel increased the reduction oX area. 0.6% 

1.0% oX nickel decreased the elongation. 1.0% 

If steels of the same strength and similar treatments are compared, the advantages 
of nickel in increasing the yield point, impact, fatigue limit, and fatigue ratio are 
very evident. The following results taken at mid point in 6 in. forgings, normalized 
and tempered illustrate these points: 






Tensile 

Izod 

*-Fatigue-V 





Yield Point, 

Strength, 

Impact, 

Limit, 

Ratio 

Brinell 

c 

Mn 

N1 

psl. 

psl. 

Xt-lb. 

psi. 

% 

Bardnese 

0.46 

0.64 


S1.300 

86.200 

16 

40.000 

47 

167 

0.24 

0.94 

iiio 

67,800 

87,800 

86 

54,000 

61 

183 


In heat treated steels the benefit of nickel is still more evident as shown by the 
following results from a 0.40% carbon steel and a 3^% nickel steel. 


Steel 

Heat Treatment 

Tensile 

Strength, 

psi. 

Yield 

Point, 

psl. 

znong. 
in 2 in., 
% 

Red. 

Area, 

% 

Izod 

Xmpaet, 

XUlb. 

0 Nickel 

1500®P.—Water; 1300’P. 

90,000 

53.000 

25 

62 

59 

3.5% Nickel 

1425“P.-Oll 1250®P. 

109,000 

85.000 

25 

62 

76 

0 Nickel 

1500'P.—Water; 960*^. 

125.000 

92.000 

18 

51 

36 

3.5% Nickel 

1425-P.-Oil 1090*P. 

125.000 

104,000 

23 

60 

59 

0 Nickel 

ISOO'P.—Water; 600«P. 

150,000 

112.000 

9 

34 

18 

3.5% Nickel 

1425’P.—Oil OlO-P. 

150,000 

137.000 

18 

56 

36 


3. Nickel slows down the critical rate of hardening. This property affects its 
use in several ways. Oil can be used as a quenching medium which reduces the 
danger of warping or cracking on intricate shapes. The depth hardening properties 

of nickel steels can be greatly augmented 
by the addition of molybdenum or chro¬ 
mium; with these additions parts of large 
size can be hardened to considerable depth. 
Slow cooling tends to produce a fine gradn 
pearlite tending toward sorbite. 

4. Nickel retards the rate of grain 
growth at elevated temperatures. Nickel 
steels may be heated for long periods of 
time at elevated temperatures without se¬ 
rious injury. Thus it minimizes the dan¬ 
ger of overheating during heat treatment. 
This feature, combined with the lower 
critical points, makes the nickel steels ex¬ 
cellent for case hardening. As compared 
to carbon steel, they also show greater 
uniformity of carbon penetration. They are amenable to a single quenching treat¬ 
ment; they develop greater core strength; and the case is tougher as shown by a 
smaller tendency of the nickel steels to show grinding cracks. The case will develop 
file hardness on oil quenching. 
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Pig. 4—^Variation In the true coefficient oX 
linear expansion oX nickel steels at various 
temperatures (Chevenard). 



*R. R. Abbott, In his: Rble of Nickel. Proc., A.S.T.M., 1917, v. 17, pt. 2. p. 11. 
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5. Nickel Increases the resistance to fatigue endurance ratio. McAdam” states 
the addition of nickel to annealed carbon steel apparently strengthens the ferrite 
with the result that the endurance ratio is raised. The full effect of nickel on 
the endurance ratio, however, is obtained only by quenching and tempering. 

6. Nickel increases the resistance of steel to corrosion. This is easily demon¬ 
strated by the resistance to etching shown by 5.0% nickel steels. The use of nickel 
in the high tensile, medium corrosion resistant steels has been mentioned above. 

7. Nickel improves the Impact properties of steel as shown in the table above. 
This shows that at equal tensile strengths the nickel steel is tougher and has greater 
resistance to shock, especially as the tensile strength is increased. Nickel toughens 
steel at low temperatures and its favorable influence is exerted alike on cast and 
wrought steels. Room temperature tensile and low temperature impact properties 
of normalized and tempered, rolled 2% nickel steel and a double normalized and 
tempered, low carbon, cast 3^% nickel steel are shown in the following: 


Yield Red. .-Charpy Impact, ft-lb. 

Point, Tensile, Blong., Area, Keyhole Notch 


%c 

%Mn 

%N1 

psi. 

psl. 

% 

% 

70*P. 

-75*P. 

-150*P. 

-200*F. 

0.08 

0.48 

1.99 

47.000 

61.500 

40.0 

70.0 

63 

62 

39* 

26 

0.13 

0.65 

3.50 

63.500 

80.000 

32.0 

60.0 

38 

26 

20 

18 


Both steels were treated with 0.08% aluminum. The tempering temperature was 1200*F. 


8. Nickel is extensively used in welding grade of steels. As nickel strengthens 
ferrite without the presence of carbon, it does not increase the weld hardness as 
drastically as some of the carbide forming elements. It is widely used in conjunction 
with other alloys in the high elastic steels of welding quality. 

The nickel-chromium steels are produced with a wide variety of compositions. 
The analyses, properties, and further data on the applications and heat treatment 
of these alloys are given in other articles of this Handbook and the S.A.E. Handbook. 

Nickel-molybdenum makes an excellent carburizing steel and nickel-chromium- 
molybdenum an excellent steel for heavy sections requiring high strength and good 
Impact properties. 

Nickel-silicon and nickel-silicon-molybdenum steels were developed during the 
late war period for light armor plate. They show unusual combinations of prop¬ 
erties at high strengths. 

Martensitic Sfeels—This group with 10-22% of nickel is not much used. The 
steels are hard, almost impossible to machine; certain combinations are brittle, and 
give very little response to heat treatment. 

Many corrosion resistant steels will be found with nickel within this range but 
it is usually in combination with other elements which tend to make the steel 
austenitic. 

Austenitic SffeeZs—The austenitic range of nickel steels presents a most fas¬ 
cinating study as their properties are so varied that they constantly unfold new 
and interesting engineering and scientific applications. 

The straight iron-nickel group has a variety of uses as follows: 

25-30% Nickel—Alloys with this nickel range are used for corrosion resistance 
and for low temperature electrical resistance wire. 

'20-30% Nickel—Steels with this nickel range are nonmagnetic after cooling at 
normal rates from forging or rolling temperatures to atmospheric temperature. 
Their magnetic condition can be restored by cooling to liquid air temperature. 

30-40% Nickel—This nickel range presents an interesting anomaly in coefficient 
of expansion. As the nickel content is increased above 30%, the coefficient of 
linear expansion is rapidly lowered until it reaches a minimum of nearly zero 
coefficient between 35 and 36% of nickel. This phenomenon was discovered by 
Guillaume, and to carefully prepared and heat treated alloys of this composition 
he gave the name of 'Tnvar.*’ In its finer state it is used for the production of 
fine instruments, standard bars, measuring tapes, clock pendulums, balance wheels 
of watches, and as one of the bimetals used for thermo controls. In a more com¬ 
mercial grade with wider range of nickel this alloy is finding use as struts in 
aluminum pistons to control the overall expansion to that of cast iron. At elevated 
temperatures the point of minimum expansion is lower with higher nickel ratios as 
is shown in Pig. 4. 

Elinvar—’SliTivex is an alloy having a nonvariant elastic modulus with tem- 

*D. J. McAdam, Jr., On Endurance Properties of Steel, A.S.T.M. Proe., 1923, t. 23, pt. 2, p. 99. 
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perature change. It was developed by Guillaume and the original composition con¬ 
tained approximately 36% of nickel and 12% chromium. This composition has 
been modified so that most of the Elinvars used for hair springs have a chromium 
range of 4-5%. 

PZafinifc—Platlnite is a nickel steel with about 46% nickel which has the same 
coefficient as platinum. 

50% Nickel—’An alloy of 50% nickel and iron is used for its magnetic properties, 
having a high permeability at low field strengths. It is finding application In the 
radio field. 

73.5% Nickel—’This is another mag¬ 
netic nickel-iron alloy with high per¬ 
meability at low field strengths; also 
the magnetic hysteresis loss is very 
low. It is finding use in telephone 
equipment and as loading tape in sub¬ 
marine cables. It is known as Perm¬ 
alloy. 

Nickel in Cast Steel—^Nickel is ex¬ 
tensively used as an alloy addition to 
cast steels. The amount used varies 
from 0.5-5% and is often used in con¬ 
junction with other alloying elements. 

Analysis, heat treatment, and mechani¬ 
cal properties of cast nickel steels that 
have been widely used are given in 
Table I. 

Corrosion and Heat Resisting Alloys—Nickel is one of the important constituents 
in this group of alloys and is used in a wide range of compositions in combination 
with many other elements. For further information on compositions, see the 
sections of this Handbook dealing with stainless steels and trade names of corrosion 
and heat resisting alloys. 


remp.,^C, 



600 800 1000 1200 


Tempering Temps 

Ftg. 5—Properties of east nickel-ehroralum* 
molybdenum steel. O. 0.25*0.35; Mn, O.60-O.N; 
Nl. 1.75-3.25; Cr. 0.60-0.00; Mo. 0.15-0.25; water 
quenched from 1660*F. (Bonney Floyd Oo.) 


(Table t on next page) 
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Fig. 1—Comparative physical properties of 
nickel steels with 0.25% carbon. Not heat treated 
(Bullens). 
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Properties of Iron-Nickel Alloys 

By J. W. Sands’" 

Iron and nickel are soluble in all proportions in the molten state and form 
solid solutions on solidification. The alloys at room temperature may be either 

H Peert!bc^-M< 3 ,tensit,c-A*ustenHicV- or austenitic In nature depend- 

800 - 1 —h-—H—r-the nickel content and in 

.g _ \ /' some cases on the thermal history of 

f*:n _ jo"^ sample, Additions of carbon also 

? ly § affect the phase relationships. Nickel 

g ^ progressively lowers the transformation 

--temperature of iron, imparts a consid- 

^ ShockfkgJ*S (J' arable hysteresis in the temperature of 

g 50 _I__- to ^ its occurrence on heating and cooling, 

5 \ ^ _ ^fon- cSJ and introduces a considerable spread 

^ - \gGt>on ^ between the temperature of beginning 

^ ^ —In— 7^ - on pp: points. The lowering of the 

n n ..I ? I Ar range is so pronounced that at a 

Per Lent Nickel nickel content of about 34% the trans- 

pig. 1 —comparative physical properties of formation cannot be reached even at 

the temperature of liquid hydrogen 
'* 1 ———— „■ | - , r ■— (20°C. above absolute zero). Hence all 

_^ ___the alloys containing nickel in excess of 

I > I I this amount are austenitic (face-cen- 

K* I V ElectniCQl tered cubic) under all conditions. See 

^ 04 -j- \ Resistance ““ P^S® constitution of iron- 

p j \ nickel alloys. 

^ 40 - -L -3-- Alloys of lower nickel content may 

^ / \ be either ferritic or austenitic or a 

•Si s8 - \ y __mixture of both, depending on the 

^ thermal history of the sample. Under 

ordinary conditions of commercial slow 
\ cooling, the alloys with between 10-25% 

rig’^cf ^ nickel possess a martensite-like struc- 

« 5 1 ' ' " — ture which is relatively hard and non- 

® I ductile. Little commercial use is made 

I 0.79 - ThermalConductivity-J- “Snde^thJ'Lm^ronditlons of slow 

_^_ cooling, carbon-free alloys containing 

<0 ^ nickel are simple, single 

^ phase solid solutions of nickel in alpha 

cj presence of carbon these 

^ Fig", 3 alloys become amenable to the ordinary 

0I84q \ I methods of heat treating steel and, in 

general, assume the usual mlcrostruc- 

_A_ opec/nc _tures associated with pearlitic steels, al- 

cj ~p. ' Neat though some austenite is likely to be 

\ / x _retained in the case of the higher 

^uj4au ^ nickel contents. Nickel contents up to 

^ ^ 6% are used commercially in automo- 

OJtSO ——h engineering steels to provide 

/^///?/> ^ ^ advantages discussed elsewhere in this 

--- ' ' ' ' book. For similar reasons nickel in these 

Percent Nicker Proportions is also widely used in engl- 

Hen Lenc mcKet neering cast irons. 

Fig. 2—Variation of electrical resistance with irnn-niplcpl cxrcfpm ovhIhffQ caw 

nickel content In Iron-nickel alloys. Multiply me iron-niCKei system exhibits sev- 

by 6 to convert to ohms per mil. ft. eral anomalies with respect to thermal 

Pig. 3 —variat.on of thermal conductivity expansion, magnetic and thermoelastic 

(Cgs. units) with nickel content in iron- characteristics Which are used to ad- 

vantage in a number of s^ial purpose 

wg. 4—Variation oi speeiflo heat In eal. per alloys, ^^ennal e^anslon over an 

g. per *0. with nickel content in iron-nickel appreciable temperature range becomes 

alloys, (ingersoii.) practically negligible in the vicinity of 
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Pig. 2—^Variation of electrical resistance with 
nickel content in iron-nickel alloys. Multiply 
by 6 to convert to ohms per mil. ft. 

Pig. 3—Variat.on of thermal conductivity 
(Cgs. units) with nickel content in iron- 
nickel alloys. Multiply by 2900 to convert to 
English units. (Ingersoii.) 

Fig. 4—Variation of specific heat in eal. per 
g. per *C. with nickel content in iron-nickel 
alloys. (Ingersoii.) 


36% nickel, but increases on either side of this composition, making it possible in the 

*Development and Research Division. International Nickel Co., Inc., New York. 
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30-60% nickel range to select alloys of appropriate expansivity to fit particiilar 
applications. The widest usage of these materials is for the low expansion side of 
thermostatic bimetal. The high expansion side also is frequently an iron-nickel 
base alloy with an addition of chromium. A favored composition is 22% nickel and 
3% chromium. See page 465 for additional information. 

Most metals possess a negative ther¬ 
mal coefficient of the elastic modulus, 
that is, they lose stiffness with increas¬ 
ing temperature. Iron-nickel alloys with 
nickel between about 27-44% exhibit a 
positive coefficient, reaching a rather 
high maximiun at about 36%, which is 
also the point of minimum thermal ex¬ 
pansion. This property is of value for 
certain temperature compensation ap¬ 
plications. Composite springs of steel 
and 36% nickel-iron can be made to 
maintain a constant stiffness in the 
face of temperature fluctuations due to 
the opposing effects of temperature on 
the moduli of the two materials. 

Replacement of some of the iron 
in the 36% nickel-iron alloy with 
chromium progressively lowers the posi¬ 
tive thermoelastic coefficient until at 
some 8 - 12 % chromium it is practically 
zero. Constant modulus alloys of this 
type, with additions of certain other 
elements to improve the elastic limit, 
are useful for hair springs in timekeep¬ 
ing devices, scale springs, tuning forks, 
and bourdon tubes. 

The austenitic iron-nickel alloys are 
magnetic at all temperatures below the 
magnetic transformation point, which 
temperature varies with composition. 
In the ferritic condition they will al¬ 
ways be magnetic, but in the austenitic 
condition this will depend on their 
position with respect to the magnetic 
transformation curve. 

The austenitic 30% nickel alloy is in 
the magnetic transformation range at 
ordinary atmospheric temperatures and therefore shows a variable magnetic per¬ 
meability in this temperature range. This makes the alloy valuable for temperature 
compensating shimts in watt meters and other electrical devices. Alloys lower in 
nickel content are above their magnetic change point at room temperature and 
therefore nonmagnetic, provided they are fully austenitic. If more than 20% nickel 
Is present, air cooling is sufficiently rapid to suppress the 7 — a phase change, so 
that these alloys are useful for applications requiring nonmagnetic metals of good 
strength, high toughness and favorable corrosion resistance. For reasons of economy, 
however, it is the usual practice to reduce the nickel content and restore austenite 
stability through additions of manganese and chromium. The same method is fol¬ 
lowed in the production of nonmagnetic cast irons, some of which contain copper. 

In the range of stable austenitic iron-nickel alloys containing from 35-90% 
nickel there have been developed a number of alloys possessing extremely useful 
magnetic characteristics. One of the important properties of these materials is 
high permeability under the influence of weak.magnetic fields making them valu¬ 
able as loading materials in electrical communication circuits. Continuous loading 
of transoceanic cables with 78.5% nickel (“Permalloy”) strip resulted in speeding 
up transmission fivefold. 

These alloys as a class show high permeability and low hysteresis loss. By vary¬ 
ing the percentage of nickel and Judicious addition of other elements, such as 
cobalt, copper, molybdenum, and chromiiun, various characteristics may be em¬ 
phasized and different combinations of magnetic properties secured. The latter two 



Fig. S—Density of iron-nickel alloys. 

Fig. 6—Variation of modulus of elasticity with 
nickel content. 

Fig. 7—Variation In the temperature coefiScient 
per ®C. of the modulus of elasticity with nickel 
content. (Quillaume, and Keulegan, and House¬ 
man.) 
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elements are particularly useful In increasing the electrical resistivity, thus reducing 
eddy current losses. 

Thus in the iron-nickel series there exist alloys varying all the way from the 
completely nonmagnetic to those offering maximum magnetic softness. It was 
discovered by Mlshlma in Japan that additions of aluminum to appropriate nickel- 
iron alloys would produce materials of high magnetic hardness. Such alloys now find 
extended use for permanent magnets since they provide more magnetic energy per 
unit of volume than any other permanent magnet material commercially available. 
They are made in several grades, some containing, in addition to the nickel and 
aluminum, various combinations of cobalt, titanium, and copper. The nickel con¬ 
tent is usually 20-25% and the aluminum 10-15%. 

Variations with nickel content of some of the important physical properties 
of the iron-nickel series are shown in Tables I and ll and Fig. 1-7. 


Table I 

Tensile Properties of Iron-Nickel Alloys 


Nickel 

:iom position. 
Manga¬ 
nese 

%-- 

Carbon 

Treatment* 

Tensile 

Strength, 

Psl. 

Elastic 

Limit, 

Psl. 

Elong. 

In 2 in., 

% 

Reduction 
of Area, 

% 

26.0 

1.50 

0.20 

As Rolled 

78.500 

12.000 

50.0 

70.7 




Quenched 

76.000 

15.000 

49.5 

70.5 

30.0 

1.50 

0.15 

As Rolled 

90.000 

27.000 

39.5 

69.7 




Annealed 

84.500 

28.000 

46.5 

68.6 




Quenched 

81 500 

23.000 

44 2 

70.5 

30.0 

2.00 

0.40 

As Rolled 

105.000 

45.000 

47.0 

66.6 




Annealed 

101.500 

35.000 

46 5 

66.4 




Quenched 

91.000 

25.000 

Ab.l 

69.3 

32.3 

2.30 

0.12 

As Rolled 

82.000 

30.000 

37 5 

65.6 




Annealed 

77.500 

22.000 

43.0 

66.2 




Quenched 

73.000 

18.600 

39 5 

64 7 

35.1 

1.50 

0.22 

As Rolled 

89.000 

30.000 

40 6 

67.5 




Anne^ led 

85 000 

30.000 

42.0 

67.3 




Quenched 

82.000 

27.500 

41.0 

65.0 

36.0 

0.50 

0.08 

As Rolled 

76.500 

36.500 

36 3 

65.6 




Annealed 

72.500 

24.000 

39 2 

67.5 




Quenched 

70.500 

20.000 

38 0 

58.3 

43.0 

1.50 

0.35 

Cold Drawn 

100.000 

52.500 

16.2 

46.0 

45.0 

1.50 

0.37 

As Rolled 

107.000 

40.000 

40 0 

51.1 




Annealed 

94.500 

35.000 

43 7 

51.1 




Quenched 

73,000 

19.500 

38 0 

46.3 

50.7 

1.25 

0.17 

As Rolled 

99.000 

48,500 

38.5 

67.7 


^Annealed from above 1450*F. 
Quenched from above 1400*F. 


Table II 

Electrical and Thermal Properties of Iron-Nickel Alloys' 


Nickel, 

% 

Temperature 
Coefficient of 
Resistance* 
32-212‘’P. 

Thermoelectric 
Power (against 
Copper! 32-205°P., 
Microvolts 
per "F. 

Thermal 
Conductivity 
68-212"F. 
B.t.u./hr./sq. ft./ 
In./'F. 

Specific 

Heat 

77-212‘’F., 

B.t.u./lb./’F. 

21 0 

.0010 

13 1 



22.1 

.0010 

11.7 

142 6 

.il63 

25.2 


.... 

92.8 

.1181 

26.4 

.0009 

9.3 



28.4 

.... 

.... 

80.6 

.iisi 

35.1 

.0006 

5.4 

76.0 

.1228 

40.0 

.0012 

12.4 

.... 

.... 

45 0 

.... 

16.1 


.... 

47.1 

.0020 

17.7 

106 4 

.1196 

75.1 

.... 


200.2 

.1181 



Thermoelectric 

Thermal 



Temperature 

Power (against 

Conductivity 

Speclflc 


Coefficient of 

Copper 1 0-96"C., 

20-100'’O., 

Heat 

Nickel. 

Resistance* 

Microvolts 

cal./sec./sq. cm./ 

25-100‘»C . 

% 

0-100"C. 

per ®C. 

cm./*0. 

cal./g./“C 

21.0 

.0018 

23.5 



22.1 > 

.0018 

21.0 

.0490 

.ii63 

25 2 



.0320 

.1181 

26.4 

.ooie 

16.7 


.... 

28,4 


.... 

.0278 

.1191 

35.1 

.66ii 

9.8 

.0262 

.1228 

40 0 

.0022 

22.4 

• ■ • • 


46 0 


29.0 

• • • • 

..!! 

47.1 

.0036 

31.9 

.0367 

.li96 

75.1 

.... 

.... 

.0691 

.1181 


'Data from Ingersoll, Physical Rev., v. 16, 1920, p. 126. 
^For speclflc resistance see Fig. 2._ 
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Silicon As An Alloying Element in Steel 

By W. E. Rader* 

Physical Constants—The physical constants for the element silicon are given 
elsewhere in this Handbook. 

General—Next to oxygen the element silicon is the chief constituent in the solid 
crust of the earth, where it occurs as the oxide, SiOa, in various forms, such as 
sand, quartz, flint, opal, or in silicates. It may be obtained as an amorphous 
powder or in crystalline form by reduction with aluminum, magnesium, or carbon. 
Pure crystalline silicon in mass has an opaque, metallic appearance. The oxide is 
acid in its reaction and combines readily at elevated temperatures with most metallic 
oxides to form silicates. 

Source of Silicon in Steel—The silicon content of basic open hearth or Bessemer 
steel is usually under 0.01%, unless it is added during the finishing period of the 
heat. Under certain conditions acid open hearth steel may, without the addition of 
silicon, contain 0.25-0.35% silicon. 

The source of silicon in basic steel is from the silicon in the pig iron and 
scrap used, and in acid steel, from the pig iron, scrap, and acid lining. 

The silicon content of pig iron is derived from the reduction of the silica in 
the ore by coke. The amount of silicon in the iron depends primarily on the 
temperature and the type of slag used. The approximate silicon content of pig 
iron is as follows: 


Pig Irons 


% Silicon 


Basle ... 

Bessemer 
Poondry 
Scotcb . 
Silver? 
Softener 


.about 1.00 
.1.00-2 00 
1.25-2.79 
3.00 

3.00-0.00 

8.00 


Ferrosilicons are usually referred to by the silicon content as 10 or 15% silicon 
pig, 50, 75 or 90% ferrosilicon. Perrosilicon is usually, and in the higher percentages 
always, made in the electric furnace. Silico-spiegel is a blast furnace product con¬ 
taining 6-12% silicon and 17-22% manganese. Silico-mangknese is an electric fur¬ 
nace product containing from 18-25% silicon and from 60-70% manganese. Most 
of the silicon introduced into the metal by the pig iron is oxidized during the 
process of steel making, but more is added at the end of the process to deoxidize 
and produce a sound product if killed or semikilled steel is desired. Such addition 
is usually made to the ladle in the form of 50% ferrosilicon.. The silicon reduces 
the iron oxide present to form silica (SiOa) or complex silicates most of which, 
if given time, will combine with the slag. The mechanism of its action in producing 
soimd steel, namely, steel free froth blowholes, is not definitely known at present. 
Silicon is a more efficient deoxidizer than manganese, but does not give the beneficial 
effects that manganese does in the rolling of steel. 

The use of an alloy of 4:1 or 7:1 manganese to silicon ratio is finding increasing 
favor as a deoxidizer for open hearth steels. 

Toxic gases, principally phosphine and arsine, are given off by impure ferro¬ 
silicon in contact with moist air. Calcium carbide will cause disintegration of 
ferrosilicon in the presence of moisture. 

Critical Points—Silicon has a marked effect upon the critical points. With 
increasing silicon in low carbon alloys the A» point decreases in intensity and dis¬ 
appears entirely at about 2^% silicon. The magnetic transformation (A,) is 
depressed about 9®C. (17®P.) per 1% silicon up to 4%. Prom 4-15% the rate 
Increases to 22®0. (39.5®P.) for each per cent of silicon added. The closed gamma 
region extends'to 2^% silicon in very low carbon alloys and to about 5% with 
0 .2% carbon present. 


*Oeneral Electric Oo., Schenectady. 
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In high silicon transformer sheets the magnetic transformation (As) occurs at 
approximately 730"C. (1346’'F.). 

Effect of Silicon on Physical and Mechanical Properties—^The specific volume 
increases from 0.128-0.138 at 14% silicon, from 0.138-0.165 at 33% silicon, from 
0.165-0.225 at 57%, and from 0.225-0.440 for 100% silicon. TTie density falls off 
from 7.89-7.5 with added silicon up to 5%. The specific heat in the room tempera¬ 
ture range is increased from that of iron, 0.102-0.1298 for 10% silicon, 0.1448 for 
50% silicon, and 0.1652 for 95% silicon. The thermal expansion of iron-silicon alloys 
decreases with increasing silicon content. Up to 4.5% silicon increases the tensUe 
strength and yield point, but a further increase in silicon causes a rapid decrease. 
The elongation and reduction of area show little change up to 2.5% silicon, beyond 
which, however. Increased silicon causes these properties to fall off rapidly. 

Silicon in Cast Iron—Silicon and carbon are the principal elements affecting 
the properties of cast iron. Increasing the amount of silicon added to iron results 
in a progressive reduction of the melting point from 1530®O. (2786®P.) for pure iron 
to 1205®C. (2201®P.) for 20% silicon. For any given carbon content an increase of 
silicon from 1-3.5% changes the structiu*e of cast iron from hard brittle white 
iron successively to mottled, pearlitic, gray, and “open” structure. These struc¬ 
tures are further modified by the degree of superheat and by mold temperature 
used, but the really important influence of silicon on cast iron is its graphitizing 
effect on the carbides. 

Chemical ware castings obtain their resistant properties from the com¬ 
pound PeaSi, which contains 14.5% silicon. No increase in resistance to corrosion 
is observed under 10% silicon. Such castings usually contain 0.5-1.0% carbon, 
0.3-0.8% manganese, and sometimes a little nickel. 

Silicon in Tool Steel—In carbon tool steels where silicon may be present in 
percentages from 0.10-0.60%, increase in silicon content is accompanied by an 
Increase in depth of hardness penetration after quenching. In lower carbon alloy 
tool steels, silicon in percentages from 0.75 up to 2.50% is used in connection with 
other elements such as manganese, molybdenum, vanadium or chromium to produce 
an increase in ductility without loss in tensile strength or hardness. 

Silicon in Stainless Steels—One-half to 4% of silicon in stainless steels, of the 
18-8 type, appreciably increases their resistance to certain types of corrosion and to 
high temperature oxidation. It retards hardening and tends to increase brittleness 
in these alloys. A 12-14% chromium stainless iron containing 2% or more of silicon 
cannot be hardened, except by cold work. Gas engine valve steels are much improved 
by the addition of silicon. These steels have about 6-9% chromium, 1-4% silicon, 
and 0.5% carbon. The Ai point of these steels is rapidly raised by the addition of 
sUicon to 1000*0. (1832*F.) for 3.5% silicon. 

Silicon in Structural Steels—Silicon in structural steels is best known as an 
alloy with manganese for spring steels. A steel of approximately 0.5% carbon, 0.7% 
manganese, and 2% silicon, oil quenched from 900*0. (1652*P.) and tempered at 
455*0. (851°P.) gives excellent strength and toughness and is widely used for leaf 
and coil springs. Ohromium-manganese-sillcon, silicon-chromium, and silicon- 
vanadium steels are also used. A low silicon steel of approximately 0.20-0.40% 
carbon, 0.60-0.90% manganese and 0.20-0.35% silicon has been a standard for high 
stressed structural members In this country for a number of years. Recently the 
Germans have started to manufacture similar steels, using 0.80-1.00% silicon and 
0.50% manganese. “P” or Freund Steel contains about 0.12 carbon, 0.40-0.70 man¬ 
ganese, and 0.75-1.50% silicon. 

Magnetic Alloys—Silicon increases the electrical resistivity of iron 11.4 microhms 
per cm. cube for each per cent of silicon added. By decreasing the solubility of ferrite 
for carbon and by promoting grain growth, silicon decreases the hysteresis loss. 
These factors are very important in magnetic circuits of electrical machinery, so 
silicon alloy sheets are used in almost all magnetic circuits where alternating current 
is used. For the best results all other elements, particularly carbon, oxygen, and 
sulphur, should be as low as possible. Low silicon (0.75-3.0%) alloys are also 
excellent for relay cores. 

Grades of Electrical Sheets—Electrical sheets, as these magnetic alloys are 
usually referred to in the Industry, are divided into five general classes as referred to 
below, with standard guarantee losses for three gages most commonly used. 
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These loss figures are for standard Epstein samples cut half with and half 
across the rolling direction from annealed sheets. 

Electrical sheets are usually made in basic open hearth or electric furnaces. 
Sheets are usually hot rolled and to be acceptable should be fiat, free from loose 


Loss 

60-Cycle 10.000 B Watts 
per lb. 

% 0 014 In. 0 0187 In. 0 025 In. 

Grade Uses Silicon (29 Gage) (26 Gage) (24 Gage) 


**Armature** 

Generators: small motors 

0.5 

1.30 

1.55 

1.98 

•‘Electrical’* 

Generators: small motors 

1.0 

1.17 

1.35 

1.70 

••Motor” 

Induction motors 

2 5-3 

1.01 

1.14 

1.30 

••Transformer 1” 

Generators and low freq. trans. 

3.25-4 

0.82 

0.04 

I.IO 

“Transformer II’* 

60 cycle transformers 

4-5 

0.60-0.52 

0.74 

0.85 


or heavy scale, and thoroughly annealed. Silicon Increases the brittleness of sheets 
and for that reason 4% is about the practical limit for structures subject to strain 
or vibration. For transfoimers 4.75-5% silicon Is commonly used, and for the mini¬ 
mum watt losses and maximum permeability 6 25% silicon sheets are being made. 
This is the amount of silicon corresponding to zero magnetostriction. 

A typical composition of high grade transformer sheet is: 


Silicon .4.50-5.00% 

Manganese under . 0 10% 

Pho.sphoru.s under. 0 02% 

Sulphur under ..... 0 02% 

Carbon under . 0.05% 


Carbon, oxygen, and sulphur are considered to be the most injurious of the 
Impurities. 

Magnetic alloys In the form of cold rolled strip are finding Increased use in 
the electrical industry. These contain from 0 5-3.5% silicon and are graded the 
same as sheets. In the thinner strip, that is, under .018 in. and having a high degree 
of cold reduction, wide differences in quality with rolling direction are noted. 

Heat Treatment—The heat treatment of magnetic alloys is governed somewhat 
by the rolling procedure In that the finished grain size is Important. The tempera¬ 
ture should be above 800"C. (1475®F.) and should not exceed 900®C. (1650®F.) if 
any oxidizing conditions are present. The heating and cooling may be as rapid as 
possible consistent with the achievement of flat sheets, a consideration of first 
importance. In the lower silicon grades the cooling rate should be slow enough 
to allow for the precipitation of the carbides as graphite. In the range of 700-500®C. 
the rate should not be less than about 12X. per hr. to prevent abnormal brittleness. 
Electric furnaces are being extensively used for annealing due to the greater ease 
of control of temperature and atmosphere which they afford. 
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Tungsten as an Alloying Element in Steel 

By J. L, Gregs* 

The Metal Tungsten—Tungsten is a very refractory and heavy metal. Its melt¬ 
ing point is 6150®P. and its density approximately 2^ times that of iron. The metal 
may be obtained in a state of high purity by hydrogen reduction of its oxide, and 
In such a state it is sufficiently ductile to swage and be drawn into fine wire. Al¬ 
though metallic tungsten is used in electric lamps, X-ray tubes, and in electric 
contacts it has been estimated that from 95-98% of the tungsten consumed is used 
in the manufacture of steels. 

Tungsten Ores—^Metallic tungsten is never found free in nature. The ores from 
which it is commercially obtained are wolframite and scheelite. Wolframite has the 
formula PeMnCWO^). varies in composition from FeWOi to MnW04, and contains 
from 60-70% WOs. Wolframite containing less than 20% manganese tungstate is 
called ferbrite and that containing less than 20% iron tungstate is called hubnerite. 
Scheelite is calcium tungstate (CaW04), containing 80.6% WOs and 19.4% CaO. 

While tungsten minerals are widely distributed over the world, Asia is the 
largest producer of tungsten ore. In 1936 approximately 70% of the world’s output 
of tungsten was furnished by Asia, most of this ore coming from China and Burma. 
In some districts of China the ore instead of being mined is gathered from the 
foot of hills and from streams, where it has been washed by heavy rainfall. 

Methods of Adding Tungsten to Steel—Most tungsten steel is made with 
ferrotungsten, but tungsten can be added to steel by reduction from ore added to 
the steel making furnace. Ferrotungsten is made by the reduction of tungsten ore, 
which also contains iron, with either carbon or silicon in the electric furnace. The 
ordinary ferrotungsten of commerce contains approximately 80% tungsten and less 
than 0.75% carbon. Practically all of the ferrotungsten used in this country is within 
the following composition limits: 

Tungsten 75-80; carbon 0.40-0.60; phosphorus 0.05; sulphur 0.06; silicon 0.75; 
manganese 0.80; copper 0.10; arsenic 0.10; antimony 0.05; tin 0.06. 

Constitution of Tungsten Steels—Tungsten, like chromium, is a carbide forming 
element and belongs to that group of elements that tend to suppress the gamma 
phase of iron. There are two tungsten carbides, WC and W.C. The former has been 
detected in steels but not the latter. In the iron-tungsten system there is a com¬ 
pound Fe,Wa, which has been observed in low carbon steels, but which probably is 
rarely formed in commercial tungsten steels, which are mainly steels with a rela¬ 
tively high carbon content. In the ternary system iron-tungsten-carbon there is a 
compound Fe4W2C or FesWsC and this complex carbide forms in most commercial 
tungsten steels. There are reasons for believing that this carbide is metastable and 
that it decomposes to form WC just as cementite in simple iron-carbon alloys decom¬ 
poses to form graphite. Much of the iron-tungsten-carbon diagram has been worked 
out, but the apparent diagram is too complicated to permit description in the lim¬ 
ited space available here. The findings in regard to the diagram have been re¬ 
viewed by the author in the book “Alloys of Iron and Tungsten.” published in 1934. 
Also see the article in this Handbook entitled “The Constitution of Iron-Tungsten 
Alloys.” 

Tungsten Steels—The preponderant use of tungsten in steels is in tool and die 
steels. Formerly tungsten magnet steel containing in the neighborhood of 5% tung¬ 
sten was widely used, but this steel has been superseded by the cheaper chromium 
steels and the more expensive, but magnetically stronger, cobalt steels and other 
complex alloys. Some tungsten is used in steels having a high strength at elevated 
temperatures, usually together with chromium. 

Tool and die steels contain as little as 0.5% tungsten, as some oil-hardening, 
high-carbon steels, and as much as 20% tungsten, as high speed steel. Practically 
all of these steels contain chromium as well as tungsten. An extensively used steel 
of the low alloy type is the “fast finishing” steel, used for taking light cuts at high 
speeds. This type of steel contains from 1.0-1.3% carbon, 1% tungsten, and may 
contain a fraction of a per cent of chromium and vanadium. 


*Bethleh«iii Steel Co., Bethlehem, P*. 
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Table I 

Commercial Steels Containing Tungsten and Their Applications 


'Type Composition. %• 


Carbon 

Tungsten 

Chromium 

Vanadium 

0.6(M>.65 

0.50- 2.00 



0.65-0.80 

4.50- 7.00 



1.00-1.20 

1.20- 2.50 



1.00-1.20 

1.00- 2.00 

0.50-1.00 


1.10-1.30 

4.50- 6 00 

1.00-1.50 


0.30-0.45 

8 00-11.00 

2.50-3.50 

0.30-0.60 

0.30-0.55 

1.50- 2.50 

1.25-2 00 

0.15-0.40 

0.50-0.70 

1.50- 2.00 

0.50-1.00 


0.50-0.70 

12 00-15.00 

3.00-4.00 


0.60-0.70 

1.00- 3.00 



0.50-0.80 

12.00-20.00 

2.50-5.00 

0.50-2.25 


(With or without other elements) 


Used for 


Chisels. 

Permanent magnets. 

Keen edged tools, taps, and chasers. 

Keen edged tools, taps, and chasers. 

For finishing tools, for gun rifiing. 

For hot-working dies and shears.' 

For hot-working dies, chisels, and punches. 

For valves for gasoline motors. 

For valves for gasoline motors. 

For making gun and Howitzer linings. 

The very broad analysis of high speed steel, with 
innumerable uses. 


The high speed steel most widely used in this country contains 18% tungsten, 
4% chromium, and 1% vanadium; it is commonly known as the 18-4-1 t 3 rpe. Other 
types of high speed steels used here contain either more or less tungsten, more 
vanadium, several per cent of cobalt, or at least part of the tungsten has been re¬ 
placed by molybdenum. Die steels may contain almost any amount of tungsten up 
to 20% depending on the service for which they are intended. Compositions of some 
types of commercial tungsten steels are given in Table I; which was compiled by 
J. P. Gill of the Vanadium Alloys Steel Co. 
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Vanadium Steels 

By Jerome Strauss* and George L. Norrist 

Vanadium—The metallic element vanadium is grayish-white in appearance, 
nonmagnetic, and has a high electrical resistivity. It is one of the least volatile 
metals at the melting point. Extremely difficult to reduce to the pure metallic state 
from its oxides, it is only recently that a purity of 99.7% vanadium has been obtained 
by Marden and Rich. The metal was malleable and was rolled and drawn into wire. 

The physical constants for vanadium are given in the article Physical Constants 
of the Elements, in this Handbook. No important industrial uses of the pure metal 
have been developed. 

Historical—Vanadium was first discovered in brown lead ore by the Mexican 
chemist, Del Rio, in 1601. In 1830 the Swedish chemist, Sefstrom, detected it in 
some remarkably soft, ductile iron produced from an ore at Taberg, Sweden. In 
1896 vanadium was first used experimentally in the manufacture of armor plate 
at the Firminy Steel Works, Prance. However, it was not until the comprehensive 
investigation of Arnold in 1900-1901 that vanadium began to receive attention as an 
alloy for steel. In 1904 Sankey and Smith presented a paper before the British 
Institute of Mechanical Engineers giving the results of their investigations on 
chromium-vanadium steels. This paper really marks the beginning of vanadium steel 
as a commercial product. The discovery within the next year of the large, rich 
deposit of vanadium ore in Peru immediately made vanadium available in quantities 
to meet the requirements Of the steel industry. 

Occurrence and Extraction—Vanadium is one of the most widely distributed of 
the elements, occurring in small percentages in granites, sedimentary rocks, and clays, 
and also in many iron, lead and copper ores, bitumens, and petroleums. 

The principal sources of vanadium are the minerals patronite, desclolzite, cupro- 
descloizite, mottramite, vanadinite, carnotite, and roscoellte. Patronite is a vanadium 
sulphide intimately associated with carbonaceous material and occurs in this form, 
with more or less oxidized modifications, only in the high Andes of Peru. Desclolzite, 
cuprodescloizite and mottramite are vanadates of lead with zinc or copper or both, 
and are found in commercial quantities in Rhodesia and South West Africa. Vana¬ 
dinite is a chlorovanadate of lead occurring in the southwestern United States, 
Transvaal and Spain. Carnotite (a uranyl-potassium vanadate), roscoellte (a vana- 
diiun mica) and a vanadium impregnated sandstone often erroneously called ros- 
coelite occur in Colorado and Utah. 

Vanadium is reduced from these ores to form ferrovanadium either directly by 
means of carbon in the electric furnace or from previously prepared vanadium oxide 
by the silico thermic method in the electric furnace or by the alumlno thermic 
method without the application of external energy. Vanadium oxide for these reduc¬ 
tions and for chemical uses is prepared by roasting ores with sodium compounds to 
form sodium vanadate followed by precipitation with sulphuric acid from the 
neutralized vanadate solution. 

The compositions of the standard alloys employed in ferrous metallurgy and 
their methods of use are given in the article Metals and Alloys Used in the Manu¬ 
facture of Steel in this Handbook. 

Production and Price Statistics—In the Table below are recorded the total 
vanadium content of ores mined throughout the world and the approximate average 


Tear 


1910 

1016 

1920 

1026 

1930 

1031 

1032 

1033 

1034 
1036 

1036 

1037 


Vanadium Production and Price Statistics 


World ProducUon of Vanadium in 
Ores and Concentrates 
(Metric Tons) 


Price of Ferrovanadium 
in the United States^ 
(Per lb. contained V) 


875 . $4.60 

1372 . 2.60 

1580 . 7.00 

726 . 3.30 

002» . 3.16 

861« . 3.13 

867 . 2.00 

66 . 2.62 

170« . 2.80 

416* . 2.80 

975 . 2.80 

1803 . 2.80 


•Excludes ores mined in the United States. 

^Approximate average of aU grades throughout year. 

•Vice Pres, and fOhief Metallurgteal Engineer, Vanadium Oorp. of America, New York. 
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price of the metal In the form of ferrovanadium during the period of major growth 
of the alloy steel industry. The figures are in most instances approximations due to 
the difficulty of securing accurate statistics but the trend is shown reasonably well. 

Effects of Vanadium In Steel—^Vanadium lessens coarse crystallization and grain 
growth and Influences the manner of solution or precipitation of the carbide in or 
from the solid solution, iron-rich matrix. 

The first effect accounts for smaller dendrites in steels as cast, for uniform fine 
grain size in annealed or normalized, or quenched and tempered steels, without the 
coarse precipitation of carbide in ferrite known as “abnormality,” and for interference 
with grain coarsening when heating above the temperature range ordinarily employed 
for heat treatment. The second effect, involving slow solution of the last traces of 
carbide at heat treatment temperatures accounts for the wide heat treatment range 
and the benefits it confers, for example, upon articles having both heavy and 
light sections; it also accounts for the resistance of vanadium steels to tempering 
and for the occurrence of carbide precipitation at high tempering temperatures. The 
fine grain size of vanadium steels is conducive to shallow hardening. In some steels 
this is required, and where uniformity in the hardening depth is Important vanadium 
in small amounts is used to secure this end. When the toughness characteristic of 
fine grain size is desired along with deeper hardening, other alloying elements are 
used with vanadium. 

Vanadium steels are readily cast, forged or rolled. In machining, these steels 
are no more severe upon cutting tools than are other alloy steels of equal strength 
or hardness. Since the grain of vanadium steels coarsens In a narrow range of tem¬ 
perature, only somewhat above the range employed for normalizing or hardening, 
machining to a smooth surface is readily attainable by such high temperature nor¬ 
malizing. The fine grain and its associated toughness are recovered again after 
subsequent heat treatment at the usual temperatures. 

In tool steels employing large amounts of vanadium the fine grain size is relied 
upon for toughness at high hardness, while the carbide is effective in producing 
cutting qualities, abrasion resistance, and permissible high tempering temperatures. 

See the article on the Welding of Metals in this Handbook for the welding of 
vanadium steels. 

Constitution of Iron-Vanadium—-The Constitution diagram of this binary system, 
important to a knowledge of the behavior of vanadium steels, will be found on 
page 403. 

Structure of Iron-Carbon-Vanadium Alloys—No recent published data are avail¬ 
able for annealed and quenched steels that are sufficiently extensive to yield dia¬ 
grams similar to those in this Handbook for steels alloyed with manganese, chromium 
or molybdenum. 

Uses and Properties of Carbon-Vanadium Steels— The principal constructional 
steel of this type has the following composition; C 0.45-0.55, Mn 0.70-0.95, V 
0.15 (min.). 

This steel is used for locomotive forgings such as axles, crank pins, connecting 
rods, piston rods. The forgings are usually normalized and tempered. 

For automobile crankshafts, this steel is drop forged, normalized, restruck and 
die straightened at the normalizing temperature and is ready for machining without 
further heat treatment. These shafts maintain their dimensions without warping 
throughout machining operations as well as when in service in the motor because of 
practical freedom from internal stresses. 

For large forgings of carhon-vanadlum steel the following heat treatment Is 
generally used: Normalize 1600-1650®P., air; temper U00-1200®P., furnace or air. 

The following mechanical properties are typical production values: 


B In. dia. 9 in. dia. 13 in. dla. 


Yield point, psi. 72,000 65,000 63,000 

Tensile strength, psi. 110,000 97,000 96,000 

Elongation, % in 3 in. 25 24 23 

Reduction of area, % . 52 46 46 


This steel responds well to quenching and tempering and has been used for such 
parts as forging dies, large piston rods, and shafti^. Quenched, and tempered from. 
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1000-1200*’F., the physical properties obtainable from forgings of over 5 in. section 
are of the following order: Yield point, 75,000-100^000 psi.; tensile strength, 110,000- 
130,000 psi.; elongation in 2 in., over 20%; reduction Of area, over 48%. 

The transformation temperatures of a 0.50% carbon carbon-vanadium steel are: 


, - -ACi - 

Beginning 

Maximum 

ACs 

Ar* 

Beginning 

--All- 

Beginning 

Maximum 

1385*^ 

1400 

1490 

1350 

1275 

1270 


Carbon-vanadium steel castings have been used extensively for locomotive and 
heavy machinery parts such as main frames, driving wheel centers, crossheads, 
rolling mill coupling boxes, and gears. The following composition is typical: C 0.28- 
0.42, Si 0.25-0.50, Mn 0.75-1.00, V 0.15 min. 

Normalized and tempered carbon-vanadium steel of about 0.35% carbon gave 
the following values: 


Yield 

Point, 

psi. 

Tensile 

Strength, 

psi 

Elong. 

% in 2 in. 

Red. of Area, 

% 

Izod, 

ft-Ib. 

59,900 

93,800 

23.5 

46.3 

29.0 

55!800 

91,000 

25.0 

44.9 

30.8 

63.000 

90,000 

25.0 

42.0 

35.0* 

62.300 

93,400 

24.5 

47.8 

20.8 

•Double normalized and tempered. 





A typical endurance limit based on material of 89,000-90,000 psi. tensile strength 
Is 40,500 psi. 

The heat treatments for the development of these properties normalize at 
1600-1650®P.; temper 1050-1200‘’F.; sometimes double normalizing is employed, in 
which case the temperatures are 1775-1850®F. and 1575-1625®P. 

Uses and Properties of Chromium-Vanadium Steels—The chromium-vanadium 
steels generally conform to SJV.E. specifications (6100 series) which are given in this 
Handbook under S.A.E. Steels. 

S.A.E, Steels 6115, 6120, and 6125 —^These chromium-vanadium steels, and espe¬ 
cially the first two grades, when specified within the carbon range of 0.12-0.20% 
are used for case hardened parts, such as automobile gears, camshafts, and piston 
pins. They give a hard, tough, strong case of high wear resisting quality which, due 
to the low rate of drop in the carbon content as the core is approached, is quite free 
from the tendency to flaking, powdering, or flowing under pressure. 

A frequently used heat treatment procedure is as follows: Carburize at 1650- 
1700°P. and cool in the pots. Oil quench from 1600-1650®P. Water quench from 
1475-1500°P. Temper at 375-425‘’P. 

While this treatment gives the best properties in both case and core, many 
purposes are served by a single quench, which is carried out directly from the pot 
or after reheating to 1625""P. Chromium-vanadium steels are more applicable to 
single quenching than many of the other alloy steels, due to the fine grain in the 
case, even after the higher temperature necessary for a single quenching operation. 

Steels 6120 and 6125 readily respond to cyanide hardening, and are so used for 
gears, bolts, washers, small stampings, and forgings. The nitrides formed are 
oxtremely fine and there is no tendency to develop the long needle-like structure, 
thus producing case toughness. The transition from the hard surface to the core 
is not abrupt, and even in long time cyaniding there is no danger of embrittlement 
of the core. 

These chromium-vanadium steels are also used in boiler construction, super¬ 
heater tubes, pressure vessels, bolts, tubing for the chemical industry, and for welding 
rods. Plates and tubing of this steel will have a tensile strength of 80,000-100,000 psi. 
at room temperature and at OOO-OOO^'P. will have double the load-sustaining capacity 
of carbon steel at the same temperature. 

A steel suitable for automotive ring gears and similar parts has the following 
oomposiUon: C 0.12-0.17, Ni 0.40-0.60, Cr 0.45-0.75, V 0.12-0.18. This steel gives free¬ 
dom from warpage, a fine machine finish, and moderate core strength. 
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Steels 6125 and These steels are used for parts requiring high strength and 
toughness for such parts as automobile axles, steerhig arms, connecting rods, crank¬ 
shafts; and for machine tool arbors, spindles, and shafting, and where it is necessary 
to machine after heat treatment. The following is the general heat treatment of 
forgings of this composition: Normalize 1600-1650®P., air; quench 1560-1600®P., water 
or brine; temper 1000-1120“^ 

In the heat treated condition forgings have approximately the following prop¬ 
erties: Yield point, 115.000-140,000 psi.; tensile strength, 135,000-160,000 psi.; elong. 
in 2 in., 20-17%; reduction of area, 65-60%; and Brinell hardness, 280-330. 

Chromium-vanadium steel containing over 0.35% carbon is generally used in 
the oil hardened condition. The particular carbon range employed is influenced by 
the size of the part and the service to be met. 

Steels 6135 and 6140 —^These steels are used in small bevel and spur gears, rocker 
arms, small tools, wrenches, and other semihard parts. They are also used for 
large forgings where high elastic strength combined with toughness and fatigue 
resistance are required, and internal stresses must be minimized such as Diesel engine 
crankshafts and connecting rods as well as hammer piston rods. Por such large 
forgings, the heat treatment is commonly normalizing followed by tempering from 
1000-1250®P. 

The following is the general heat treatment for quenched and tempered parts: 
Normalize 1600-1650®P., air; quench 1560-1650®P., oil; temper, 500-1200®P. according 
to requirements and size. 

The properties are approximately: Yield point, 210,000-75,000 psi.; tensile 
strength, 225,000-100,000 psi.; elong. in 2 in., 10-25%; reduction of area, 40-60%; and 
Brinell hardness number, 444-207. 

The 6135 type of chromium-vanadium steel, usually with slightly higher chro¬ 
mium, is used for important parts of the equipment for manufacture of synthetic 
ammonia, notably the large catalyst chambers, because of its resistance to deteriora¬ 
tion and ability to withstand high pressures at temperatures up to about 1000®F. 
This steel is also used for oil cracking stills subjected to high temperatures and 
pressures and certain types of mild corrosion. These parts, because of their large 
size, cannot be quenched, but the physical properties and grain refinement are 
obtained by normalizing and tempering or by annealing. Typical values are as 
follows: 



Normalized and 
Tempered 

Quenched and 
Tempered 

Yield point, psi. 

Tensile strength, psi. 

Elongation in 2 in., %. 

Reduction of area, % . 


75,000- 82,000 

100,UUU-1IU,000 

22-25 

55-62 


Steels 6145 and 6f56--These chromium-vanadium steels are used for highly 
stressed parts such as transmission gears. They have also proven to be ideal for aU 
classes of springs, due to their high elastic limit and fatigue resisting qualities over a 
wide range of stresses. These steels have been used for many years for automotive 
chassis springs and valve springs, and are now being extensively used for locomotive 
and railway car springs. They are also standard for the welding of worn railway 
rails, providing a tough, wear resistant surface. 

Por gears and other highly stressed parts, such as shafting, the general heat 
treatment recommended is: Normalize 1600-1650®P., air; quench 1560-1625®P., oil; 
temper 450-1050®P. to a Brinell hardness number of 550-320, depending upon require¬ 
ments. 

The properties obtained are approximately: 

Yield point, 250,000-125,000 psi,; tensile strength, 270,000-150,000 psi,; elong., 
6-17%; reduction of area, 25-50%; and Brinell hardness number, 550-320. 

The heat treatment for springs is as follows: Quench 1560-1625®P., oil; tem¬ 
per 850-1025®P. to a Brinell hardness number of 375-444. The properties are approxi¬ 
mately: Yield point, 170,000-195,000 psi.; tensile strength, 180,000-215,000 psi.; elong. 
in 2 in., 14-10%; reduction of area, 40-28%. 
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The transformation temperatures of some of these chromium-vanadium 
steels are: 


S.A.E. > ■ ACi -- ■> --Ari 


steel No. 

Beginning 

Maximum 

ACs 

Ar, 

Beginning 

Maximum 

6115 

1420 

1435 

1560 

1550 

1320 

1300 

6130 

1410 

1430 

1490 

1430 

1315 


6150 

1380 

1415 

1470 

.... 

1305 

1290 


Uses and Properties of Manganese-Vanadium Steels.—There are three principal 
steels of this type, one developed primarily for normalized and tempered large forg¬ 
ings. such as locomotive driving axles, crank pins, piston rods, connecting rods and 
shafts, and similar heavy machinery forgings; the second for rolled plates, structural 
shapes, engine bolts, and rivets; the third for castings. 

Forgrinp—The composition for the forging grade is: C 0.27-0.34, Mn 1.45-1.75, 
V 0.15 min. 

The following heat treatment is general: Normalize 1580-1630®P., air; temper 
1150-1250®P., furnace or air. 

Typical property values are as follows: 



Yield Point, 

Tensile Strength, 

Elong., 

Red. of Area, 


psi. 

psi. 

% in 2 in. 

% 

Connecting rod . 

. 77,600 

101.250 

28.0 

65.6 

Crank pin . 


104.500 

26.0 

61.6 

Driving axle . 


99,000 

25.0 

59.8 


An exceptionally high fatigue or endurance limit is obtained with this grade of 
steel and a representative value is a 0.55 ratio based on the tensile strength. 

Small sections water quenched from 1550-1600®P. and tempered in the range of 
500-1200°P. show the following properties: Yield point, psi., 115,000-210,000 psi.; 
tensile strength, 120,000-235,000 psi.; elong. 23-12% in 2 in.; reduction of area, 
65-48%; and Brinell hardness niunber, 240-475. 

The transformation temperatures of this manganese-vanadium composition are: 


--ACi-- --Ari-, 

Beginning _ Maximum _ACa_Ar#_ Beginning _ Maximum 

1340OF. 1360 1420 1320 1125 1090 


For the rolled manganese-vanadium steels (plates and shapes), three grades are 
specified as follows: 


O max. %. 

Mn max. % . 

Si % . 

P max. %. 

8 max. %. 

V % . 

Tensile strength, psi. 

Yield point, min., psi., for thicknesses up to 1 in.... 

Yield point, min., psi., for thicknesses over In. 

Yield point, min., psi., for thicknesses over lV^-2 In. 

Yield point, min., psi., for thicknesses over 2 in..... 

Elongation in 8 in., min., %. 

Elongation in 2 in., min., % for thicknesses over 

1% in. 

Reduction of area, min., % . 

■0.20% O for sections over 2 in. in thickness. 


Grade A Grade B 


0.18 

1.35 

0.15-0.30 

0.04 

0.05 

0.08-0.14 
70,000-85.000 
50 000 
48.000 
45,000 
42,000 
20 

28 

50 


0.18» 

1.45 

0.15-0.30 

0.04 

0.05 

0.08-0.14 

80,000-95,000 

55,000 

63,000 

50,000 

47,000 

18 

25 

50 


Grade C 


0 22 
1.55 

0.15-0.30 

0.04 

0.05 

0 08-0.14 
90,000-105,000 
60,000 
58,000 
55,000 


16 

22 

40 


The transformation temperatures of Grade B manganese-vanadium steel 
plate are: 






A* 


Aci 

Beginning 

Maximum 

Acg 

Arg 

' .. Ari ■ 

Beginning 

Maximum 

1320®P. 

1360 

1450 

1430 

1140 

1110 
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Castings-—This type is produced in two composition ranges, each containing about 
0.10% vanadium. The remainder of the composition closely resembles that used in 
the common pearlitic or intermediate manganese steel castings. Vanadium produces 
an Improvement in the microstructure and mechanical properties. It' retards grain 
growth at the heat treatment temperatures and is accompanied by an absence of 
that microsegregation so common to pearlitic manganese cast steels, which is recog¬ 
nized as small martensitic areas under the microscope and productive of low and 
variable resistance to impact and poor machining qualities. The impact value of 
these manganese-vanadium steels is from 2-5 times that of similar steels without 
the vanadium. These cast steels are being used for locomotive and heavy machinery 
castings in the normalized and tempered condition. The typical compositions are 
as follows: 


o 

81 

Mn 

v 

0.357* 

0.40% 

1.407* 

0.10% 

0.30 

0.40 

1.70 

0.10 


Typical mechanical properties for the manganese-vanadium cast steels are as 
follows: 


Yield Point, 
psi. 

Tensile Strength, 
psi. 

Elongation, 

7« In 2 in. 

Reduction 
of Area, % 

Izod Value, 
ft-lb. 


. 75,500 

100,500 

27.0 

56 2 

53.0 1 

Normalized 

70.750 

103,100 

25.0 

51.9 

43.0 J 

and 

69.400 

93,450 

31.0 

61.1 

61.0 1 

tempered 

60,000 

96,300 

26.8 

50.0 

28.0 Double annealed 


Endurance limits of 46,000-52,000 psi. have been obtained over the range of 
tensile strengths giving an endurance ratio of 0.48. 

Other Vanadium Steel Castings—While the steels just described are the prln*^ 
cipal ones produced, there are a number of other alloy steel casting compositions 
containing vanadium used for more or less special applications. Some of these 
compositions are as follows: 


C 

Mn 

SI 

Cr 

N1 

Mo 

V 

0.30 

0.80 

0.40 

1.00 

.... 


0.10 

0.30 

0.50 

0.30 

1.00 

.... 

6.i5 

0.10 

0.30 

0.60 

0.40 

0.60 

1.30 


0.10 

0.35 

1.50 

0.40 

.... 

.... 

6!i5 . 

0.10 


Vanadium has proved beneficial in retaining shock resistance in copper-bearing 
steels as is evident from the following table of tests of manganese-copper-vanadium 
steel: 


Yield Tensile Elong. Red. of 


c 

-—Composition, %— 
Mn Si Ou 

v ^ 

Heat Treatment,®P. 
All in Air 

Point, 

psi. 

Strength. 

psi. 

% 

2 in. 

Area, 

% 

Izod, 

ft-lb. 

0.29 

1.12 

0.44 

1.04 

0.10 

1650 

1500 

750 

73,200 

96.400 

30.0 

57.0 

61.0 

0.29 

1.12 

0.44 

1.04 

0.10 

1650 

1500 

1000 

87,000 

107.750 

26.0 

51.9 

30.8 

0.29 

1.34 

0.50 

1.04 

0.10 

1650 

1500 

750 

69,950 

95,050 

28.5 

55.5 

61.0 

0.29 

1.34 

0.50 

1.04 

0.10 

1650 

1500 

1000 

85.700 

106.700 

24.0 

48.1 

30.6 

0.16 

1.43 

0 26 

1.15 

0.11 

1700 

1550 

750 

69,950 

90,900 

30.0 

60.6 

76.2 

0.16 

1.43 

0.26 

1.15 

0.11 

1700 

1550 

950 

88,150 

106,150 

24.0 

50.6 

42.0 


Ordinary alloy cast steels, when compositions or heat treatment or both are 
adjusted to produce high hardness and tensile strength, show a rapid decrease in 
impact value. Many engineers have taken but little cognizance of the impact 
strength of cast steels even when applied to types of service where high impact 
value affords a great measure of insurance against failure. The combination of 
high yield point, high tensile strength, and proportionately high impact resistance 
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of some harder vanadium cast steels in the normalized and tempered condition are 
shown in the following tabulation: 


Type C Mn Si Mo Or Cu V 


Mn-Cr-V . 0.44 1.48 0.47 .... 0.61 .... 0.10 

Mn-Cu-V . 0.43 1.48 0.44 .... .... 0.80 0.10 

Mn-Mo-V (I) . 0.45 1.63 0.48 0.16 .... .... 0.10 

Mn-Mo-V (H) . 0.36 1.17 0.48 0.33 .... .... 0.10 


Yield Tensile Elongation, Reduction Izod 

Type Point, psi. Strength, psi. % in 2 in. of Area, % Value, ft-lb. 


Mn>Cr-V . 76,600 119,350 25.0 56.2 34.6 

Mn-Cu-V . 85,800 121,200 22.0 46.3 44.5 

Mn-Mo-V (I) . 83,900 128.900 20.5 35.0 30.3 

Mn-Mo-V (11) . 90,750 133,460 12.0 25.4 26.5 


When design will permit mild quenching (oil), high yield strength and resistance 
to impact may be obtained in a cast chromium-molybdenum-vanadium steel originally 
developed for surface hardening by nitrogen. The properties of this steel are as 
follows: 



-%- 


Yield Point, 

Tensile 

Elong., 

Reduction 

Izod, 

c 

Cr Mo 

v 

psi. 

Strength, psi. 

% in 2 In. 

of Area, % 

ft-lb. 

.19 

2.35 0.37 

0.27 

138.350 

152,850 

15.0 

46.0 

40 




119,650 

131,900 

17.0 

65.4 

63 ' 


Alloy cast steels with higher vanadium content than described possess significant 
advantages with respect to mechanical properties that make them useful both at 
normal and at moderately elevated temperatures. In this class, chromium-vanadium, 
chromium-tungsten-vanadium, and chromium-molybdenum-vanadium steels have 
proved eSective for steel mill rolls, piercing points for seamless tubes, and oU refinery 
castings. 

After normalizing at IGSO'^F., water quenching from 1500*^. and tempering 
650-1250'’F., a 1 in. section gave the following properties: Yield point, 90,000-175,000 
psi.; tensile strength, 100,000-200,000 psi.; elong. in 2 in. 26-6%; and reduction of 
area, 57-12%. 

The following transformation temperatures are for the 0.35% carbon steel listed 
above: 








Beginning 

Maximum 

Acs 

Ar, 

Beginning 

Maximum 

1350«P. 

1385 

1480 

1340 

1215 

1190 


Nickel-Vanadium Steel Castings—This steel is used only in the form of castings. 
A typical composition of nickel-vanadium cast steel is: C 0.28, Mn 1.00, Ni 1.50, and 
VO.IO. The carbon content is usually in the range of 0.26-0.33%. 


After 

properties: 

normalizing and 

tempering. 

this steel 

gives the 

following average 

Yield 

Point, 

psi. 

Tensile 

Strength, 

psi. 

Elong., 

% in 2 in. 

Red. of 
Area, % 

Izod, 

ft-lb. 


68,000 

93,850 

98,000 

28.0 

63.8 

47.8 1 

Normalized 

69,500 

27.5 

^5.9 

55.9 V 

and 


96,500 

28.0 

59.9 

69.5 J 

tempered 

62,000 

95,000 

25.0 

45.0 

40.0 

Double annealed 


The endurance limit of this cast steel is t 3 rpifled by a rotating beam method value 
of 44,000 psi. obtained on coupon bars having a tensile strength of 91,450 psi., thus 
giving an endurance ratio of 0.482. 
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One-inch sections quenched from 1500®P. after normalizing at 1775®P. show, 
over the tempering temperature range of 750-1250®P., the following properties: 
Yield point. 90.000-120,000 psl.; tensile strength, 100,000-145,000 psl.; elong. in 2 in., 
25-14%; reduction of area, 58-43%. 

The transformation temperatures for this steel are as follows; 






Afi- 


Beginning 

Maximum 

ACq 

Ars 

Beginning 

Maximum 

1315®P. 

1345 

1480 

1320 

1140 

1115 


Low temperature impact test results compared with plain carbon steel, are 
shown in Fig. 1. These tests are on Charpy specimens with keyhole notch and 
minimum metal section of 5x10 mm. 


^rryoerotune, 



1. 003 t, m res. yOfO, l6SO*fAir>, l50OFAin,P50*FFce 

2. 099 100 O10,Ni 154, IPPS'F^, 14?5*F^ 

3 053 0J90 090 fSOO^F ^-,1560^5 ‘^,lOOO^FFee 

4 096 090 fSPS^F— 

Pig. 1 —Effect Of temperature on Impact 
strength of vanadium and carbon cast steels. 


Uses and Properties of Manganese-Chromlum-Vanadium Steel—This steel Is 
used for small forgings such as automobUe crankshafts, connerttag rods and steer^ 
arms. The composition Is as follows: C 0.15-0.50, Mn 1.00-1.60, Cr 0.30-0.65, V 0.06-0.12. 

One-Inch rounds quenched from 1550'’P. Into water show, over the t^Per^ 
range of 400-1250°P., the following mechanical properties: Yield point, 95,000-210,000 
psl.f tensile strength, 105.000-275,000 psl.; elong. in 2 in., 27-12%; and reduction of 
area, 65-40%, 

An automobile crankshaft In the normalized condition gave the foUowlng 
results: Yield point, 72,000 psl.; tensile 111,000 psl.; elong. In 2 In., 20%; and re¬ 
duction of area 65%. . , n.n 

The transformations of the manganese-chromlum-vanadlum steel of 0.40 car¬ 
bon are: 






,- ATi- 


,— ■■■'■ ACi • 

Beginning 

Maximum 

ACs 

Ars 

Beginning 

Maximum 

1360T. 

1380 

1510 

1345 

1240 

1230 


Silicon- Vanadium Spring Steel—This type of vanadium steel Is used principally 
for helical springs made from bars of % in. and over in diameter or thlckn^, such 
as railroad car and draft springs. It has high strength properties In tension and 
torsion combined with toughness, and good surface condition. As compared with 
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carbon spring steel, it can be safely worked to about 15% higher stresses without 
danger of settling. 

The composition specification for this steel is: C 0.88-0.98, Mn 0.45-0.65, Si 
0.50-0.75, V 0.15 min. 

Quenched in oil from 1600®P. (the usual range is 1575-1625®P.) 1 in. rounds, 
tempered 750-1100‘’P., gave the following properties: Yield point, 165,000-245,000 
psi.; tensile strength, 185,000-270,000 psi.; elong. in 2 in., 14-7%; reduction of area, 
35-17%. 

Vanadium Nitriding Steels— Vanadium steel parts have been successfully 
employed in applications requiring the high surface hardness produced by nitrog¬ 
enous gas at temperatures of 800-1200*'F. Vanadium is present in the familiar 
aluminum-chromium type of nitriding steel in amounts up to about 0.10%. 

Alloy steels of the S.AJE). 6100 type, particularly the 0.20 and 0.50 carbon grades, 
have been used to a limited extent where a maximum surface hardness of 750-800 
Vickers suffices. A steel containing approximately 0.25% carbon, 1.50 chromium, and 
0.60 vanadium is capable of producing a nitrided case hardness of approximately 
850 Vickers. Where higher core hardness and tensile strength with both case ductility 
and good case hardness are desirable, a steel containing nominally 0.18% carbon, 
2.75 chromium, 0.25 vanadium, and 0.50 molybdenum is now available for nitriding, 
particularly, in the cast condition. A case hardness of 900 Vickers is obtainable wi^ 
this steel along with good combinations of yield point and impact strength in the 
core. Por higher case hardness, approximately 1050 Vickers, a modification of this 
chromium-molybdenum-vanadium steel with 4.25% chromium may be employed. 

The process has also been applied to a tool steel containing approximately 1.50% 
carbon, 13.00 chromium, 1.00 vanadium, and 1.00 molybdenum in parts requiring the 
presence of a hard core (500-600 Brinell) to support the nitrided surface. When 
quenched from 2050*'P. this steel is austenitic, but develops high secondary hardness 
upon subsequent exposure to a temperature of 950-1050**P. After nitriding, the 
surface hardness exceeds 1000 Vickers. 

Vanadium Tool Steels—Vanadium is an important element in a large number 
of tool steels. In the low alloy steels the amounts range from 0.15-065%, whereas 
in high speed steel and other high alloy tool steels the quantity usually varies from 
0.50-2.50%. In some instances approximately 4% vanadiiun has been used but at the 
same time approximately 1.25% carbon has also been introduced. 

In the carbon-vanadium steels, the depth of penetration of full hardness is 
moderate (neither shallow nor deep) and uniform. The vanadium also results in a 
wider permissible hardening range (for carbon-vanadium steels up to 1600®P.) 
without likelihood of grain coarsening, thus permitting effective hardening of heavier 
sections and of tools of variable section without the development of brittleness. 

The inclusion of vanadium in the composition of tool steels is generally regarded 
as productive of stronger and tougher tools that hold their cutting edges better than 
do tools of steels not containing vanadium. 

Details on the heat treatments, compositions, and applications for tool steels and 
specific classes of tools are given in the heat treating section of this Handbook. As 
vanadium tool steels are covered, the reader is referred to those articles for additional 
information. 
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Aging in Iron and Steel 

By S. Epstein* and H. L. Millert 

Definition of Agring—Aging is the spontaneous change in the properties of iron 
or steel which occurs at atmospheric temperature, or moderately elevated tempera¬ 
ture, after a final heat treatment or final cold working operation. These changes 
proceed relatively slowly at room temperature but at an accelerated rate as the 
aging temperature is raised. This indicates that aging is a manifestation of a trend 
toward equilibrium and away from some unstable condition set up by the final 
operation performed upon the steel (cooling or cold deformation). Aging may result 
in an increase in hardness and strength, a loss in ductility and impact resistance, 
the reappearance after cold working of a sharply defined yield point in the stress- 
strain curve of a tensile test, an increase in coercive force and similar changes in 
other properties. 

Aging is generally assumed to be caused by the disintegration of a super¬ 
saturated solid solution. In a system in which the solid solubility of the solute falls 
sharply with tempeititme, the solute may be retained in supersaturated solution by 
quenching, but it will tend to precipitate out on standing. Such incipient or com¬ 
plete precipitation (more probably incipient) is considered to be the cause of the 
observed aging phenomena in iron and steel. 

Since carbon has a much higher solubility in austenite than in ferrite, the 
decomposition of austenite to ferrite leads to a precipitation of carbon and to hard¬ 
ening. Indeed, such precipitation may be the chief cause for the high hardness 
attained by quenched high carbon steel; thus the hardening of carbon steel by 
quenching may also involve an aging phenomenon. However, the term aging is 
generally used only with reference to precipitation phenomena in ferrite Itself, 
below the Ai critical temperature. Such aging occurs in several alloys with iron, 
as in the iron-copper alloys. However, this article will deal only with aging effects 
in ordinary iron and steel and not in special iron alloy systems. 

Interest in aging has increased since it has become apparent that the *hlue heat 
phenomena” in iron and steel are associated with aging, and since it has been 
found that virtually nonaging steels can be produced by drastic deoxidation, as with 
alximinum or titanium, followed by the proper heat treatment. 

Hayes and Griffis'* have reported that the kind of heat treatment which will 
give a material essentially free from strain aging, consists in heating preferably 
above the critical range with relatively rapid cooling and then reheating in the 
neighborhood of the Ai temperature and slowly cooling. They report they have 

found the above heat treatment, 
when properly carried out, will 
stabilize materials deoxidized 
with a wider range of deoxida¬ 
tion treatments than can be pro¬ 
duced by slow cooling only, from 
temperatures either above or be¬ 
low the Ai point. In general, the 
less drastic the deoxidation, the 
more carefully the heat treat¬ 
ment has to be applied to pro¬ 
duce a stable material. 

Elements Which May Give 
Ri^e to Aging Effects—The fol¬ 
lowing elements are found in 
ordinary iron and steel, C, Mn, 
Si, P, S, Oa, and Na. Of these, 
C and N, have an appreciable 
solubility in ferrite directly 
below the Ai temperature and 
much lower solubility at room temperature. Thus, if the latter solubility is less than 


'Metallurgist, Bethlehem Steel Co., Bethlehem, Pa. 
tMetallurgist, Republic Steel Corp., Canton, Ohio. 

Prepared for the Subcommittee on Aging. The membership of the subcommittee was as fol¬ 
lows; E. 8. Davenport, chairman; J. J. Bowden, H. K. Ihrlg, and R. S. Burns. 
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Fig. 1—Change in solubility with temperature of C. 
0% and Na in fairly pure ferrite.^* • 
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the amoimt of the element present, precipitation and aging phenomena can occur. 
Curves for the change in solubility with temperature of C, O 2 , and N* are shown 
in Fig. 1. All of these solubility curves may be of uncertain accuracy and should 
therefore be regarded merely as approximations. 

Si and P have similar solubility curves, but their solubility In ferrite at room 
temperature is much higher than that ordinarily present in iron and steel, so that 
these elements do not give rise to precipitation effects, although they may influence 
the aging phenomena by causing C, O 2 , or Na to precipitate out more readily. Mn 
also has a higher solubility in ferrite than that ordinarily present so it should not 
of itself give precipitation effects. S is present plainly as MnS inclusions and is 
not considered to give rise to precipitation effects. However, it is known that MnS 
has a slight solubility in the solid state and it may therefore have an influence on 
strain aging. 

C and Na have been definitely shown to give rise to precipitation or aging effects 
when present in amounts ordinarily found in low carbon iron and steel.* It will 
be observed in Fig. 1 that the room temperature solubility of Na in ferrite is not 
more than 0.001%, so that precipitation effects due. to Na can occur in steel con¬ 
taining more than this amount. Open hearth steel generally contains about 0.004- 
0.006% Na, while Bessemer steel may contain over 0.020% Na,* the precipitated Ni In 
such steels can be observed under the microscope as nitride needles. 

There Is still some doubt whether Oa, by itself, is an important cause of aging 
In iron and steel. Several investigators** *• *• * have found that iron or steel containing 
Oa in amounts such as would ordinarily be found dissolved in such materials, say 
up to 0.035%, do not show quench aging effects in the absence of C and Na although 
they do show strain aging effects.*** ** Quench aging is the term used to denote 
the changes which take place in steel following a final operation consisting of fairly 
rapid cooling from an elevated temperature; strain aging is the term applied to 
the changes which take place in steel when the final operation consists of cold 
working; these two categories of aging phenomena will be discussed more fully 
below. Yensen and Ziegler have reported magnetic aging effects apparently due 
to Oa in very pure iron practically free from C and N*. 

This seems to contradict the fact that strongly deoxidized steel is nonaging. 
The explanation may be that although O 3 does not of itself give rise to aging effects 
it may cause C and Na to do so. That is, Oa may greatly reduce the solubility of 
C and Na in ferrite so that its presence in solution causes * aging. When the Oa 
is removed or ‘‘fixed” by a strong deoxidizer like Al, however, the room temperature 
solubility of C and N, may be increased thereby and precipitation aging may thus 
be greatly reduced, Al or Ti would also “fix” the N* itself, and Ti would tend to “fix” 
the C, so that after such strong deoxidation. C and N, would not go in and out of 
solution and hence would not give rise to precipitation effects. 

Quench Aging and Overstrain Aging—Overstrain, such as strain above the elastic 
limit, frequently pJays such a prominent part in aging that it has been found con¬ 
venient to differentiate between aging which results merely from heat treatment 
and that which occurs after straining or cold working. The former has been desig¬ 
nated quench aging and the latter 
overstrain aging. In overstrain aging 
a high degree of supersaturation of 
the solute does not appear to be 
necessary, but precipitation is 
thought to occur because overstrain¬ 
ing causes local supersaturation 
along slip planes. In general a steel 
which shows quench aging will also 
show strain aging. Low carbon iron, 
however (C 0.004%), which shows no 
quench aging still shows overstrain 
aging effects.^ 

Quench Aging—In quench aging 
above room temperature the hard¬ 
ness increases more rapidly than at 
room temperature, but the maximum hardness attained 4s lower. After the maximum 
hardness is reached further elevated temperature aging causes a decrease in hard¬ 
ness (Fig. 2)'. This is sometimes called “overaging”. 


^86 

I" 

5 60 


72 
66 

Fig. 2>-Quench aging of 0.06% carbon steel. Hard¬ 
ness after quenching from 1325*P. and aging at indi¬ 
cated temperatures^o. 
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The magnitude of the quench aging effects which may occur in low carbon alloys 
Is illustrated by the following results from Masing and Koch.• 


--^BrlneU Hardness-* 

Directly After On Aging 44 hr. at 

C % Mn % P % 81 % Quenching from 1300*P. ISS^'P. after Quenching 


0.028 0.39 0.025 0.003 102 163 

0.044 0.44 0.036 0.005 128 185 


In a series of Fe-C alloys made up from electrolytic iron without Mn and with 
0.02-0.03% P; 0.007-0.008% Si; ahd under 0.001% S, they obtained the following: 





Carbon, % 




0.019 

0.033 

mnrtm 


0.087 

0.166 


-- 


—Brinell 

Hardness- 


-- 

Directly after quenching from 1300*F. 

89 

79 

89 

123 

127 

136 

On aging 8 days at 12S*F. after quenching. 

92 

80 

101 

207 

170 

194 

Increase in Brinell Hardness. 

.... 7 

1 

12 

84 

43 

68 


No appreciable age hardening occurred in alloys below about 0.035%C. The age 
hardening effect reached a maximum in the 0.063%C specimen. 

The degree of quench aging is greatly reduced by strongly deoxidizing the 
steel, particularly by killing with aluminum. This is indicated in Fig. 3. 

Strain Aging—Straining may result in two effects, first the increase in hardness 
which accompanies cold working in even the purest single phase metal, and second 
the increase in hardness by the precipitation or dispersion of another phase induced 
by the straining. Strain aging is usually determined by measuring the change in 
hardness (or impact resistance) with time after straining. 



Pen Cent Cenbon 


Fig. 3—Reduction in the aging 
effect as a result of strong de> 
oxidation*. The Si killed steel con¬ 
tained about 0.15% Si and the A1 
killed steel an equal amount of Si 
with about 0.04% Al. The maxi¬ 
mum aging effect occurred at about 
0.05 %0. 



Pig. 4—Increase in hardness with 
cold work of Bessemer, Duplex, open 
hearth and Izett steel». The first 
three are aging steels and the last 
is an Al killed nonaging steel. There 
was a lower rate of hardness Increase 
with cold work in the nonaging steel. 

/—Com—» 
position 

0% Mn% 8% P% Si% Al% 

Bessemer 0.08 0.47 0.035 0.102 . 

Duplex 0.22 0.54 0.030 0.017 . 

Open 

Hearth 0.21 0.40 0.035 0.010 . 

Izett 0.13 0.58 . 0.04 0.00 


However, some precipitation may occur during the straining itself. Probably 
it is for this reason that cold working produces a greater increase in hardness in 
**aglng*’ than in **nonaging’' steels. This is indicated in Fig. 4. No tests were made 
between 0 and 5% compression. Between 0 and 2% deformation it is frequently 
observed that no hardening but an actual slight softening takes place. This phe¬ 
nomenon appears to be analogous to a slight softening which is sometimes observed 
in the early stage of quench aging designated as the incubation period. 

In general, the changed in hardness on strain aging are somewhat smaller than 
on quench aging although the degree of straining influences this to some extent, the 
greater the degree of straining (within limits) the greater the age hardening. This 
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i« Indicated to the following data from Harrison." His steel had a composition of 
O 052, Mn 0.37, Si 0.10, S 0.040, and P 0..20%. The Brinell hardness was 118 as 
annealed from 1700°P. 


Increase 

As Quenched Hardness 

or Rolled Aged 2 Due to 

or Both Months Aging 


Quenched In water from 1250-P., Brinell hardness... 

Cold rolled 10%, Brinell hardness. 

Quenched In water from 1250«P. and then cold rolled 
10%, Brinell hardness. 


151 

181 

30 

Quench aging 

155 

166 

11 

Strain aging 

Isa 



Quench and 

221 

38 

strain aging 


On the other hand, the embrittlement induced by strain aging may be greater 
than that resulting from quench aging. Quench aging lowers the impact resistance 
but it seldom results in actual brittleness* whereas strain aging may result in 
a brittle fracture. This is indicated hi Pig. 5, showing that the impact resist¬ 
ance at room temperature fell to very low values on cold working aging steels 
(giving brittle fractures) whereas the “nonaging** steel retained high values and a 
ductile fracture. This is directly after cold working. The impact resistance may 
be further lowered by aging, particularly accelerated aging, the maximum lowering 

occurring, on heating about 


60 


^PO 


N 


377 

1— 

nprt 

}ssec 

□ 

Cc 

5% 

impress 
^ 1 

ed 

1?% 

i 

r 





1 









1 

1 4 




t-*. ^ 

T 



7 

r 


k 


.1 





1 




— 

j 

H 

u 


i 



1 

/ 

li 



^ Armco Iron 
Izett 1 


1 

f 


\l 

n 

\i 

i 

i 

( 

w 

\\ 

• iyufjivjf n- 

o Openheenth 

X Bessemer 

) 


! 

Lu 


f 

E 




35 ^ 


K. 




Hi CV. 5 

Temperature of Testing, 


Pig. 6—Effect of cold work on Impact resistance of aging 
and nonaging steels'^. Armco iron, duplex, open hearth, and 
Bessemer steel are aging; Izett is nonaging. 


% hr. at 500“P.'* The em¬ 
brittlement after cold 
working may be increased 
on heating a minute or two 
at d50**F. as in hot dip 
galvanizing.*® 

It should be stated 
that the relatively nonag¬ 
ing Izett steel in Fig* 
was finer grained than the 
others, so that a part of 
its immunity to embrittle¬ 
ment was probably due to 
its finer grain. DanilofiP* 
has demonstrated that as 
measured by hardness tests 
coarse grained steels show 
greater aging effects both* 
after quenching and aging 
and after deformation and 
aging than fine grained 
steels. As measured by im¬ 
pact tests his results were 


somewhat ambiguous, but there is no doubt that coarse grained steels are more 
susceptible to embrittlement (brittle fracture) after straining and aging than fine 
grained steels, 

A most interesting and not fully 
understood phenomenon in iron and mild 
steel is the jog in the stress-strain curve 
at the yield point which causes the drop 
in the beam in a tension test. In a pre¬ 
viously strained specimen this is not pres¬ 
ent and a rounded stress-strain curve is 
obtained instead, with no sharply defined 
proportional limit. This is shown in Pig. 6. 
The disappearance of the Jog and the 
rounding of the stress-strain curve have 
usually been attributed to a loss of elas¬ 
ticity due to the setting up of internal 
stresses*® Hayes and Griffis** have recently suggested that the prior cold working 
may bring the material to a state where the rate of work hardening is high enough 
to prevent any decrease in load with further deformation. 
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On aging after cold working the Jogged type of stress-strain curve is again 
obtained in ordinary mild steel such as sheet. In nonaging steel, however, as in 
the ''stabilized** material described by Hayes and Griffis, this does not occur and 
a rounded curve is still obtained after aging. This is illustrated in Fig. 7. 

Fettweiss^^ suggested in 1919 that the increase in tensile strength which is 
observed in the region of about 400*’F. (the blue heat region) is caused by aging, 
the explanation being that the test specimen increases in hardness due to cold work 
and aging while it is being deformed in testing. Fettweiss* hypothesis has received 
striking confirmation in tensile tests of the recently produced Izett type nonaging 
structural steel and in the stabilized sheet steel, in the blue heat region.^* “ Neither 
of these nonaging materials showed so pronounced an increase in strength in the 
blue heat region as aging material. Thus the "blue heat phenomenon** is obviously 
an aging effect. 

Such results by Kenyon on stabilized sheet and on ordinary aging sheet are 
shown in Fig. 8 and 9. The stepped stress-strain curves of the aging material 
tested in the blue heat region, as shown in Fig. 9 are characteristic. Kenyon'* has 
stated that a tensile test in the blue heat region is one of the simplest ways of 
distinguishing between aging and nonaging material. 

The blue heat region is frequently referred to as the blue brittle region. This 
term is accurate in so far as the ductility in a tension test at these temperatures Is 
appreciably lower. Likewise after deformation at these temperatures, or on de¬ 
formation at room temperature followed by heating at those temperatures, there 
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Fig. 7—Return of Jogged stress-strain curve on 
aging after straining In ordinary mild steel. Reten¬ 
tion of smooth rounded curve after aging In stabi¬ 
lized or nonaging material^. Both materials rolled 1% 
before aging. Typical compositions of stabilized or 
nonaging material strongly deoxidized with A1 and TL 
0% Mn% P% 8% Si% Tl% Ai% 

0.05 0.03 0.005 0.019 . 0.067 0.042 

0.042 0.47 0.011 0.014 0.073 0.058 0.037 
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Fig. 8—Effect of testing 
temperature on tensile 
strength of ordinary mild 
steel and of stabilized 
sheet^B. The stabilized mate¬ 
rial gives almost no indica¬ 
tion of the blue heat phe¬ 
nomenon. The ductility in a 
tension test of the stabilized 
material in the blue heat re¬ 
gion is considerably higher 
than of ordinary aging mild 
steel sheet. 


is a marked drop In impact resistance on testing at room temperature. However, 
there is no brittleness under impact in the ordinarily stated blue heat region at 
about dOO'^F. As a matter of fact as indicated in Fig. 5, the impact resistance on 
testing at these temperatures is nearly at a maximum. 

It is true that at temperatures considerably above the blue heat region a 
minimum in the impact resistance-temperature curve does occur. This is shown 
in Fig. 10. The minimum is assumed to be due to an aging effect, that is, it is 
generally held that at the high speed of fracture in a dynamic impact test any 
aging (hardening) during the instant of fracturing can only occur at the higher 
temperature at which this reaction takes place rapidly. At lower temperatures, 
precipitation during a dynamic impact test cannot occur rapidly enough to cause 
hardening and hence there is no lowering of the impact resistance. There appear 
to be no data to indicate whether nonaging steel shows a less pronounced minimum 
in the impact resistance-temperature curve than aging steel. 

Oddly enough, at approximately the same temperature as the minimum in the 
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Impact resistance-temperature curve, a minimum in the ductility in a tension test 
also occurs. This has been termed by Freeman and Quick^^ as the “secondary low 
ductile range.” The severity of the "secondary low ductility” varies greatly In 
different steels. Although it appears to be decidedly affected by the manner of 
deoxidation of the steel, it is rather doubtful that secondary low ductility is mainly 
a precipitation or aging effect. Shapiro® has indicated that it may be connected 

with the rate of recrystalli- 
• zation at this temperature 
during and after deforma¬ 
tion, which rate may, of 
course, differ according to 
the degree of deoxidation, 
grain size, and rate of cool¬ 
ing of the steel. 

Practical Aspects— 

In practice the effects of 
strain aging are possibly of 
greater importance than 
those of quench aging. This 
is particularly true in the 
manufacture of low carbon 
sheet and strip steel for 
stamping and deep draw¬ 
ing; the final mill opera¬ 
tion on this product is 
frequently a light “skin 
pass” or temper rolling 
which leaves the steel in an ideal condition for strain aging. Unless the materiid 
is promptly fabricated, the resulting increase in hardness and corresponding loss in 
ductility due to aging may constitute the difference between success and failure 
in the particular application involved. 

The jog in the stress-strain curve at the 
yield point in a tension test manifests itself 
in the drawing and stamping of sheet as 
“stretcher strains”® giving an undesirable 
roughening of the surface. The Jog is a 
characteristic of iron and steel in the soft 
annealed condition and can be eliminated by 
slight deformation as in the final “skin roll¬ 
ing” given the annealed sheet for this pur¬ 
pose and for straightening.® In aging 
material the Jog may return with time so 
that after leaving the steel mill and storing 
in the customer’s plant the sheet may regain 
the tendency to stretcher strain. This does 
not occur In drastically deoxidized nonaging 
sheet. Such killed steel sheet is also more 
uniform from edge to center than rimming 
steel and apparently gives satisfactory draw¬ 
ing properties. 

Cold deformation of structural steel, par¬ 
ticularly when followed by reheating as in 
galvanizing, may lead to decided embrittle¬ 
ment. This is much less marked in aluminum 
killed nonaging steel. The benefits of such 
steel in overcoming embrittlement become 
decided only after normalizing, and not in 
the as rolled condition. Apparently the grain 
refinement which results from normalizing the fine grained type aluminum killed 
steel plays an Important part in overcoming embrittlement. A punched rivet hole in 
a thick structural member provides a severe condition which may cause embrittle¬ 
ment even under slow bending.® 



Temperetune of Testing. 


Fig. 10—static and dynamic notched 
bar tests at various temperatures with 
annealed and with cold worked mild 
steel^o. On slow bending the energy 
absorption is at a minimum in the blue 
heat region, but in the Impact test the 
minimum in energy absorption occurs at 
a considerably higher temperature. 



StnQ/n, Pen Cent in 2in. = -4 k 


Fig. a—Stress-strain curves of ordinary mild steel sheet 
and stabilized sheet tested at various temperatures^^. The 
**stepped" stress-strain curve and the higher tensile strength 
of the ordinary sheet in the blue heat region Is characteristic. 
These features are absent in the stabilized sheet. 
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In Germany, embrittlement failures in boiler plate have been attributed in part 
to the aging of strained areas about rivet holes and the use of nonaging steel for 
boilers has been advocated.'* 

Two probable instances of quench aging in which straining plays no part are 
temper brittleness, and the galvanizing embrittlement of malleable cast iron. 

Temper brittleness is a fall in impact resistance in hardened medium carbon 
structural steel which occurs if the steel is slowly cooled after tempering but not 
if it is rapidly cooled after tempering. It was first noticed in nickel-chromium steel 
but has recently been observed also in carbon steel.** Temper brittleness is no doubt 
a precipitation or aging effect. As with the other aging phenomena, it appears to be 
less pronounced in strongly deoxidized steel.*®*** Temper brittleness appears to be 
more pronounced in steel with higher manganese and chromium, while molybdenum 
is known to reduce it. 

Malleable cast iron may be decidedly embrittled by heating to 850*F. as in gal¬ 
vanizing. Marshall** has shown that such embrittlement may be overcome by 
heating the castings to 1200**F. and water quenching, before galvanizing. Although 
the mechanism of this immunizing treatment is by no means understood,** gal¬ 
vanizing embrittlement of malleable iron may perhaps be an aging effect; chemical 
composition of the Iron, particularly the phosphorus and silicon content, also plays 
an important part In galvanizing embrittlement as shown by Bean.** 

The prolonged annealing and slow cooling of malleable iron may possibly 
make it more susceptible to subsequent embrittlement by galvanizing. The fol¬ 
lowing data from Harrison" point to an apparently analogous effect in steel, the 
more slowly cooled specimen being more susceptible to subsequent embrittlement in 
quench aging than the more rapidly cooled specimen. Somewhat similarly, in the 
case of temper brittleness in steel, it has been found that embrittlement occurs 
even on rapid quenching after tempering (ordinarily in temper brittle steel, em¬ 
brittlement only occurs on slow cooling from the tempering temperature) if the 
steel is held for a long time at the tempering temperature.** 

Effect of Cooling Bate from 1650”F. Before Quenching from 
on Quench Aging (Harrison") 


Brlnell Hardness Numbers-^ » r-Izod Impact Values, ft-lb.—> g 

Heat Treatment Prior to Tested After a Tested Immediately Tested After d 

Quenching In Water Tested Immediately Aging 2 ^ After Quenching Agings S 

from 1250*F. After Quenching Months o from 1250*F. Months O 


Water quenched from 1650*F.. 

Air cooled from 1650*F. 

Slowly cooled in furnace from 
1650-F. 


132 

140 + 8 

108 

97 - 11 

130 

190 + 60 

100 

34-66 

124 

192 + 68 

94 

6-88 


The galvanizing embrittlement in malleable iron differs from that of the other 
cases mentioned in that the fracture is intercrystalline.** Possibly the dispersion 
effects occur in the grain boundaries as in carbide precipitation in 18-8 stainless 
steel. Ordinarily in quench aging and strain aging of mild steel the dispersion 
effects take place throughout the grain and on the slip planes; fracture is mainly 
transcrystalline. 

Aging steels, since they harden and become embrittled more readily under cold 
work than nonaging steel, machine more easily; the chips become brittle under 
the action of the cutting tool and break off. For this reason, Bessemer sted 
makes a freer cutting screw stock than open hearth steel, the higher Na and Os in 
Bessemer steel probably promoting aging.** Because coarser grained steels age more 
readily than fine grained steels, they machine more readily. In general, fine 
grain and nonaging characteristics go together, both being caused by strong deox¬ 
idation. 

Nonaging steels are tougher than aging steels. They have greater damping 
capacity and Foppl** has indicated that on account of this they are less sensitive 
to notch effects in fatigue tests below the endurance limit. This is also indicated 
by the recent work of Brophy.** Likewise since they do not harden so readily 
under cold work they are better able to withstand occasional overstresses considerably 
above the endurance limit, without fatigue failure. That is, they have the abillly 
to withstand considerable cold work and inelastic action without starting a crack. 
This property has been termed by Moore as **crackless plasticity.'*** 
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MMhanism of Agringr—The exact stage of precipitation at which hardening takes 
place is not clearly understood; it may be complete precipitation of molecules or 
particles of the excess constituent or a stage between precipitation, and solution; 
the stage of dispersion for maximum hardening may be somewhat different than 
for maximum embrittlement. Dean** in discussing Van Wert’s paper has even 
suggested that blue brittleness is not due to precipitation of iron nitride but to 
incipient solution. 


hours —^ / JO JOO JQOO 



Pig. 11.—Upper block—Quench aging of electrolytic iron and of 0.27% aluminum ateel si 
70 F. Note wide disparity In degree of age hardening. Lower block—Quench aging of Os saturated 
electrolytic iron at 70''F. and Hj purified electrolytic iron at 105"P. Note absence of slgnillea&l 
age hardening. 
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Fig. 12.—Upper block—Hardness of Oa saturated electrolytic iron and Ha purified electroljtlo 
Iron as strain aged at lOS^’F. pre-aged before cold deformation. Lower block—Hardness of non¬ 
aging steel and rimming basic open hearth steel as strain aged at 105*F.; also 0.27% aluminum 
steel as strain aged at 70°F. All pre-aged before cold deformation. 


As has been stated, there is equal uncertainty as to which element 0, Os, or 
Ns is mainly responsible for aging. The fact that drastic deoxidation reduces aging 
might indicate that Oa is the main factor. However, in the amounts present in 
ordinary steel Oa does not give rise to marked quench aging effects in the absence 
of C and Ns, although it appears to cause some strain aging effects.***** Possibly 
the part of Oa in quench aging (somewhat similar to that of P) is to change the 
solubility of C and possibly of Na in ferrite. 

In studying the embrittlement of structural steel in galvanizing^* the evidence 
pointed to Ns, particularly in the presence of P as a cause of aging. Steels in 
which strain lines can be revealed by Pry etching have been considered more 
susceptible to aging embrittlement** and apparently the strain lines are mainly 
revealed because of the precipitation of Nt.*^ P probably contributes to aging and 
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embrittlement through its general effect in lowering the impact resistance and in 
altering the solubility of C and N, in ferrite. Precipitation and aging appear to 
occur more readily in coarse grain steel» although stretcher strains appear more 
prominently in fine grain steel. Similarly, it has been observed that precipitation 
of carbides occurs more readily in coarse grained 18-8 stainless steel than in fine 
grained 18-8 » 

Davenport and Bain“ have recently concluded that quench aging in commercial 
low carbon steels is mainly due to carbon, while strain aging is mainly due to 
oxygen. Electrolytic iron high in oxygen and low carbon steel low in oxygen were 
quench aged as shown in Fig. 11. The effect of the carbon on the hardness is 
strikingly shown as well as the absence of effect of the oxygen. 

Pig. 12 shows the effect of strain aging of low and high oxygen steels as pre¬ 
aged before cold working. The effect of the oxygen content is marked while the 
carbon seems to have little if any effect on this type of aging. 
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SJVJ). STEEL SPECIFICATIONS 


Fe 3601 


S. A. E. Steel Specifications'^ 

A numerical index system is used to identify the compositions of the S.AJB. steels 
that are partially descriptive of the composition of material covered by such num¬ 
bers. The first digit Indicates the type to which the steel belongs; thus “1-** indicates 
a carbon steel; **2-’* a nickel steel, and ''3-” a nickel chromium steel. In the case of 
the simple alloy steels the second digit generally indicates the approximate per¬ 
centage of the predominant alloying element. Usually the last two or three digits 
indicate the average carbon content in “points”, or hundredths of 1%. Thus “2340” 
indicates a nickel steel of approximately 3% nickel (3.25-3.75) and 0.40% carbon 
(0.35-0.45); and “71360” indicates a tungsten steel of about 13% tungsten (12-15) 
and 0.60% carbon (0.50-0.70). 

In some instances, in order to avoid confusion it has been found necessary to 
depart from this system of identifying the approximate alloy composition of a steel 
by varying the second and third digits of the number. An instance of such de¬ 
parture is the steel numbers selected for several of the corrosion and heat resisting 
alloys. 

ITie basic numerals for the various types of SAFI, steel are: 


Type of Steel Numerals (and Digits) 

Carbon Steels.Ixxx 

Plain Carbon.lOxx 

Free Cutting (Screw Stock).llxx 

Free Cutting, Manganese.X13xx 

High Manganese .T13xx 

Nickel Steels .2xxx 

0.50% Nickel.20xx 

1.50% Nickel.21xx 

3.50% Nickel.23xx 

6.00% Nickel.25xx 

Nickel Chromiiun Steels.3xxx 

1.25% Nickel, 0.60% Chromium.31xx 

1.75% Nickel, 1.00% Chromium.32xx 

3.50% Nickel, 1.50% Chromium.33xx 

3.00% Nickel, 0.80% Chromium..34xx 

Corrosion and Heat Resisting Steels.30xxx 

Molybdeniun Steels.4xxx 

Chromium.41xx 

Chromium Nickel.43xx 

Nickel .46xxand48xx 

Chromium Steels.5xxx 

Low Chromium.51xx 

Medium Chromium.52xxx 

Corrosion and Heat Resisting.51xxx 

Chromium Vanadium Steels...6xxx 

Tungsten Steels .7xxxand7xxxx 

Silicon Manganese Steels.9xxx 


Prefixes 

The prefix **X** Is used In several Instances to denote variations In the range of manganese, 
sulphur or chromium. 

The prefix **T'’ is used with the Manganese Steels (1300 Series)) to avoid confusion with steels 
of somewhat different manganese range that have been Identified by the same numerals but with¬ 
out the prefix. 


*Copyrlghted, 1938, by Society of Automotive Engineers, Inc. 
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• 

Carbon Steels 



S.A£. 

Carbon 

Manganese 

Phosphorus 

Sulphur 

No. 

Range 

Range 

Max. 

Max. 

1010 

0.05-0.15 

0.30-0.60 

0.045 

0.055 

1015 

0.10-0.20 

0.30-0.60 

0.045 

0.055 

X1015 

0.10-0.20 

0.70-1.00 

0.045 

0.055 

1020 

0.15-0.25 

0.30-0.60 

• 0.045 

0.055 

X1020 

0.15-0.25 

0.70-1.00 

0.045 

0.055 

1025 

0.20-0.30 

0.30-0.60 

0.045 

0.055 

X1025 

0.20-030 

0.70-1.00 

0.045 

0.055 

1030 

0.25-0.35 

0.60-0.90 

0.045 

0.055 

1035 

0.30-0.40 

0.60-0.90 

0.045 

0.055 

1040 

0.35-0.45 

0.60-0.90 

0.045 

0.055 

X1040 

0.35-0.45 

0.40-0.70 

0.045 

0.055 

1045 

0.40-0.50 

0.60-0.90 

0.045 

0.055 

X1045 

0.40-0.50 

0.40-0.70 

0.045 

0.055 

1050 

0.45-0.55 

0.60-0.90 

0.045 

0.055 

X1050 

0.45-0.55 

0.40-0.70 

0.045 

0.055 

1055 

0.50-0.60 

0.60-0.90 

0.040 

0.055 

X1055 

0.50-0.60 

0.90-1.20 

0.040 

0.055 

1060 

0.55-0.70 

0.60-0.90 

0.040 

0.055 

1065 

0.60-0.75 

0.60-0.90 

0.040 

0.055 

X1065 

0.60-0.75 

0.90-1.20 

0.040 

0.055 

1070 

0.65-0.80 

0.60-0.90 

0.040 

0.055 

1075 

0.70-0.85 

0.60-0.90 

0.040 

0.055 

1080 

0.75-0.90 

0.60-0.90 

0.040 

0.055 

1085 

0.80-0.95 

0.60-0.90 

0.040 

0.055 

1090 

0.85-1.00 

0.60-0.90 

0.040 

0.055 

1095 

0.90-1.05 

0.25-0.50 

0.040 

0.055 


Free Cutting Steels 

No. 

Carbon 

Range 

Manganese 

Range 

Phosphorus 

Range 

Sulphur 

Range 

1112 

0.08-0.16 

0.60-0.90 

0.09-0.13 

0.10 -0.20 

X1112 

0.08-0.16 

0.60-0.90 

0.09-0.13 

0.20 -0.30 

1115 

0.10-0.20 

0.70-1.00 

0.045 max. 

0.075-0.15 ' 

1120 

0.15-0.25 

0.60-0.90 

0.045 max. 

0.075-0.15 

X1314 

0.10-0.20 

1.00-1.3U 

0.045 max. 

0.075-0.15 

X1315 

0.10-0.20 

1.30-1.60 

0.045 max. 

0.075-0.15 

X1330 

0.25-0.35 

1.35-1.65 

0.045 max. 

0.075-0.15 

X1335 

0.30-0.40 

1.35-1.65 

0.045 max. 

0.075-0.15 

X1340 

0.35-0.45 

1.35-1.65 

0.045 max. 

0.075-0.15 


Manganese Steels 

(See Note (a) for Silicon Content 

S.A.E. 

No. 

Carbon 

Manganese 

Phosphorus 

Sulphur 

T1330 

0.25-0.35 

1.60-1.90 

0.040 max. 

0.050 max. 

T1335 

030-0.40 

1.60-1.90 

0.040 max. 

0.050 max. 

T1340 

0.35-0.45 

1.60-1.90 

0.040 max. 

0.050 max. 

T1345 

0.40-0.50 

1.60-130 

0.040 max. 

0.050 max. 

T1350 

0.45-0.55 

1.60-130 

0.040 max. 

0.050 max. 
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Nickel Steels 

See Notes (a) and (b) for Silicon, Phosphorus and Sulphur Content 


S Jl j:. No. 

Carbon 

Manganese 

Nickel 

2015 

0.10-0.20 

0.30-0.60 

0.40-0.60 

2115 

0.10-0.20 

0.30-0.60 

1.25-1.75 

2315 

0.10-0.20 

0.30-0.60 

3.25-3.75 

2320 

0.15-0.25 

0.30-0.60 

3.25-3,75 

2330 

0.25-0.35 

0.50-0.80 

3.25-3.75 

2335 

0.30-0.40 

0.50-0.80 

3.25-3.75 

2340 

0.35-0.45 

0.60-0.90 

3.25-3.75 

2345 

0.40-0.50 

0.60-0.90 

3.25-3.75 

2350 

0.45-0.55 

0.60-0.90 

3.25-3.75 

2515 

0.10-0.20 

0.30-0.60 

4.75-5.25 


Nickel*Chromium Steels 

See Notes (a) and (b) 'for Silicon, Phosphorus and Sulphur Content 


SJVJg:.N0. 

Carbon 

Manganese 

Nickel 

Chromium 

3115 

0.10-0.20 

0.30-0.60 

1.00-1.50 

0.45-0.75 

3120 

0.15-0.25 

0.30-0.60 

1.00-1.50 

0.45-0.75 

3125 

0.20-0.30 

0.50-0.80 

1.00-1.50 

0.45-0.75 

3130 

0.25-0.35 

0.50-0.80 

1.00-1.50 

0.45-0.75 

3135 

0.30-0.40 

0.50-0.80 

1.00-1.50 

0.45-0.75 

3140 

0.35-0.45 

0.60-0.90 

1.00-1.50 

0.45-0.75 

X3140 

0.35-0.45 

0.60-0.90 

1.00-1.50 

0.60-0.90 

3145 

0.40-0.50 

0.60-0.90 

1.00-1.50 

0.45-0.75 

3150 

0.45-0.55 

0.60-0.90 

1.00-1.50 

0.45-0.75 

3215 

0.10-0.20 

0.30-0.60 

1.50-2.00 

0.90-1.25 

3220 

0.15-0.25 . 

0.30-0.60 

1.50-2.00 

0.90-1.25 

3230 

0.25-0.35 

0.30-0.60 

1.50-2.00 

0.90-1.25 

3240 

0.35-0.45 

0.30-0.60 

1.50-2.00 

0.90-1.25 

3245 

0.40-0.50 

0.30-0.60 

1.50-2.00 

0.90-1.25 

3250 

0.45-0.55 

0.30-0.60 

1.50-2.00 

0.90-1.25 

3312 

Max. 0.17 

0.30-0.60 

3.25-3.75 

1.25-1.75 

3325 

0.20-0.30 

0.30-0.60 

3.25-3.75 

1.25-1.75 

3335 

0.30-0.40 

0.30-0.60 

3.25-3.75 

1.25-1.75 

3340 

0.35-0.45 

0.30-0.60 

3.25-3.75 

1.25-1.75 

3415 

0.10-0.20 

0.30-0.60 

2.75-3.25 

0.60-0.95 

*3435 

0.30-0.40 

0.30-0.60 

2.75-3.25 

0.60-0.95 

3450 

0.45-0.55 

0.30-0.60 

2.75-3.25 

0.60-0.95 


Molybdenum Steels 

See Notes (a) and (b) for Silicon, Phosphorus and Sulphur Content 


S.AJJ. 

No. Carbon Manganese Chromium Nickel Molybdenum 


4130 

0.25-0.35 

0.50-0.80 

X4130 

0.25-0.35 

0.40-0.60 

4135 

0.30-0.40 

0.60-0.90 

4140 

0.35-0.45 

0.60-0.90 

4150 

0.45-0.55 

0.60-0.90 

4320 

0.15-0i25 

0.40-0.70 

4340 

0.35-0.45 

0.50-0.80 

X4340 

0.35-0.45 

0.50-0.80 

4615 

0.10-0.20 

0.40-0.70 

4620 

0.15-0.25 

0.40-0.70 

^640 

0.35-0.45 

0.50-0.80 

4815 

0.10-0.20 

0.40-0.60 

4820 

0.15-0.25 

0.40-0.60 


0.50-0.80 


0.15-0.25 

0.80-1.10 


0.15-0.25 

0.80-1.10 


0.15-0.25 

0.80-1.10 

* 

0.15-0.25 

0.80-1.10 


0.15-0.25 

0.30-0.60 

1.65-2.00 

0.20-0.30 

0.50-0.80 

1.50-2.00 

0.30-0.40 

0.60-0.90 

1.50-2.00 

0.20-0.30 


1.65-2.00 

0.20-0.30 


1.65-2.00 

0.20-0.30 


1.65-2.00 

0.20-0.30 


3.25-3.75 

0.20-0.30 


3.25-3.75 

0.20-0.30 
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Chromium Steels 


See Note (a) for Silicon Content 


S.A.E. 

No. 

Carbon 

Range 

Manganese 

Range 

Phos¬ 

phorus 

Max. 

Sulphur 

Max. 

Chromiiun 

Range 

5120 

0.15-025 

0.30-0.60 

0.040 

0.050 

0.60-0.90 


0.35-0.45 

0.60-0.90 

0.040 

0.050 

0.80-1.10 

5150 

0.45-025 

0.60-0.90 

0.040 

0.050 

0.80-1.10 


025-1.10 

0.20-0.50 

0.030 

0.035 

1.20-1^0 



Chromium-Vanadium Steels 



See Notes (a) and (c) for Silicon, Phosphorus and Sulphur Content 

S.A.E. 

Carbon 

Manganese 

Chromium 

-Vanadium- 

No. 

Range 

Range 

Range 

Minimum 

Desired 

6115 

0.10-0.20 

0.30-0.60 

0.80-1.10 

0.15 

0.18 

6120 

0.15-0.25 

0.30-0.60 

0.80-1.10 

0.15 

0.18 

6125 

0.20-0.30 

0.60-0.90 

0.80-1.10 

0.15 

0.18 

6130 

0.25-0.35 

0.60-0.90 

0.80-1.10 

0.15 

0.18 

6135 

0.30-0.40 

0.60-0.90 

0.80-1.10 

0.15 

0.18 

6140 

0.35-0.45 

0.60-0.90 

0.80-1.10 

0.15 

0.18 1 

6145 

0.40-0.50 

0.60-0.90 

0.80-1.10 

0.15 

0.18 

6150 

0.45-0.55 

0.60-0.90 

0.80-1.10 

0.15 

0.18 

6195(c) 

0.90-1.05 

0.20-0.45 

0.80-1.10 

0.15 

0.18 


Tungsten Steels 

See Notes (a) and (d) for Silicon, Phosphorus and Sulphur Content 


No. 

Carbon 

Manganese 

Chromium 

Tungsten 

71360 

0.50-0.70 

0.30 max. 

3.00-4.00 

12.00-15.00 

71660 

0.50-0.70 

0.30 max. 

3.00-4.00 

15.00-18.00 

7260 

0.50-0.70 

0.30 max. 

0.50-1.00 

1.56- 2.00 


Silicon-Manganese Steels 

See Note (b) for Phosphorus and Sulphur Content 
No. Carbon Manganese Silicon 

9255 0.50-0.60 0.60-0.90 1.80-2.20 

9260 0.55-0.65 0.60-0.90 1.80-2.20 


Corrosion and Heat Resisting Alloys 

See Note (e) for Silicon, Phosphorus and Sulphur Content 

No. 

Carbon 

Manganese 

Chromium 

Nickel 

30905 

0.08 max. 

0.20-0.70 

17.00-20.00 

8.00-10.00 

30915 

0.09-0.20 

0.20-0.70 

17.00-20.00 

8.00-10.00 

51210 

0.12 max. 

0.60 max. 

11.50-13.00 


X51410 

0.12 max. 

0.60 max. 

13.00-15.00 


51335 

0.25-0.40 

0.60 max. 

12.00-14.00 


51510 

0.12 max. 

0.60 max. 

14.00-16.00 


51710 

0.12 max. 

0.60 max. 

16.00-18.00 



Notes for Tables of Chemical Composition 

Note (a). Silicon range of all S.A.E. basic open hearth alloy steels shall be 0.15-0.30%. For 
electric furnace alloy steels and acid open hearth alloy steels, the silicon content shall be 
0.15% xnln. 

Note (b). Phosphorus and sulphur in all S.A.E. nickel steels, nickel-chromium steels, molybde¬ 
num steels and silicon-manganese steels shall be 0.040% max. and 0.060% max. respectively. 

Note (c). Phosphorus In all S.A.E. chromium-vanadium steels shall be 0.040% max. except 
In No. 6105, which shall be 0.030% max. Sulphur In all S.A.B. chromium-vanadium steels shaU be 
0.050% max. except in No. 6105, which shall be 0.035% max. ' 

Note (d). Phosphorus and sulphur In aU 8.A.E. tungsten steels shall be 0.035% and 0.040% 
max. respectively. 

Note (e). Silicon shaU be 0.50% max. except in alloys 30006 and 30015, which may be 0 75% 
max. Phosphorus shall be 0.030% max. in all corrosion and heat resisting alloys. Sxilphur shall 
be 0 . 0 '»n% max. In all except In the free cutting alloy X51410, which shall be In the range 
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STAINLESS STEEL TYPE NUMBERS AND ANALYSES 


Fe 3602 


Stainless Steel Type Numbers and Analyses 

(Revised Mar. 15» 1938) 


Type 





No. 

Carbon 

Chromium 

Nickel 

Other Elements 

30IX 

.10-.20 

16 00-17.50 

7.00- 8.50 


•302 

Over .08-.20 

17.50-19.00 

8 00- 9 00 


302B 

Over 08-.20 

17.50-19.00 

8 no- 9.00 

81 2.00-3.00 

•303 

.20 Max. 

17.50-19.00 

8.00- 9.00 

8 or Se .07 Min or Mo 


' 


.60 Max 

X304 

.08 Max. 

17.50-19.00 

8.00- 9.00 


•305 

Over .08*.30 

18.00-20.00 

9.00-10.00 


x306 

.08 Max. 

18.00-20.00 

9 00-10.00 


•307 

Over .08*.20 

20.00-22.00 

10.00-12 00 


X308 

.08 Max. 

20.00-22.00 

10.00-12 00 


309 

.20 Max. 

22.00-26.00 

12.00-14.00 


310 

.25 Max. 

24.00-26.00 

19.00-21.00 


311 

.25 Max. 

19.00-21.00 

24.00-26.00 


312 

.25 Max. 

27.00-31.00 

8.00-10.00 


315 

.15 Idax. 

17.00-19.00 

7.00- 9.50 

Cu 1.00-1.50 

Mo 1.00-1.50 

X316 

.10 Max. 

16.00-18.00 

14.00 Max. 

Mo 2.00-3.00 

317 

.10 Max. 

18.00-20.00 

14.00 Max. 

Mo 3.00-4.00 

321 

.10 Max. 

17.00-20.00 

7.00-10.00 

T1 Min 4x0 

325 

.25 Max. 

7.00-10.00 

19.00-23.00 

Cu 1.00-1.50 

327 

.25 Max. 

25.00-30.00 

3.00- 5.00 


329 

.10 Max. 

25.00-30.00 

3.00- 5.00 

Mo 1.00-1.50 

330 

.25 Max. 

14.00-16.00 

33.00-36.00 


343 

Over .25 

12.00-16.00 

12.00-16.00 

W3.00 

347 

.10 Max. 

17.00-20.00 

8.00-12.00 

Cb 10 X 0 

403 

.12 Max. 

11.50-13.00 


Turbine Quality 

409 

.08 Max. 

11.50-13.50 


A1.10-.20 

406 

.12 Max. 

12.00-14.00 


A1 4.00-4.50 

410 

.12 Max. 

10.00-13.50 



414 

.12 Max. 

10.00-13.50 

2.00 Max. 


416 

.12 Max. 

12.00-14.00 


8 or Se .07 Min or Mo 




.60 Max 

418 

.12 Max. 

12.00-14.00 


W 2.50-3.50 

420 

Over .12 

12.00-14.00 



420F 

Over .12 

12.00-14.00 


S or Se .07 Min or Mo 





.60 Max 

430 

.12 Max.' 

14.C0-18.O0 



430P 

.12 Max. 

14.00-18.00 


8 or Se .07 Min or Mo 





.60 Max 

431 

.19 Max. 

14.00-18.00 

2.00 Max. 


434A 

.12 Max. 

14.00-18.00 


Si 1.00 Cu 1.00 

438 

.12 Max. 

16.00-18.00 


W 2.50-3.50 

439 

.50-.65 

8.00 


W 8.00 

440 

Over .12 

14 00-18.00 



441 

Over .15 

14 00-18.00 

2.00 Max. 


442 

.35 Max. 

18.00-23.00 



446 

.35 Max. 

23.00-30.00 



501 

Over .10 

4.00- 6 00 



502 

.10 Max. 

4.00- 6 00 




*No specified composition limits within the above ranges may be placed on these Types, except 
earbon may be specified to a four point range within the above limits. 

Where definite carbon content .11 or under is specified for Types 302, 305 and 307, the price of 
Types 304. 306 and 308 respectively apply. 

xin these types manufacturers may accept specifications and furnish material with a guaranteed 
earbon content of .08 maximum. 

Issued by the American Iron and Steel Institute, New York. 
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Cast Iron 

By Hyman Bomstein* and J. W. Boltonf 


1—Definitions and Commercial Classification—Cast irons are alloys of iron con¬ 
taining so much carbon that, as cast, they usually are not appreciably malleable at 
any temperature. (See below the paragraph on “Graphitic Steels”.) Usually from 
1.7-4.5% carbon is present and in most cases an important percentage of silicon. 
Because of the low melting point, fluidity, and simplicity of melting and casting 
practices, cast irons are readily made into useful shapes through casting processes 
and by machine cutting operations. 

All cast irons are eutectiferrous alloys and are classified as follows: 

1. Pig Iron 

2. White cast Iron 

3. Malleable cast iron 

4. Gray cast iron 


^ Lining. 


Pig /ron—Pig iron is the product of the blast furnace and is made by the reduc¬ 
tion of iron ore. With the exception of direct metal, pig iron is either remelted and 

cast (producing gray and white irons), or it 
is reflned in the steel making processes. 
(Some special pig irons are blast furnace 
products diluted in carbon and silicon con¬ 
tent by the addition of molten steel to the 
molten blast furnace product.) 

White Cast /ron—White cast iron con¬ 
tains carbon in the combined form. The 
presence of cementite or iron carbide 
(FeaO makes this metal hard and brittle. 
White iron may be further classed accord¬ 
ing to the process. Chilled white cast iron 
is produced by casting the iron against 
metal chills. Such iron when cast in a sand 
mold may be gray iron, but the chills cause 
rapid cooling, thus forming cementite. 
White cast iron for malleable irons may be 
produced by adjusting the composition; a 
low silicon and carbon content produces a 
white or cementite fracture. 

Beside chilled irons and white irons 
for malleable cast iron manufacture, irons 
white throughout as cast are used for spe¬ 
cial purposes, particularly for resistance to 
wear and abrasion. To get maximum hard¬ 
ness, alloys are usually incorporated—both 
to promote the formation of the cementite 
and to increase the hardness of the matrix. 
(See Section VII, Alloy Cast Irons, p. 626.) 
floor level Special white iron rods are used for weld¬ 
ing white iron layers onto various ferrous 
metals. The very high (25% and up) chro- 
cupoia (Dr. mium cast irons, used for their corrosion 
resistance are white irons, properly speak- 
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Fig. l~<43ectlonal 
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ing, but are little harder than some gray irons. 

Malleable Cast /ron—This term is applied to castings in which all the combined 
carbon in a special white cast iron has been changed to free or temper carbon (or 
temper graphite) by suitable heat treatment. See the article in this Handbook 
on “Malleable Cast Iron.” 

Gray Cast Iron—Gray cast irons are cast irons which as cast have combined 
or cementitic carbon not in excess of an eutectoid percentage—the balance of the 
carbon occurring as graphite flakes. The term “gray iron” is derived from the char¬ 
acteristic gray fracture of this metal. 


^Metallurgist, Deere is Co., Moline, HI. 
tMetallurgist, The Lunkenheimer Co., Cincinnati. 
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The great majority of castings designated as cast iron castings are gray iron 
castings. Excellent casting properties, ready machinability, and a wide range of 
strengths from which selection can be made together with other useful properties, 
promote good ultimate economy and explain the wide useage of this material where 
high d^mamic stress resistance and high shock resistance are not governing factors 
in selection. 

Gray cast irons are alloys of iron, carbon and silicon. Alloys (such as nickel, 
chromium, molybdenum) may be added to modify and sometimes to enhance desir¬ 
able properties. Matrix structure usually is largely pearlitic. By suitable heat treat¬ 
ments, by alloy additions and by other means, various other matrix structures can 
be produced—ferrite, martensite, or austenite—as may be desired. 

5emisfee^—The term semisteel is now obsolete and is no guarantee of any 
specific and useful property in the metal. 

Pearlitic Irons—Pearlitic iron is cast iron with a pearlitic matrix. So defined, 
any iron containing from 0.60-0.90% combined carbon is a pearlitic iron. 

High Strength Iro?i—The term high strength Irpn has no definite meaning- 
in some circles it indicates metal over 40,000 psl. tensile strength, while some metal¬ 
lurgists regard only metal over 50,000 psi. tensile as high strength cast iron. In 
description and specification the specific class intended should be designated. (See 
Section IX. Classification of Gray Cast Irons.) 

Austenitic Cast Irons—These are gray cast irons containing sufficient and suit¬ 
able alloy content to lower the eutectoid transformation temperature below atmos¬ 
pheric temperatures. This results in retention of an austenitic matrix, with graphite 
flakes dispersed throughout. Nickel is the commonly used alloy for this purpose. 
Copper, chromium and molybdenum may be used to abet the action of nickel, or to 
modify the properties of both. Austenitic cast irons possess imusual magnetic and 
corrosion resistance properties. (See Section VII and XIII). 

Graphitic Steels—An ultimate stable state in the iron carbon alloys (including 
both steels and cast irons) is reached when all the carbon occurs as graphite. That 
means by suitable choice of treatment and composition the carbide of any carbon 
alloy apparently can be graphitized. The fundamental definition of a cast iron is 
“an eutectiferrous alloy of iron and carbon”. In pure iron carbon alloys that region 
above 1.7% carbon is within the eutectiferrous range. Various additions (notably 
of silicon) shift the eutectic concentration. For example, with 2.0% silicon the lower 
limit of the cast irons is somewhere around 1.1% carbon. Whether an alloy is a 
true graphitic steel or a special cast iron can be ascertained by application of the 
principle cited above. It may be noted that some of the lower carbon white irons 
(approaching the steel series) have appreciable malleability at temperatures well 
above the eutectoid and that cast irons and graphitic steels (when graphite is in 
nodular form) have definite ductility. 

Alloy Cast Iron^The term alloy cast iron is used to designate irons to which 
allosdng elements, such as nickel, chromium, and molybdenum have been pur¬ 
posely added. 


n—Manufacture and Uses of Cast Iron 

Gray Iron (Cupola Practice)—The major portion of the gray iron produced in 
this country is melted in the cuiiola furnace. The cupola is a vertical, cylindrical 
type of furnace consisting of a steel shell lined with fire brick (Fig. 1). The furnace 
is charged through a charging door which is located 15-20 ft. above the bottom 
plate. At the lower end of the furnace is the wind box, or air chamber, as shown 
in the diagram. Air enters the cupola through the tuyeres. The cupola is a simple 
and an economical melting unit because the fuel and the metal are in intimate 
contact with each other. 

Fuel, metal, and flux are charged through the charging door of the cupola. 
Coke is charged first and the initial charge is known as the bed charge. Iron is 
then charged upon the coke. Alternate layers or charges of coke and iron are 
introduced into the cupola. Where flux is used it is charged on the coke. The coke 
bed is ignited by means of kindling wood or an oil torch. The bed charge or coke 
usually extends from 28-50 in. above the top of the tuyeres. 

The charge of iron depends upon the capacity of the cupola. The cupola 
sizes are referred to as the inside diameter of the lining of the cupola. Cupolas 
may range in size from 18 in. dia. inside the lining to over 100 in. The size used 
for ordinary commercial practice varies from 42-84 in. in dia. The rated capac¬ 
ities on these sizes are from 5-25 tons of metal melted per hour. 
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The amount of metal charged into the cupola varies considerably, due to local 
conditions and opinion. Following are sizes of charges which are used in some 
foundries for various size cupolas: 


48 In. 
60 in. 
73 In. 


.1500 lb. 
.2000 lb. 
.3000 lb. 


The size of charges may vary considerably from the fig^es given, but still be 
considered good practice. 

The quantity of coke used depends upon the quantity of metal charged. The 
bed charge is a definite height above the tuyeres. Consequently, this portion of the 
coke goes in by volume instead of by weight. The succeeding charges of coke are 
in direct proportion to the metal charged. This proportion varies from one part of 
coke to 7-12 parts of iron. 

The metal charged into the cupola consists of gray iron scrap and pig iron. 
Steel scrap is also used where strength of the finished casting is important. The 
proportions of gray iron scrap, pig iron, and steel scrap are governed by the type 
of castings. It is customary to find considerable difference in mixture of metal used, 
even among foundries making the same class of work. 

Limestone is used as a flux in cupola operation. The purpose of the flux is to 
form a slag with the dirt, impurities in the metal, and the coke ash. Fluorspar 
(calcium fluoride) is sometimes used as a fluxing agent in combination with the 
limestone. The purpose of the fluorspar is to thin the slag and also to aid in the 
removal of sulphur, although correct proportions of limestone will insure a fluid 
slag and some sulphur removal. Various forms of soda ash are used as fluxes, 
particularly in the ladle. Intelligent slagging improves the quality of the iron. 

The air is introduced into the cupola through the tuyeres. The volume of air 
Introduced is important and governs the melting rate of the cupola. The air is 
used in the combustion of the coke, which in turn melts the iron. In most foundries 
about 30,000 cu.ft. of air are used to melt 1 ton of iron. If this figure is greatly 
exceeded there is a possibility of wild iron, due to excess air. Under ordinary condi¬ 
tions the blast pressure will vary from 8-20 oz., depending on the cupola height, 
number of charges, and character of charged stock. Some of the larger production 
foundries have increased blast pressure, in order to obtain greater capacity from 
the cupola, so that blast pressures in the neighborhood of 30 oz. are used. 

Devices are available which permit control of the weight of air entering the 
cupola. This method is more accurate from the standpoint of control than is the 
measurement of the air volume. 

The metal mixture entering the cupola is governed by the composition of the 
metal desired for the finished castings. Pig iron is the base of the charge. Charges 
are seldom made up entirely of scrap. Since the pig iron is of known composition, 
the greater the amount of pig iron and the smaller the amount of purchased scrap, 
the more uniform will be the composition of the resulting castings. For high grade 
castings such as automobile cylinders, the percentage of pig iron is about 35-45% 
of the charge, while for castings such as sash weights practically no pig iron will be 
used. 

Summary of Cupola Furnace Data for Gray Iron—The following figures are 
given for normal operations of a cupola. Cupola practice varies considerably, and 
consequently the figures shown are only given as a guide. Wider limits beyond 
these figures may be used, and may still be consistent with good practice. 


Area of melting zone of cupola in square Inches multiplied by 0.75 gives a suitable weight in 
pounds for iron charge. 

One pound of coke li required to melt 8 lb. of iron, figuring coke both In bed and between 
charges. 

125 cu.ft. of air are needed to bum 1 lb. of ordinary ooke to carbon dioxide. 

Approximately 30.000 cu.ft. of air are required per ton of metal melted. 

Melting 8 lb. of Iron per sq-in. of cupola area per hour is considered a normal melting rate. 

Tuyere area for a 38 in. oupola may be ^ the cupola area and for an 84 in. cupola it may 
bo ^ 0 , with other sises in proportion. 

Eleetrle Furnace During the past tew years there has been a steady 

incw»^ In the utilization ot electric furnace melting for cast Iron. This Is par> 
ticularly true in the production of special cast irons. The eleetrle fumaee lends 
to a degree of eontrol in respect to composition and temperature. In 
mniA la^ quantities of scrap, such as borings, can be utlllaed and a good 
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grade of castings produced. The lower cost of scrap metals for the electric furnaces 
helps to compensate for the excess melting cost as compared to the cupola. 

Two types of electric furnaces are in general use: (a) Three-phase direct arc» 
and (b) single phase indirect arc of the rocking type. Good results are reported 
from both types of furnaces. 

In some cases the electric furnace is used for the entire melting process while 
in other cases a duplex method is used. In the duplex method ail or part of the 
charge is melted in the cupola and the molten metal is refined and superheated 
in the electric furnace. Additions of alloys and steel may be made to the metal 
in the electric furnace. For steady production the duplex method is usually more 
economical, due to the low melting cost in the cupola. 

Air Furnace MeZttnflr—The air furnace (see article on Malleable Cast Iron) 
is used to a limited excent in the production of gray iron castings. It is frequently 
used for the higher strength cast irons. The air furnace lends itself to accurate 
control of composition and higher pouring temperatures are obtained than with 
the cupola. 

Horizontal rotary furnaces (cylindrical in shape) fired with pulverized coal or 
oil are used to a considerable extent in Europe. Two well known furnaces of this 
type are the Brackplsberg and Sesci. The furnaces lend themselves to a good 
degree of control of composition and temperature. The use of these furnaces in the 
United States was small until about five years ago. During the past five years 
a number of these furnaces have been installed for gray iron, special white iron, 
and white iron for malleable castings. 

Uses—Gray Iron castings are used for a large variety of articles varying in 
weight from a fraction of a pound to several hundred pounds. A few of these 
uses are automobile cylinders and pistons, locomotive cylinders, agricultural machin¬ 
ery, machine tool castings, stove castings, car wheels, dies, engine frames and beds, 
flywheels, water pipe, soil pipe, and hardware. 

HI—White and Chilled Irons—White cast irons contain practically all their car¬ 
bon in the combined form, largely as free cementite (FesC) and as pearlite or one 
of its transition forms. The presence of a large amount of cementite makes the 
material quite hard and brittle. 

White cast iron, to be used as such, usually is produced by proper adjustment 
of composition. Low silicon content usually is required. Carbide stabilizing ele¬ 
ments such as chromium may be added. For methods used in producing white 
irons in the malleable industry, see the article in this Handbook on “Malleable 
Cast Iron.’* 

Completely white irons (plain carbon) have comparatively few engineering 
applications because of their usual brittleness. White iron surfaces on castings 
are desirable for combating certain types of abrasive wear. It is possible to produce 
castings with hard white iron exteriors and tough, strong gray iron cores. These 
castings, usually called chilled castings, may be produced in two ways: (a) By 
composition adjustment, and (b) by quick cooling by metal “chills.” The first 
method is frequently employed when all the casting surface is required to be chilled. 
The second method is used to produce localized hardness. 

In the first method the desired depth of chill may be obtained by the adjust¬ 
ment of silicon and carbon and other elements. With composition the same, the 
depth of chili depends largely on the cooling rate, hence la^er sections will show 
less depth of chill than smaller ones. 

In the ^ond method the depth of chill depends hot only on the composition 
and thickness of the casting, but also on the heat conductivity of the chills. This 
depends on the conductivity of the metal in the chill (usually cast iron), its initial 
temperature, and its thickness. It may be pointed out that irons chilled by chill 
blocks are of such composition that they would tie gray in fracture if cast into sand 
molds with equivalent section sizes. The hardness of the chill surface and the 
strength of the gray core can be increased by proper alloy additions. 

Among the more common chilled and white iron castings are plow shares, 
etiiUed rolls, chilled car wheels, balls, stamp shoes, dies, and weari^ plates of 
various sorts. 
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IV—Physical Constants* and Mechanical Properties 

Transformation Ranges —^The values given for transformation ranges are those 
determined by means of thermal phenomena exhibited on slow cooling. 

(1) The Initial Bolidiflcation point varies with the composition, and is lowered by an increase 
in carbon and silicon content. It may be as low as about 2066® in an iron of eutectic composi¬ 
tion, and as high as about 2500®F. In a white iron containing 2.00% carbon and 0.85% silicon, 

(2) The “Pinar* solidification, or eutectic solidification, occurs at 2066-2102®P., according to 
the composition of the metal. 

(3) Steadite formation occurs at about 1750-1800®F. 

(4) Transformation of austenite Nonmagnetic) to pearlite (magnetic) occurs at about 1325- 
1350®P. in most slowly cooled commercial irons. 

Contraction and Expansion —Patternmaker's rules allow % in. per ft for linear 
contraction of gray iron, and A-^ in. per ft. for white iron ('^ in. per ft. is about 
1%). This often is found inaccurate in practice, and due allowance must be made 
for mass, composition, effects of shape, mold, and core. Generally speaking, con¬ 
traction lessens with increase in mass and increases with increase (in gray irons) 
in tensile strength. 

Three contraction phenomena are exhibited during the cooling of a cast iron 
from molten state to room temperature: (a) In the liquid, (b) during solidification, 
and (c) subsequent to solidification. This is shown by the charts by Ash and 
Saeger, Fig. 2 and 3. These investigators found total linear contractions (2102®P. 
to room temperature) of about 0.67% for a highly ferritic gray iron to about 1.10% 
for irons of approximately pearlitic matrix. Typical white irons showed about 
2.0% total linear contraction over the same temperature range. In all cases a slight 
expansion was noted at 1958°P. 

Volume shrinkage during solidification ranged from negative shrinkage in 
••soft” irons to 1.94% in an iron containing about 0.90% combined carbon. The 
white irons had 4.0-5.5% volume contraction in the same range. 

Coefficient of Expansion —The coefficient of expansion of gray irons in the range 
0-500'*C. (32-932°F.) is about 13 x lO"* per ®C. The expansion is about 10.5x 
10’« per ®C. in the range 0-100®C. (32-212®P.). The expansion varies some¬ 
what with the type of iron and is somewhat higher in the softer and higher carbon 

For the temperature range from 
1070®C. (1958°P.) to room temperature, the 
coefficient of expansion varies from 
0.0000092-0.0000169 per '’C. At room tem¬ 
perature the commonly used figure of 
0.000010 per **0. is sufficiently accurate for 
ordinary temperature changes. 

Density—The density (g. per cc.) of 
gray irons at room temperature varies 
from about 6.95 for open grained high 
carbon gray irons to 7.35 for close grained 
low carbon irons. Moldenke gives 7.69 as 
the density of a white iron. The density 
of liquid cast irons just above the final 
solidification temperature is about 6.23. 
The values for density may be converted 
into the weight in lb. per cu. ft. by multi¬ 
plying by the factor 62.428. A gray iron 
with density of 7.20 weighs about 450 lb. 
per cuit. 

Fluidity—The fluidity or “running qualities” of cast iron can hardly be con¬ 
sidered a physical constant, but it Is so Important from a foundry viewpoint that 
it is considered here. Generally speaking, the running qualities depend on (1) the 
degree of superheat and (2) the composition of the metal. Carbon and silicon pro¬ 
mote the running qualities of the metal. Contrary to general belief Spencer and 

*8td6tly speaking, the properties listed herewith are not **eonBtants,*’ hnt may vary con¬ 
siderably according to the composition and treatment of the irons. It is emphasized that the term 
cast iron denotes a whole series of alloys. 
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Fig. a-~8pecifio volume-temperature rela> 
tlon of a white cast Iron (Ash and Saeger, 
Trans.. A.F.A., 1932, p. 189). 

Fig. 3—Volume changes occurring in a 
typical gray oast iron (Ash and Saeger, Trans., 
A.P.A., 1982, p. 194). 
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Walding^ found that higher phoi^phorus content did not increase the running qual¬ 
ities aside from its influence on lowering the freezing point. Saeger and Ash* 
found that various metals '*run” better in diy sand molds than in green sand molds. 

Thermal ConducUvity-^The thermal conductivity is approximately 0.11 cal. per 
sq. cm. per *0. 

Electrical and Magnetic Properties-—Where high permeability, permanent mag¬ 
netism, or nonmagnetic properties are desired, the unique properties of cast iron 
may be used to good advantage. Various irons are needed depending on specifle 
services required. 

A thorough study of the electrical properties of cast iron has been made by 

H. J. Partridge (Carnegie Scholarship Memoirs, 1928). He states that the highest 
magnetic induction and permeability are obtained with cast iron which has been 
annealed. 

Tensile Properties—The tensile strength of gray cast iron made under good 
foundry practice may range from about 20,000 psi. for soft highly machinable classes 
to over 60,000 psi. for the strongest, as cast. By use of special heat treatments, small 
sections have been produced with tensile strengths above 100,000 psi. 

The tensile test is a reliable one for cast iron if reasonable care is taken to 
obtain proper alignment of the grips during the test (see also Section IX, *'Classi- 
fleation of Gray Cast Irons”). 

Gray cast irons do not show a true ^elastic limit” as do steels. Gray iron 
stress-strain diagrams are. curved practically from inception. Because of this, it is 
not possible to establish definite moduli of elasticity. The effective modulus of 
.elasticity at 25% of the xiltimate strength will range from about 12,000,000 for 
some of the weaker irons to over 25,000,000 for some of the higher strength irons. 
It has been shown that cast iron at room temperature can sustain a static load of 
80% of its tensile strength without perceptible creep. 

When stressed, all gray irons exhibit some plastic deformation or set. It is 
possible to remove all set at a given load by a few stressings to that load. For a 
given material, set Increases with load increments, but more rapidly than the load 
Increments. 

Transverse Tests (See also Section IX)—The transverse test is widely used for 
foundry control and specifications. In this test, the test bar is supported on knife 
edges and broken by a load applied midway between supports. The distance between 
supports is the “span.” Deflection at the center is measured. Usually the ultimate 
load in pounds and the ultimate deflection in inches are reported. Since the load 
and deflection depend on the span and size of section, as well as the material, 
the sizes of test bars and span are specified. Sometimes the results are calculated 
to “Modulus of Rupture” and the following formulas are used: 

2.646 xLS 

Round Bar - - Rectangular Bar 

D» 

where L Is span 

S Is ultimate or breaking load 
B Is width of bar 
H is height of bar 
D is diameter of bar 

There is no constant relationship between tensile strength and transverse 
modulus of rupture. The modulus of rupture is the higher of the two values and 
usually increases with increase in tensile strength, but not in the same ratio. 

Shear Strength—The shear test is of value in “exploring” a casting; that is, 
taking test pieces from the casting itself. The ratio of shear strength to tensile 
stren^h varies, and the ratio is higher for the weaker irons. On a series of tests 
covering irons of various tensile strength, the ratio of shear to tensile varied from 

I. 64 for the weakest iron (15,000-20,000 psi. tensile) to 1.01 for the strongest iron 
(55,000-60,000 psi. tensile). 

Compression Strength—Cast iron is much stronger in compression than in 
tension, On a series of tests covering many types of cast iron the compression 
strength ranged from 65,000-160,000 psi. The ratio of compression strength to 
tensile strength varied from about 4.5-1 for the weaker irons to 2.5-1 for the 
stronger irons. 


iW. H. Spencer and M. M. Waldlng, Effect of Soaking Time on fidltlal Temperature and 
Analysla of Cupola Melted Iron, Trans., A.F.A., 1931, v. 39, p. 913. 

•C, M. Saeger and B. J. Ash, Volume Changes of Cast Iron, Trans.. A.F.A., 1939. w. 40. p. ITS. 
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Hardness —^The Brlnell hardness test is a useful one for gray iron castings. 
The Rockwell test is also used, employing the B scale and the steel ball. In the 
*'as cast” condition commercial (nonalloy) gray iron castings will range from 130-210 
Brlnell hardness. The alloy cast irons will run higher and heat treated irons may 
run over 600 Brlnell hardness. Ordinary white irons will range from 321-534 
Brlnell while alloy white irons may run above 600. 

Endurance Limit—The endurance limit, or fatigue strength, appears to vary 
lineally with the tensile strength. Values for the endurance limit of from 0.4-0.6 
of the tensile strength are reported. The values for Endurance limit are not 
greatly reduced for temperatures up to 800®P. Above 1250®P. the endurance limit 
is as high as the tensile strength under prolonged steady load. 

Impact Resistance—Accurate information on impact or shock resistance was not 
available until recently. Por comprehensive data on a large number of irons, see 
“Report on Impact Testing of Cast Iron,” A.S.T.M., Preprint, 1933. In general the 
Impact resistance Increases with tensile strength, although this is not true in all 
cases. Cast irons of high phosphorus content are lower in impact resistance than 
lower phosphorus irons of equivalent tensile strength. 

General Comments on Engineering Properties of Gray Iron —Gray iron com¬ 
bines low melting and molding cost with ease of casting into intricate shapes, rigidity, 
great compressive strength, and ready machinability. 

Shrinkage defects often occur when a large section abruptly changes into a 
smaller section. When designing gray iron castings, uniform section sizes should be 
adhered to if possible. 

A close grained iron, low in total carbon, is the strongest, toughest and best 
finishing type of material. The structure and strength of gray irons are controlled 
by composition and cooling rate. The composition can be controlled in making up 
the charge. The cooling rate depends on section, size, and to a lesser degree 
upon pouring temperatures. Hence, castings of nonuniform section are inclined 
toward diversity in physical properties, and in the same section there is often 
some difference between the outside and the center of the section. Proper compo¬ 
sition will tend to minimize this latter variation. 

V—^Effects of Common Elements 

Carbon —Most commercial cast iron castings contain from 2.50-3.50% total 
carbon. This carbon may exist as free carbon or graphite (Pig. 4), as combined 
carbon or cementite (as found in free massive cementite) (Fig. 5), and the cemen- 
tlte lamellae of pearlite (Fig. 6), or in solution (as in molten iron and in austenite). 

Graphitic carbon is soft and nontenacious, and in gray iron is found as black 
flakes (Fig. 4). 

Cementite (a carbide of iron, Fe^C) is Intensely hard and possesses little duc¬ 
tility. Under certain conditions it may be decomposed into its constituents, iron 
and carbon. 

At ordinary room temperatures iron can hold only a few hundredths of a 
per cent carbon in solution. This solubility rather suddenly increases to about 0 85% 
at the As transformation temperature (approximately 1350®P., depending on compo¬ 
sition) , and there is further solubility increase as the temperature is raised. 

The structure of a given cast iron depends in a large degree on the amount, 
size, and distribution of the various forms of carbon. The amount denends upon 
the percentage in the charged metal and on the Influence of the melting process. 
The size and distribution of the various forms depends on the temperatures, time 
and other factors involved in the melting process, the rate that the metal is 
cooled from the molten condition, and of course, on the composition. These factors 
are discussed in detail in various later sections. 

SfHcon—Because of its action on the carbon, silicon is a very important element 
in gray iron metallurgy. It promotes and assists the decomposition of the combined 
carbon (in pearlitlc and massive cementite) to ferrite and graphite. In absence of 
silicon nearly all irons have a white (cementitic) fracture. In changing white iron 
to gray, silicon makes commercial production of gray iron practicable. For strong 
irons, Just sufficient silicon should be used to Insure decomposition of all massive 
cementite, but not enough to effect decomposition of the cementite in the pearlite. 
An excess decomposition of the pearlite to graphite and ferrite gives a weak, soft 
metal. 

Silicon also reduces the position of the eutectic some 0.30% carbon for each 
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per cent of silicon. This means that higher silicon pig irons are often lower in 
carbon than lower silicon irons. It is easier to produce low carbon cupola metal 
with higher silicon ranges. 

Afanpanese—Manganese in gray iron may assume two forms; Manganese car¬ 
bide, which is associated with iron carbide in pearlite; and manganese sulphide, 
which occurs as small slate colored inclusions throughout the metal. In ordinary 
commercial ranges, manganese has little effect on the mechanical properties of gray 
iron. About 0.30% of manganese above the amount theoretically required for 
combination with sulphur (which is 55/32 times the sulphur percentage) is necessary 
for mitigating the effects of that element. In most American irons sulphur runs 
from 0.06-0.12%, hence the usual range of manganese of 0.50-0.80% is sufficient. 

Sulphur occims largely as manganese sulphide, and rarely as iron sul¬ 
phide. Under proper operating conditions, sulphur does not seem to exert harmful 
effects on gray iron in amounts up to 0.16 or 0.18%, provided there are sufficient 
amounts of manganese present to prevent chill. In absence of sufficient manganese, 
sulphur has a marked stabilizing action on the cementite and promotes chill. 

Phosphorus—The phosphorus range in most American irons is from 0.10-0.90%. 
The irons from northern ores usually run low in phosphorus, and the irons from 
southern ores generally are in the higher percentage range. The phosphorus con¬ 
tent of many foreign irons is much higher than that of typical American irons. 
Practically all of the phosphorus is present in the component known as steadite, 
and its effects will be discussed in greater detail under that heading. 

VI—Structure of Cast Irons 

Structure of Gray Iron —Gray iron is essentially an iron, carbon, and silicon 
alloy. It may contain the following major structural components: Graphite, ferrite, 
and any of the products of the austenite-pearlite transformation. With high alloy 
content, austenite may be retained. With rather slow cooling and low alloy content, 
pearlite is found. The matrix of most commercial gray irons is largely pearlitic. 
Rapid cooling or the action of alloys or both may result in various transition 
pr(^ucts, such as sorbite, troostite, or martensite. **Free” or **massive” cementite is 
not foimd in gray irons. Steadite is foimd wherever phosphorus is present. Phos¬ 
phorus is found in practically all commercial gray irons. 

Pearlite and Ferrite—The carbon in gray iron occurs in two forms. The com¬ 
bined carbon forms pearlite as in steel. In gray iron one part of combined carbon 
by weight e^ves about 117 parts of pearlite by volume. As in steel, with low com¬ 
bined carbon the matrix is largely ferrite. However, in gray iron this ferrite has 
in it a large number of flakes of graphite, and a phosphorus-rich component known 
as steadite. With about 0.60-0.70% combined carbon (in low phosphorus irons), 
the matrix is nearly all pearlitic. As in steel, with other factors equal, the strength 
and hardness increase with increase in pearlite. Leaving transition forms out of 
consideration, the highest test irons are almost all pearlitic. The converse is not 
necessarily tnie. 

Graphite—The metallic matrix of gray irons is filled with thousands of curved 
fiakes of graphitic carbon. These flakes are soft and weak and are similar in 
crystalline make-up to natural graphite (plumbago). Graphite fiakes give gray iron 
its typical dark gray fracture and are responsible for its lack of appreciable ductility 
and the ease with which it cah be machined. By breaking up the matrix these 
fiakes lessen the strength of the iron. In fact their infiuence is so pronounced that 
it often overshadows all other factors controlling strength. Graphite flakes exert 
these effects according to their size, distribution, and amount. 

The flakes are much lighter than the matrix, hence they occupy more volume. 
Three per cent graphite by weight will account for somewhere around 12% by 
volume. This is one reason for the profotmd effect of graphite on the strength of 
gray iron. 

Large flakes usually indicate grain growth and slow cooling from casting tem¬ 
perature. This condition usually reduces the amount of pearlite, because of the 
decomposition of pearlite into graphite and ferrite. 

Smnming up, increasing graphite lowers strength, promotes softness and allows 
heavier roughing cuts. Highly graphitic castings contract less on cooling from 
casting. 

ffteodif^—Steadite, a structural component in cast iron containing phosphorus, 
is identified by certain white dendritic formations distributed throughout the metal. 
These formations sometimes form a loosely Joined network. The distribution of 




CAST mON 


625 


concentrated in the last portion of the 



Steadite consists of iron phosphide (FeiP) dissolved in iron, and of iron phos¬ 
phide. In irons of low phosphorus content (under 0.50%) some of the phosphorus, 
in the form of steadite, is in solid solution. In higher percentages much of the 
steadite consists of a cellular eutectic (Fig. 7), containing 10.2% phosphorus and 
89.8% iron. The melting point of this eutectic is about ISOOT. 

Free Cemenfife—White and mottled irons which have considerably over 0.70% 
combined carbon contain free cementite, which causes the metal to be hard and 
brittle. Small amounts of free cementite are present In some gray Irons. 
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Effects of Mass and Cooling Rate—It is well known that the more slowly a given 
gray iron casting cools from the time of pouring, the lower in strength and hardness 
it is likely to be. This is frequently referred to as effect of mass or effect of 
section size, whereas in truth it is more accurately termed effect of cooling rate. 

The more slowly a given iron is cooled through the graphitization range, the 
more complete the graphitization will be. Furthermore, on slower cooling there is 
greater opportunity for grain growth, including grain size and degree of lamination 
of pearlite and grain or flake size of graphitic carbon. These effects on the structure 
are reflected in the physical properties (Fig. 8) showing loss of strength with 
increase of section size. 

Changes in strength and structure with variation in section size are much less 
apparent in irons of comparatively low total carbon content. For example, a 2.75% 
carbon, 2.25 silicon iron with no alloys, when properly made, can be cast into a 
OA in. dia. test bar with no trace of chill and into a 3.0 in. dia. bar with pearlitic 
matrix having good strength and hardness maintained throughout. Quite frequently 
the intelligent use of alloys also is beneflcial in maintenance of uniformity in 
strength and hardness over a range of section sizes. 

General relationships of strength, structure, hardness, and section size are 
shown in Fig. 9. 

vn— Alloy Cast Irons and Typical Analyses of Alloy and Plain Iron Castings 

The term “alloy cast iron” is rather a loose term. All cast irons are xlloys. The 
term “alloy cast iron” is used for those cast irons containing such elements as 
nickel, chromium, and molybdenum, and which are added because of their effects 
on the physical properties. 

Alloy cast irons are frequently used for more severe service than are ordinary 
cast irons. In the manufacture of alloy steels, particular care is taken in the 
melting practice. Similarly in cast iron, the alloys should only be added to good 
irons to make them better, not to attempt to make a poor cast iron into a good one. 

Nickel Cast Iron—Nickel is usually added to gray cast iron in amounts from 
0.25-5.0% for general engineering applications. It is often added in combination 
with other alloying elements, such as chromium or molybdenum. Nickel additions 
influence machinabllity, texture, hardness, density, heat, and corrosion resisting 
properties, and resistance to wear. Nickel, like other alloying elements, must be 
used with care and discretion if economic benefit is to be derived from it. There 
is no universal formula for nickel cast iron, but each problem requires its own 
special prescription. 

Nickel acts as a graphitizer and does not form a carbide. It is generally without 
marked effect on the graphite structure or grain of gray iron. In small amounts, 

it will reduce chill and 
soften partially chilled 
iron by eliminating hard 
free carbide, thus pro¬ 
moting machinabllity. 
Larger amounts (over 
5%) harden iron by form¬ 
ing sorbite and even 
martensite (Pig. 10). Mar¬ 
tensitic irons offer im- 
usual properties in wear 
resistance and And appli¬ 
cation in such parts as 
gears, dies, cylinder 
blocks, and brake drums. 

The value of nickel 
in gray iron is primarily 
related to its effect on 
machinabllity. The use of 
nickel permits the pro¬ 
duction of castings which may be either harder, stronger, and of better structure 
with equal machinabllity in comparison with plain iron castings, or more readily 
machinable for the same hardness, strength, and structure. 


A 6 C D E 

Si £21 215 2AZ 214 239 

S 0 078 0 062 0 083 0 086 0 077 
P 0 54 066 a49 018 0 56 

Mn 0 59 048 0 57 0 74 0 59 

C 3 30 347 5 25 3 31 3 42 
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Nickel promotes density and freedom from porosity by permitting the use of 
low silicon without chill or hard spots appearing in light sections. Up to about 4%, 
nickel in iron of suitable base composition promotes uniformity of grain, hardness, 
and strength throughout sections of considerable or uneven thickness. 

The important relations between silicon content, structure, and machlnability 
are recognized by the foundryman. The machlnability may be indicated by the 
step bar test casting as shown in Fig. 11. The different steps of this test bar are 
fractured and examined and the hardness and combined carbon determined on the 
different sections. The effect of decreasing silicon content on chill is also shown 
in Pig. 11. In Pig. 12 is shown the effect of nickel in reducing chill. As the nickel 
is Increased the hardness and strength of the heavier sections increase slightly, 
whereas at the same time the lighter sections become progressively more gray and 
more machinable. 


As the amount of nickel is increased to from 10-18% there is a gradual change 
in structure to nonmagnetic gamma iron (austenitic) with corresponding important 
changes in properties. 

Irons of varying coefficient of expansion can be produced. Up to 6% nickel, 
the expansivity is slightly lower than that of plain cast iron. At about 20% nickel, 
the expansion is 50% greater than plain cast iron; between 20 and 36% the expan¬ 
sivity decreases. At 28-29% nickel, the expansion is the same as plain iron. Above 
36% the expansivity increases gradually so that at 45-50% the rate again parallels 
that of plain iron. 


Austenitic gray irons (Ni 14%, Cu 5.5, Cr 2-6, Si 2 and total C 3%) are practi¬ 
cally free from growth and are nonscaling at temperatures up to 1500®P. They 
are superior to ordinary gray irons in resisting the action of many acids, alkalis, 
salts, and other corrosive agents. 

The economic application of nickel to the production of specific castings requires 
a study of the individual problems. In Table I are shown some typical analyses 
of gray iron castings, including nickel iron castings. These are examples only and 
no attempt has been made to cover the entire field of alloy and nonalloy cast irons. 

Chromium Cast /ron—Chromium is essentially a carbide former in contrast to 
the graphite forming elements such as silicon and nickel. Chromium in sufficient 
amount increases the combined carbon and intensifies the chilling propensities of 
gray iron. Chromium iron double carbides are more stable than straight iron car¬ 
bides and graphitize less readily. 


One of the important 
of chromium is the 
addition of this alloying 
element to base irons 
where additional hardness 
or wear resistance is re¬ 
quired. For example, the 
base iron in a foundry may 
have a silicon content of 
2.25% and 3.40% total car¬ 
bon. This iron is suitable 
for the bulk of the castings 
produced, but not for some 
of the heavier castings and 
for some medium section 
castings where a maximum 
of wear resistance is re¬ 
quired. Additions of chro¬ 
mium, ranging from 0.40- 
1.00%, frequently are of 
considerable value. In 
heavy sections, the use of 
chromium helps to give a 
more uniform structure 
and tends to eliminate 
porosity. 



Fig. 10—The effect of nickel on the Brinell hardness of gray 
iron (arbitration bars). 


The approximate effect of chromium on a soft iron is as follows: 
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Chromium, % 

Structure 


0 

Ferrite and coarse graphite 

0.30 

Less ferrite and flner graphite and pearlite 

0.60 

Fine graphite and pearlite 

1.0 

Fine graphite and pearlite and small carbides 

3.0 

Graphite disappears 

5.0 

Much massive cementite 

10.0-30.0 

Fine cementite 


Chromium additions reduce the graphite carbon content, decrease the flake 
siae, and favor the formation of more flnely laminated and harder pearlite. For 
suitable base irons, these effects add to tensile strength, promote flner grain size, 
and increase hardness. The effects of chromium additions on the Brinell hardness 
and combined carbon content of gray iron is shown in Fig. 14. Above a certain 
maximum, usually about 1% chromium in soft irons of medium section, free carbides 
appear with resulting difficulty in machining. Unless graphitizing alloys such as 
nickel are added, 3% chromium irons usually have an entirely white fracture. 
Higher percentages of chromixun may be added to produce special purpose white 
irons, where freedom from scaling toughness or chill are desired. Considerable 
work is being done on cast irons with chromium contents from 15-35%, and very 
excdlent results have been secured in improving heat and corrosion resistance. For 
applications up to about 1300^F. (for service comparable to ordinary grate bars) 
the use of about 1%% chromium has been valuable in eliminating growth. 

Chromium increases the tensile strength at elevated temperatures and minimizes 
tendency to growth in cast iron. 

The carbide stability conferred by chromium is useful in gray iron heat treat¬ 
ment because the iron does not offset by excessive graphitization the advantages 
conferred by structural changes in the matrix. 

Nickel-Chromium Cast JroTt—Nickel-chromium gray cast irons are currently 
produced in a variety of compositions, suited to the particular casting or foundry 
problems for which they were designed. The range is generally not over 3.0% nickel 
and 1.0% chromium. Nickel and chromium are used together in gray iron pri¬ 
marily for the purpose of refining its structure and of hardening and strengthening 
it without Impairi^ its machinability. 


The addition of about 
4.5% nickel and 1.5% 
chromiiun to a chilled or 
white cast iron is being 
used to give an ex¬ 
tremely hard, tough, and 
strong product. The hard¬ 
ness of such a material 
will range from 600-750 
Brinell as against 380-530 
for corresponding grades 
of plain chilled or white 
iron. The strength is ap¬ 
proximately doubled and 
the toughness signlfl- 
cantly increased. 

Nickel and chromium 
are added to gray iron 
in the proportion to 
which they mutually neu¬ 
tralize each other in 
respect to chill. The re¬ 
sulting alloy iron will 
have the same chilling 
tendency as the plain 
iron to which the alloys 
were added, and castings 
made from it will be as 
readily machinable as 


217 brinell nerdncss 241 Bnneii Hardness 


^241 

262 fi 

Chill on CnKocKT??» i 

Chill on Cnill Block: 0 . 0 ' C 


1.13 Si 


2.83 Ni 


241 Brinell ttordness 

-- 

1.15 Si, 2.1 NI 



Fig. 11—Hardening gray iron by decreasing the silicon con¬ 
tent. The step bar test. 

Fig. 12—Hardening gray iron by adding nickel. The step 
bar test. 

Fig. 13—Hardening gray iron by nickel and chromium in 
balanced ratio, and comparison of Ni-Or with Ni cast iron. 
The step bar test. 


eastings made from the plain base Iron. At the same time the refining, matrix 
hardening, and strengthening effects of both alloys will be conserved and refiected in 
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the structure and properties of the casting. Fig. 13 and 15 illustrate the effects 
of adding nickel and chromium to gray iron. 

The usual ratio of nickel to chromium for additions to gray iron Is 2%-l. This 
ratio usually gives good results in respect to machinability and physical properties. 
Other ratios have been used with good results, the relative amounts of nickel and 
chromium depending on the base iron and the application. 

Nickel-chromium cast irons are used for castings where better structure, greater 
hardness, wear resistance or strength are required in machinable irons. The use 
of nickel and chromium is frequently more convenient than adding nickel alone, 
because it creates less disturbance in the foundry to add nickel and chromium to 
the regular base iron' than to change the cupola mix (in order to lower silicon 
content) and use nickel alone.# Nickel and chromium are frequently cheaper than 
additions of nickel alone. The usual amounts of nickel and chromiiun added to 
gray iron to harden and strengthen it vary within the following limits: 



Nickel, % 

Chromium, % 

Small addition . 

. 0.10>0.50 

0.10-0.25 

Medium addition . 

.. 0.75-1.50 

0.25-0.50 

Maximum addition . 

. 2.00-3.00 

0.57-1.00 


Typical examples of some nickel-chromium cast irons are shown in Table I. 

Molybdenum Cast /roTir—Molybdenum in cast iron forms both complex carbides 
and solid ferrite solution. As a carbide former it is much less drastic in its action 
than chromium. It may have a beneficial effect on the shape of the graphite flakes, 
causing them to be somewhat nodular in form, with consequent improvement in 
physical properties. 

The addition of molybdenum to a s'uitable gray cast iron increases tensile 
strength, transverse strength and defiection, and hardness. Molybdenum is usually 
added in quantities from 0.25-1.25%. It is the most effective alloying element added 
to gray cast iron to increase strength. Up to about 1.5% it increases tensile and 
transverse strengths. Above 2% there is a dropping off in strength (Pig. 16 and 17). 

Molybdenum is also used in combination with other alloying elements. For 
high strength irons, nickel and molybdenum are frequently used in combination. 
Molybdenum and chromium are also used. Another popular combination is molyb¬ 
denum, nickel, and chromium. 

A niunber of investigators report that molybdenum increases the wear resistance 
of cast iron (Fig. 18). 

The addition of molybdenum to cast iron promotes structural uniformity in 
heavy sections. As a result, good density, high Brinell hardness, and high strength 
are maintained throughout the cross section. 

Molybdenum retards 

3601 


the critical transforma¬ 
tions in both the liquid 
and solid state. This makes 
the volume changes less 
drastic and the rate of 
graphitization slower. Such 
effects help in heat treat¬ 
ing processes, also in the 
retention of strength and 
other properties at ele¬ 
vated temperatures. 

When properly used, 
suitable machinability is 
obtained with molybdenum 
cast iron. 

Vanadium Cast Irorv— 
Vanadium is added to cast 
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02 04 ae 08 10 
Per Cent Chromium 


12 Ni 0 0.39 0.72 0.41 0.39 

Cr 0 0.14 0.15 0 29 0 49 

Ratio NI to Cr. 0 2 7 4.8 1.4 0.8 

C 3.70 3.77 3.72 3.85 3.68 

Si 1.82 1.75 1 81 1.89 1.75 

Fig. 14--Effect of chromium on the hardness and combined 
carbon of gray iron (arbitration bars) (Trantin). 

Fig. 15->The Effect of Ni and Cr in different proportions 
on the combined carbon content of gray iron (Piwowarsky). 


iron in amounts varying from about 0.10 to about 0.50% 
are observed: 

(1) Interference with graphitization; that is, stabilization of cementlte. 

(2) Smaller graphite flakes and more uniform graphite distribution. 

(3) A tendency to p'.omote sorbitio structure. 

(4) Decreased grain size of matrix. 


The following effects 
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(5) Smaller, less pronounced, and less perfectly aligned dendrites in the surface layers ol 
chilled castings. Due to this and (1) above, greater depth, hardness, toughness, and wear re¬ 
sistance of chill result. 

( 6 ) Resistance of the carbide to decomposition at elevated temperatures. 

These results of vanadium additions are largely a carbide-stabilizing effect. 
Vanadium is the most powerful of the carbide forming elements. It lowers the 
eutectoid ratio more rapidly than any other element and gives evidence of form¬ 
ing carbides which are stable at moderately elevated temperature. 

Recent work on vanadium cast irons indicate that vanadium additions increase 
tensile strength, transverse strength, and hardness of gray cast iron. For many 
commercial applications the vanadium content ranges from 0.10-0.25%. Vanadium is 
also used in combination with other alloying elements such as nickel, chromium, 
and molybdenum. 

Titanium Cast fron—Titanium has a graphitizing influence on cast iron similar 
to silicon but stronger than that element in small amounts. Its addition causes 
an increase in ferrite formation and a decrease in the chilling tendency. Titanium 
has a refining action on the size of the graphite particles and this results in in¬ 
creased strength. The deoxidizing and scavenging effects of titanium on cast iron 
have been reported. Titanium has been used in combination with chromium with 
favorable results in regard to strength and machlnability and good results have 
been reported from the use of titanium with molybdenum and vanadium. 

Table I 

Typical Analyses of Some Commercial Gray Iron Castings 










Casting 

Total 

C 

Si 

Mn 

P 

S 

Nl 

Cr 

Mo 

Auto cylinder, plain iron. 

3.25 

2.25 

0.65 

0.15 

0.10 


• • • • 

• • • • 

Auto cylinder. Nl-Cr iron. 

3.25 

2.25 

0.65 

0.15 

0.10 

0.75 

0.30 


Auto cylinder, Ni-Cr iron, heavy duty. 

3.25 

1.00 

0.65 

0.15 

0.10 

1.75 

0.45 

.... 

Auto cylinder, Ni iron. 

3.25 

1.80 

0.65 

0.15 

0.10 

1.25 

... • 

.... 

Auto pistons, plain iron. 

3.35 

2.25 

0.65 

0.15 

0.10 

.... 

.... 

.... 

Auto pistons. Mo iron. 

3.35 

2.25 

0.65 

0.15 

0.10 

.... 


0.50 

General eastings (auto), soft iron. 

3.40 

2.60 

0.65 

0.30 

0.10 


.... 

.... 

Piston rings (auto), individually cast. 

3.50 

2.00 

0.65 

0.50 

0.06 


.... 

.... 

Brake drums (auto). 

3.30 

1.00 

0.65 

0.15 

0 08 

*1.25 

0.50 


Brake drums (auto). 

2.75 

2.25 

0.70 

0.15 

0.08 


.... 

0.50 

Cams . 

Machinery iron: 

3.10 

1.50 

0.65 

0.15 

0.10 

2.66 

0.60 


Light service or thin section. 

3.25 

2.25 

0.50 

0.35 

0.10 

.... 

.... 


Medium service or heavy section. 

3.25 

1.75 

0.50 

0.35 

0.10 




Heavy service with heavy section. 

Water pipe, sand cast: 

3.23 

1.25 

0.50 

0.35 

0.10 

.... 

.... 

.... 

Light and medium. 

3.60 

1 75 

0.50 

0.80 

0.08 

.... 

.... 

.... 

Heavy . 

3.40 

1 40 

0.50 

0.80 

0 08 


.... 

.... 

Chilled plow shares. 

3.60 

1.25 

0.55 

0.40 

0.10 

.... 

.... 

.... 

High strength iron, plain. 

2.75 

2.25 

0.80 

0.10 

0.09 

.... 

.... 


High strength iron, nickel. 

2,75 

2 25 

0.80 

0.10 

0 09 

1.00 

.... 

.... 

High strength iron. Mo. 

2.75 

2.25 

0 80 

0.10 

0.09 



0.35 

Heat resistant iron, fire pots, and kettles. 

3.50 

1.15 

0 SO 

0.10 

0.07 


.... 


Caustic pots, Nl-Cr. 

3.30 

0.70 

O.dO 

0.10 

0.08 

i ‘56 

0.60 


Caustic pots, plain. 

3.60 

1.00 

0.75 

0.20 

0.07 

.. . . 

.... 


Ingot molds ... 

3 50 

1.00 

0.90 

0.20 

0.07 

.. . • 


.... 

Car wheels . 

3.35 

0.65 

0.60 

0.35 

0.12 

.... 

.... 


Air cylinders, ammonia cylinders, plain iron. 

3.25 

1.25 

0.65 

0.20 

0.10 


.... 


Heavy compressor cylinders, nickel iron. 

3.00 

1.10 

0.80 

0.20 

0.10 

2.66 

.... 


Light compressor cylinders, Nl-Cr. 

3.30 

2.10 

0.55 

0.25 

0.10 

1.25 

0.45 

.... 

Light forming and stamping or forging dies, Ni-Cr iron. 

3 30 

1.50 

0.60 

0.20 

0.10 

2.00 

0.66 


Heavy forming and stamping or forging dies, Ni-Cr iron 

3.00 

1.25 

0.60 

0.20 

0.10 

2.75 

0.10 

.... 

Light forging dies. Mo iron. 

3.30 

2.00 

0.60 

0.20 

0.10 

• • • s 

• • • • 

1.00 

Heavy forging dies. Mo iron. 

3.10 

1.50 

0.60 

0.20 

0.08 

• • • • 

• . . . 

1.00 

Valves and fittings (medium). 

3.30 

2.00 

0.50 

0.35 

0.10 

.... 

.... 

.... 


Aluminum Cast /ron—Between 1.0 and 1.75% aluminum is effective in producing 
extreme hardness in the nitrided case of cast iron. A disadvantage is the fact that 
whon aluminum cast iron is poured, a tenacious oxide skin forms on the surface, 
getting thicker as the pouring proceeds, and Anally creating unsound places in 
the casting. 

Zirconium Cast Iron^-ln an iron of suitable composition, with low silicon, zir- 
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conium additions improve physical properties. In amounts from 0.10-0.30% zirco¬ 
nium deoxidizes cast iron and raises strength and resistance to impact. 

Copper Cast Iron —^During the past few years there has been a large increase 
in the use of copper in cast iron. The range is from 0.25-2.5% for engineering 
applications. In a number of commercial applications combinations of copper and 
chromium have been used, also copper and nickel. 

Vanadium cast iron is used for a number of purposes, the following analyses 
being typical: 


Casting 


*-^Per Cent-- 

Total 

C 81 Mn S P V Cr Nl 


Orate bars .. 3.68 1.72 0.63 0.09 0.43 0.14 . 

Locomotive cylinders . 3.47 1.54 o.63 0.10 0.49 0.13 . 

Forming dies . 3.40 1.30 0.60 0.08 0.23 0.12 . 

Steel mill rolls. 3.5O 1.10 1.20 0.10 0.20 0.35 1.85 4.00 

Bottle molds . 3.30 1.65 0.60 0.07 0.30 0.14 . 


VIII—High Strength Cast Irons—The term “High Strength Cast Iron” is usually 
employed to indicate cast irons ranging above 40,000 psi. in tensile strength. As this 
term is rather vague, a more desirable method of designating cast iron is to use the 
AJS.T.M. classifications shown in Section IX (see also definition in Section I). 

Rapid progress in the manufacture of high strength irons has been made in 
the past five years. Irons of 35,000 psi. tensile strength were considered high 
strength only^ a few years ago, while today many foundries are regularly producing 
irons above 50,000 lb. in tensile strength. Strengths in the neighborhood of 70,000 psi. 
may be obtained in the '*as cast” condition. 

It should be remembered that the higher strength irons are more difficult to 
produce and their cost is higher. Also the machinability is usually decreased with 
increased strength. Consequently these irons should not be specified except where 
extra cost is justified. 



Fig. 16—Effect of molybdenum on the properties of gray 
cast iron (Smith and Aufderhaar). 

Pig. 17—Effect of molybdenum on strength properties of 
cast irons (Musatti and Oalbiani). 

Pig. 18—^Amsler wear tests of cast iron (Musatti and 
Oalbiani). 


The size, shape, distri¬ 
bution, and quantity of 
the graphite in cast iron 
have a large infiuence on 
the strength of the iron, 
usually higher strength 
irons are low in total car¬ 
bon content. This is par¬ 
ticularly true in irons hav¬ 
ing tensile strengths above 
50,000 psi., the total carbon 
usually being 3% or under. 

In the cupola process 
a considerable quantity of 
steel is often used in the 
charge. Also, alloys may 
be used for machinability 
and strength. Therefore, 
alloying elements such as 
nickel, nickel-chromium, 
and molybdenum are fre- 
quently used in high 
strength irons. 

Following is the com¬ 
position of a cupola iron 
having a tensile strength 
of about 70,000 psi.: Total 
C 2.60%, Si 2.15%. S 0.08%, 
P 0.08%, Mn 0.70%, and 
Ni 1.10%. 


Another cupola iron having about the same strength had almost the identicM 
composition except that 0.35% molybdenum had been substituted for the nickel. 
Air furnace irons with minimum tensile strengths of 50,000 psi. may have the 
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following range of composition: Total C 2.75-3.00%, Si 1.80-2.20%, Mn 0.40-0.60%, 
S 0.05-0.08%, and P 0.14-0.18%. While this range of composition shows no alloying 
elements, such as nickel, many air furnace irons have substantial alloy contents. 

Electric furnace high strength irons may be made with or without alloys; the 
following iron had a tensile strength of about 55,000 lb. and a Brinell hardness of 
241 on the standard 1.20 in. dia. test bar: 

Total C 3.02%, Si 2.35%, S 0.09%, P 0.13%, Mn 0.80%, N 0.44% Cr 0.37%, 
and Mo 0.58%. 

These various examples have been given to show that high strength irons may 
be made in a number of ways. We are not restricted to any one melting method 
or one type of composition. However, the high strength irons require closer metal¬ 
lurgical control than do the common grades of cast iron. 

High strength gray irons can also be produced by heat treatment of white 
and gray irons. This is discussed in Section XIV on Heat Treatment. 

Afce^anifc—Meehanite is the trade name applied to cast irons in which the 
molten metal has been treated with calcium silicide. The metal may be melted in 
the air furnace, cupola, or electric furnace, and a large portion of scrap metal 
is usually employed. The composition is adjusted so as to produce a metal which 
would be a white iron in case the calcium silicide were not added. Calcium silicide 
is then added and it acts as a graphitizer and also gives a fine graphite structure. 
Some high strength irons are produced in this manner. 

IX—Classification of Gray Cast Irons—There are many classifications which 
might be set up to cover the alloys of iron, carbon, and silicon known as cast irons. 
The most important classification of gray irons from an engineering viewpoint is 
that employed in the A.S.T.M. specification, A48-36. 

In these specifications gray iron castings are classed according to minimum 
tensile strengths of test bars, as follows: 


Tensile Strength, 

Class. No. •_ Min., psi. 


20 . 20,000 

25 . 25,000 

30 . 30,000 

35 35,000 

40 40,000 

50 . 50,000 V 

60 . 60,000 


Transverse tests are optional, and the following minimum breaking loads are 
specified: 


Transverse test bar. 0.875 in , Dia. 1.2 in., Dia. 2.0 in., Dia. 

Span length . 12 in. Supports 18 in. Supports 24 in. Supports 


Breaking Load at Breaking Load at Breaking Load at 
Class, No. Center, Min., lb. Center, Min., lb. Center, Min., lb. 


20 900 1,800 6,000 

25 1,025 2,000 6,800 

30 1,150 2,200 7.600 

35 1,275 2,400 8,300 

40 1.400 2,600 9,100 

50 1.675 3,000 10,300 

60 1,925 ^3,400 .. 


By agreement between manufacturer and purchaser, deflection values in the 
transverse test may be specified. 

Three sizes of test bars are specified in order to represent various thicknesses 
of castings by simulating various cooling rates. If the manufacturer and purchaser 
agree on the controlling section of the casting, the corresponding test bar used 
is as follows: 


Controlling Section 
of Casting, in. 

Test Bar 

Nominal Diameter of 

Test Bar as Cast. in. 

0.75 

A 

0.875 

0.75-1.25 

B 

1.20 

1.25-2.00 

O 

2.00 


For sections of castings over 2.00 in., test bar C may be used or a larger test 
bar may be chosen by agreement between the manufacturer and the purchaser. 
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The transverse test bars used have the following dimensions: 


Test Bar 
A 
B 
C 


Dia., In. 

Length, in. 

Distance Between Supports 
In Transverse Test, In. 

0.875 

15 

12 

1.20 

21 

18 

2.00 

27 

24 


It is recognized that there is no definite factor for correlation between tensile 
and transverse strengths for various types of cast irom Tables included in the 
specification give minimum values only. 

It is the intent of these specifications to subordinate chemical composition to 
physical properties. By agreement between the manufacturer and purchaser, the 
quantities of any chemical elements in cast iron may be specified. 

Other A.S,TM, Specifications —^The A.S.T.M. has developed other specifications 
for various types of gray iron castings, as follows: 


A.S.TJi. 

Designation 

A44-04 

A45-14 

A46-30T 

A126-30 

A142-32T 

A159-35T 


_ Title of Speclflcatlon _ 

JSpeclflcation for Cast Iron Pipe and Special/ 

I Castings j 

I Specification for Cast Iron Locomotive Cylln-( 

1 ders 5 

{Tentative Speclflcatlon for Chilled Tread Cast) 

) Wheels J 

{Specification for Gray Iron Castings for Valves,! 

( Flanges and Pipe Fittings I 

iTentative Specification for Cast Iron Culvert) 

I Pipe \ 

jTentative Specification for Automotive Gray! 

\ Iron Castings_{, 


_ A,S.T.M. Reference 

1936 Book of Standards 
1936 Book of Standards 
1936 Book of Tent. Standards 
1936 Book of Standards 
1936 Book of Tent. Standards 
1936 Book of Tent. Standards 


Other possible bases for the classification are by composition, by hardness, and 
by structural features. From an engineering viewpoint there are many definite 
reasons for the classification employed in the A.S.T.M. Specification A48-'36. Other 
classifications may serve useful purposes, and advances in the technology of cast 
irons undoubtedly will encourage development of such classifications. 

X-Wear—Like the term hardness, the term wear has generic rather than 
specific significance. In a general way, wear signifies a gradual eating away or 
dissolution of a structure resulting from the action of mechanically applied agents. 
Often mechanical wear and deterioration by corrosion act concurrently. The wear¬ 
ing agent may be a fluid (gas or liquid) or a solid. Such agents break off or tear 
off small particles of the metal, whereas in case of corrosion chemical action results 
in formation of new compounds, distinct from the original metal. 

With a perfect lubricant film there can be no wear. Wear occurs when there is 
no lubricant, or when the lubricant film breaks down, or when the lubricant is 
imperfect and a carrier of wearing agents. 

In the case of metal to metal wear (no lubricant) gray cast iron reveals a high 
degree of usefulness. Its highly heterogeneous structure ratlier effectively inhibits 
seizure and galling. It not only wears well on itself, but also with many other alloys. 
It has a tendency to cut much softer alloys, but usually works well with alloys as 
hard or harder than itself. This property of gray iron is among those responsible 
for its extensive use in machine tools, where heavy pressures and imperfect lubrica¬ 
tion occur, and in automobile cylinders, where temperature and partical lubricant 
breakdown are factors. An example of metal to metal wear is in automobile break 
drums. With hardness and lubrication equal, gray iron, with its graphitic structure, 
is far more free from tendency toward seizure than any of the nongraphltlc ferrous 
alloys. 

The properties in gray cast iron which are associated with low rate of wear 
are pearlltic matrix, high hardness, and high strength. Other things being equal, an 
iron with a pearlltic matrix will resist wear better than one containing free ferrite. 

To compare rtissimiinr irons, hardness does not always have a direct relation¬ 
ship to wear. However, for the same type of cast iron, higher hardness frequently 
results in a much lower rate of wear. 

Heat treatment or special alloy additions which produce martensite, sorbite, and 
like hard matrices somewhat improve wear resistance. Usually some increase in 
resistance to metal to metal wear may be expected from such Increased hardness. 
However, the major gain Is from Increase resistance to abrasive action (sand or grit). 
Localized heat treatment (flame hardening) has proved useful. 
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White cast irons are in general relatively resistant to abrasion. Some of the 
recent hard white irons not only are resistant to abrasive Influences but also have 
a high degree of resistance to galling and seizure. 

Because there are many types of wear it is practically impossible to set up any 
laboratory test which will give an adequate measure of the wear resistance of a 
material in service. However, laboratory tests have been of value in helping to 
develop better materials for resisting wear. Some of the conclusions from laboratory 
tests are as follows: 

(1) Wear resistance Increases with matrix hardness. 

(2) With increasing combined carbon content, the resistance to wear of gray irons Increases 
rapidly up to 0.60% combined carbon and then slightly up to 0.85%. 

(3) Permanent mold cast iron wears away faster than sand cast iron of the same combined 
carbon content. 

(4) Increasing silicon content decreases resistance to wear. 


XI—Machinability—For most gray iron castings machinability is a most impor¬ 
tant property, yet it is not readily measurable. One shop may consider an iron 
machinable while the next shop will And it unsatisfactory. Machinability ranges 
are wide and cast irons may be made to suit many conditions, remembering that 
ease in machining is usually Inversely proportional to the strength of the casting. 

Machinability of metals has been variously determined with reference to: (1) 
Tool life, (2) type of flnish obtained, and (3) power required. The difference in 
machinability with reference to tool life is of the greatest practical importance. 

The composition, structure, and physical properties of cast iron extend over 
a wide range. Dependent upon these factors, cast iron varies from one of the 
most readily machinable to the most unmachinable of ferrous materials. At one 
extreme of this range we have completely annealed permanent mold cast iron, 
which is the most readily machinable; at the other extreme is white or chilled 
cast iron. Annealed permanent mold cast iron possesses excellent machinability 
because the structure consists of iron containing no combined carbon, and broken 
up by a high percentage of flnely divided free carbon flakes, together with freedom 
from bumed-ln sand at the surface. Chilled or white iron is extremely difficult 
to machine because Its structure is composed chiefly of hard iron carbide in both 
pearlitic and massive form, unbroken by any flakes of free carbon. The machina¬ 
bility of a cast iron may be said to depend upon the proportions and arrangement 
of the hard and soft microstructural components. Cast irons may be classifled 
according to their microstructure (and in order of ease of machinability) as follows: 

(1) Ferritic (free carbon and sllico-ferrite). 

(2) Pearllte-ferrltlc (free carbon, sllico-ferrite, and pearllte). 

(3) Pearlitic (free carbon and pearllte). 

(4) Mottled iron (pearllte, free carbon, and enough massive cementite to produce a mottled 
fracture). 


(5) White iron (pearllte and massive cementite). 

Additions Of alloys such ^ 

as nickel, chromium, and 
molybdenum have an effect 
on machining. When nickel 
is used with lower silicon 
content or with lower silicon 
and chromium it permits 
machining irons of consid¬ 
erably higher hardness than 
could be machined without 
the use of nickel. The rea¬ 
son for the ability to 
machine irons of 225-250 
Brinell in alloy composi¬ 
tions is that no massive 
carbides exist in the mat¬ 
rix. As soon as the plain 
cast iron exceeds a hard¬ 
ness of 200-220 Brinell it 
usually contains hard car¬ 
bides, especially at the edges 

Chromium is a carbide 


450 


550 OC. 



Fig. la—Tensile strength of various Irons at elevated tem¬ 
peratures (J. W. Bolton. Trahs.. A.F.A.. 1930. p. 606). 

Fig. 20—^Tensile strength after heating 600 hr. Tested at 
elevated (annealing) temperatures. 


and comers of light castings. 

former, and if as much as 0.25% is added to a plain 
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cast iron which is already at the limit of machinability, the iron may become 
unmachinable. Care should therefore be taken in adding chromium, where machin- 
abillty is a factor. However, on many soft irons, as much as 0.50% chromium 
may be added with little effect on machinabllity. 

Also the high chromium irons (35% chromium), although white irons structur¬ 
ally, are softer and more readily machinable than ordinary white irons. 

Molybdenum is frequently used as an alloy addition in cast iron to obtain in¬ 
creased strength and wear resistance. Where molybdenum is used to increase hard¬ 
ness and strength without the formation of carbides, machinabllity will usually be 
Inversely proportional to the hardness and strength produced. 

The graphitic steels, because the chip is easily broken due to presence of 
graphite, machine much more readily than ordinary steels of similar combined 
carbon content and hardness. 

The surface condition of iron castings is most important in determining ma- 
chinability. Frequently castings are condemned as unmachinable when the metal 
itself is quite machinable, but difficulty is caused by the presence of bumed-in sand 
on the casting. Where bumed-in sand is present any attempt to make light surface 
cuts will cause rapid failure of the tool. A sufficient depth of cut must be made to 
insure the point of the tool being well below the surface of the casting. 

The character of the surface finish obtained in machining cast iron under light 
cutting conditions is principally dependent upon the size of the graphite flakes and 
the total amount of the graphite. A high total carbon, high silicon cast iron with 
large graphite flakes will show a pitted surface when machined due to tearing out 
of particles of metal in between the graphite flakes. Rough cuts taken on coarse 
grained cast iron will exaggerate the pitted appearance by tearing out small parti¬ 
cles of iron. The lower carbon irons will give a much better appearance on 
machining. 


XII—Effects of Temperature on Cast Iron—The effects of temperature on cast 
irons may be manifested in two ways: (1) Effects on mechanical properties, and (2) 
deterioration of the material due to certain structural and chemical changes which 
may occur at elevated temperatures. These factors are in some cases interrelated. 


Boiler codes based upon the A.SM.E. recommendations do not permit the use 
of cast iron for pressure containing structures beyond 450°F. and 250 lb. pressure 
for steam service. This regulation is based upon certain findings by the A.S.MJ:. 
in 1909, and the regulation may be unduly restrictive toward many of our modern 
cast irons. A proposed code (California—for unfired pressure vessels) permits the 
use of suitable classes of iron for temperatures up to 650'’F. 


In other applications requiring considerable mechanical strengths cast irons 

frequently are used suc- 
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Pig. 21 —Tlme-deXormatlon curves. 

Pig. 22—Creep-time curves. 

Pig. 23—Effect of quenching and tempering cast iron. 


cessfully at temperatures 
up to about 850®P. Beyond 
850®P. practically all ordi¬ 
nary cast irons exhibit 
enough deterioration to 
render their utility for se¬ 
vere mechanical duty ques¬ 
tionable. 

It is possible to discuss 
the effects of tempera¬ 
ture on cast iron only 
briefly in this section. 
Those further interested in 
this subject are referred to 
the A.s:t.M.-A.S.M.E. Sym¬ 
posium on the Effects of 
Temperature on Metals, 
1931, p. 436-465, and the 
A.S.T.M.-AJ-A. Symposium 


on Cast Iron, 1933, from which much of the material herein has been taken. 

When judged by short time tensile tests, cast irons show very slight changes in 
their original tensility at temperatures up to 800«P. This is shown in Fig. 19 and 
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20. Kanter gives the following data on some samples of cast iron subjected to 
exposure for 70 weeks at 600 and OOO^’F., respectively. 


Original After 600*F. After 900*F. 


Oray Iron . 25.300 24,600 18,100 

Gray iron . 34,400 30,600 23,600 


That cast irons have marked resistance to *'creep” at 600^F., but that this is 
somewhat lower at 800®F. is shown by the “creep” curves in Fig. 21 and 22. ^ The 
curves marked “High Test” and “Nickel” Irons in Fig. 21 were stressed to 10,000 
psi. as was the iron stressed at 10,000 psi. at 600^F. shown in Fig. 22. All three irons 
referred to were in the 40.000 psi. gray iron tensile class. The material marked 
“Gray Iron” was in the 30,000 psi. tensile class, and was therefore stressed higher in 
proportion to its tensile strength than the other materials. 

Endurance or “fatigue” limit is lowered little up to 800*^F., and the Brinell hard¬ 
ness is unchanged. There apparently is an appreciable lowering in compressive 
strength within this range. The wear resistance of gray irons is one of their unique 
characteristics, and evidently is maintained at moderately elevated temperatures. 
The satisfactory wear resistance of gray cast irons is shown by their successful 
applications in automotive, Diesel, and steam engine cylinders and pistons. 

Because of low ductility and comparatively low impact resistance, cast iron 
should not be employed to resist high d 3 niamic stresses in elevated temperature ap¬ 
plications where failure would result In hazards to life or equipment. 

Heat Resistant Cast Irons—Heat resistance of cast irons becomes an important 
factor when these irons are used at temperatures above SOO'^F. in air, and sometimes 
at even lower temperatures when used in superheated steam. Heat resistance depends 
in a large degree on resistance to growth and to certain corrosive influences, chiefly 
oxidation, which may result in serious scaling. 

Growth in cast irons is due both to graphitization and to infiltration of corrosive 
gases. When ordinary gray iron is repeatedly heated to temperatmres above SOO'^F. 
(depending on the type of iron) it usually shows a permanent increase in size, or 
growth as it is called. In most cases in a given iron, the amount of growth is pro¬ 
portional to the maximum temperature reached, and to the number of heatings. In 
some cases castings have been known to increase 50% in volume. Castings exhibiting 
growth are weak, misshapen, and brittle. 

Irons most resistant to growth are found to have stable carbides and close dense 
grain structure. Therefore factors which stabilize carbides and produce close grain 
structure retard growth. 

In regular engineering irons, those in the higher tensile classes with lower total 
carbon usually are more growth resistant and may be satisfactory in this respect 
up to about 850 "^F. for long periods. Low silicon usually is desirable and small 
percentages of chromium frequently prove advantageous. Under some conditions 
high phosphorus content retards growth somewhat, but due to various drawbacks, 
high phosphorus irons have not found wide favor for this purpose. 

It is obvious that white iron§, whose carbon is entirely in the combined form, 
are more growth resistant than gray irons which contain graphite flakes. Some 
white irons are limited in application because of their extreme hardness, brittleness, 
and low strength. 

Special irons have been developed which possess extraordinary growth resistance. 
Perhaps the most widely used of these special irons are the austenitic cast irons 
containing 14% or more nickel, about 5% copper,, and 1-4% chromium. Being 
austenitic, these irons do not expand and contract in passing through the range 
1325-1350°F., where the pearlitic transformation in regular gray irons occurs. They 
resist oxidation well, even up to 1500®F. These austenitic irons when properly made 
are more ductile than regular gray irons. 

The British have developed a special 6-8% silicon cast iron for which excellent 
heat resisting properties are claimed. The resistance of this material to deteriora¬ 
tion depends on: (1) A completely ferritic matrix (there being therefore no carbide 
to decompose), (2) raising the transformation temperature above the working range, 
(3) fine grained graphitic structure, and (4) a dense matrix. The effectiveness of 
very high silicon content is shown by the following examples showing growth after 
10 heatings up to 1832^F. 
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Carbon, % 

Silicon, % 

Growth, % 

2.1 

2.5 

3.7 

0.923 

6.1 

—0.011 


V .4 silicon material, known as Silal, must not be confused with so-called 

nigh silicon gray irons, which rarely contain over 3.0% silicon. In true gray Irons 
silicon promotes growth, as mentioned previously. 

The 6-8% silicon irons are more brittle than gray irons. The 14% silicon irons 
are growth and scale resistant, but they are brittle. 

The advent ^ the stainless steels has emphasized the high oxidation resistance 
conferred by high percentages of chromium. The carbide stabilizing tendencies of 
chromium have been mentioned in an earlier paragraph. It is therefore not sur¬ 
prising that high chromium cast irons (15-35% chromium) have been fotmd both 
growth and scale resistant. It is claimed that in spite of a white iron structure 
certain of these alloys can be made machinable, and they have been advocated for 
applications up to 1800*’F. 

Certain irons with only modest percentages of chromium (0.30-1.00%) have been 
found much more growth resistant than gray irons, and possibly somewhat more 
scale resistant. 

XIII—Corrosion of Cast Irons—Gray iron is employed widely in machinery and 
in equipment of many kinds, and its corrosion resistance is a subject of wide interest. 

Use of cast iron water pipe dates back many years. The famous fountains at 
Versailles were Installed about 100 years before the Declaration of Independence and 
part of the original cast iron piping system is still in use. Today cast iron remains 
the most widely used material for water main and soil pipe. Under most conditions 
its corrosion resistance is much greater than that of steel, and its cost lower. 

Where stray currents do not cause electrolysis and where soils are not unusually 
corrosive cast iron pipe usually gives good service for almost indefinite periods. 
H. O. Forrest* concludes, *Tt is evident that the rates of corrosion of the usual tsrpes 
of cast iron made in this country do not vary sufficiently to cause any great differ¬ 
ence in length of life.” 

Although gray irons of different grades do not vary much in their degree of 
corrosion with a given water, different waters vary quite widely in their attack on 
gray iron. Problems encountered in handling corrosive fluids and solutions are 
legion. The nature of the fluid, its concentration, temperature and pressure, and 
the presence of impurities all have an influence on the corrosive action. 

Many crude oils and products made therefrom are comparatively noncorrosive 
and are handled with ease. Some oils of high sulphur content cause more trouble. 
The choice of gray iron or steel for a given purpose depends a great deal upon the 
mechanical suitability of the respective metals and on their cost. Many tons of pipe, 
valves, fittings, and other gray iron equipment are used in the oil industry. 

Gray iron castings are used in handling natmal gas and in the manufacture 
and handling of artificial gas. Here again mechanical suitability and cost are the 
governing factors in choice between iron and steel, since the corrosion problems as 
a rule are handled equally well by either type of material. 

Sulphuric acid has been termed the backbone of the chemical industry. It Is 
manufactured by two processes, the chamber process and the contact process. In 
either of these processes, where the acid is 60® Baum6 or over and is not extremely 
hot, it may be handled satisfactorily in cast iron. An exception occurs when the acid 
must be of high purity, and a trace of dissolved iron would be objectionable. However, 
dilute sulphuric acid attacks gray iron rather rapidly. Since strong sulphuric acid 
is deliquescent, strong acid in cast iron lines and equipment should be kept away 
from air. Leakage must be avoided carefully or severe corrosion may result. 

The strong dense grades of iron comparatively low in total carbon and silicon 
usually are the most acid resistant. Special types of cast iron have been devised for 
acid and other corrosive services. The high silicon irons contain about 14% siUcon 
and are quite resistant to dilute as well as concentrated acids. 

While the high silicon irons possess excellent corrosion resistance to many media, 
their fragility and brittleness are a source of annoyance and trouble. They are 
difficult to cast and are almost unmachinable. The new austenitic cast iroiis possess 


•H. O. Porr©ft, Corrosion of Cast Iron, Proc., A.S.T.M, 1929, pt. II, v. 29, p. 128. 
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fairly good resistance to most concentrations of sulphuric acid. These irons usually 
contain 12-20% nickel, 4-7% copper, and up to about 2% chromium. 

Nitric acid production ranks next to sulphuric acid production in acid manu¬ 
facture. Strong nitric acids and mixtures of nitric and sulphuric acid (mixed acid) 
attack gray iron slowly. Dilute nitric acid attacks gray iron rapidly. High silicon 
iron is resistant to both strong and dilute acids. Strong hydrochloric acid is not 
handled successfully in gray iron or the alloyed irons. 

Gray iron is used widely and successfully in the handling of caustics and alkaline 
solutions. Even strong boiling caustic solutions attack gray iron only slightly. Gray 
iron equipment finds many applications in alkali manufacturing establishments, 
being used for caustic fusion kettles. Iron or steel is used for alkaline liquors accord¬ 
ing to the physical characteristics required. The high nickel, austenitic cast irons 
are even more resistant to caustic and alkalies than is ordinary gray iron; in fact, 
some grades containing about 20% nickel (with or without other alloys) are hardly 
tarnished by boiling caustic or lye. 

Special cast irons used for corrosion resistance have been mentioned. The high 
nickel, austenitic irons have been found resistant to most sulphuric acid, salt and 
alkaline solutions. The corrosion resistance of the austenitic irons is superior to 
that of gray irons in all solutions in which they have been tested. Their range of 
application is rather wide. Due to this and fairly good casting properties and rea¬ 
sonable machinability, the austenitic irons are growing rapidly in popularity. 

The 14-15% silicon irons have very high resistance to many types of acid corro¬ 
sion, except hydrofiuoric acid and strong hydrochloric acid. Their rather high corro¬ 
sion resistance to many fluids and gases is offset by their fragility and high pro¬ 
duction costs. 

High chromium cast irons (15-35% Cr) have recently been produced and appar¬ 
ently will find a number of applications requiring corrosion resistance. 

XIV—Heat Treatment of Cast Iron—Gast iron is directly comparable to steel in 
its reaction to heat treatment, the only fundamental difference in the composition 
of the two materials being the presence of free graphite particles in gray cast iron. 
The heat treatment of cast iron may be broadly divided into 3 general classifications: 
(1) Annealing, (2) quenching, (3) special heat treatment. 

Annealing—(a) Relieving Internal Stresses—The heat treatment resulting in the 
relieving of internal stresses is commonly called aging, nprmalizing, or mild anneal¬ 
ing. This can be accomplished by heating from 800-1000''F., holding at temperature 
from 30 min. to 5 hr. depending upon section size, and slowly cooling in the fur¬ 
nace. This treatment will cause only slight decrease in hardness, very little decom¬ 
position of cementite, and only slight change in the inherent strength properties of 
the metal. 

(b) Softening for Machinability—The desire in some cases is to soften the cast¬ 
ing in order to facilitate machining. A good deal of the production heat treatment 
of cast iron is of this class. The temperature range most commonly used is 1400- 
1500®P., although temperatures as low as 1200-1250® have been used satisfactorily. 
Highly alloyed irons are sometimes annealed at temperatures as high as 1800®F. In 
all annealing, care should be taken to prevent oxidation of the casting. 

In general, softening for machinability is attended with a decrease in strength 
and amount of combined carbon and an increase in graphite content. Irons con¬ 
taining carbide forming alloying elements such as chromium are more resistant to 
annealing than the ordinary gray iron. Temperatures used for annealing of these 
irons are considerably higher. 

Completely annealed ordinary cast iron may have Brinell hardness values from 
120-130, whereas completely annealed alloy irons may have Brinell hardness values 
of 130-180, depending upon the composition. 

(c) Annealing White or Mottled Irons as Cast to Obtain Higher Strength Gray 
Iron —In order to obtain commercially machinable irons of from 60,000-90,000 psi. 
tensile strength, irons white or mottled as cast are annealed to effect the decom¬ 
position of carbides into ferrite and graphite. Such irons are sometimes referred to 
as semimalleable and pearlitic malleable irons. They should not be confused with 
true malleable iron, which is composed of ferrite and rounded graphite particles 
called temper carbon. The total carbon in these special irons is usually held at 
from 2-2.8%. The silicon content depends upon the section, but does not exceed 1.8%. 
A typical annealing cycle for this material is as follows: 

Heat to 1700-1750®F. and hold for l%-3 hr. Cool to 1375® for 3 hr., then subject 
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to one of the following: (a) Oil quench and temper, (b) air cool, (c) cool slowly 
in furnace. 

The Brinell hardness of this type of iron will vary from 160-400 according to 
composition and treatment. Alloying elements such as nickel, chromium, or molybde¬ 
num may be used. The resulting product has high strength with measurable duc¬ 
tility and good impact resistance. 

(2) Quenching and Tempering—In order to increase wear and abrasion resist¬ 
ance of cast iron, quenching from above the critical temperature is employed. Com¬ 
mon soft gray irons that have a coarse interlocking structure and a ferrite matrix 
are not materially improved by heat treatment. They do not harden satisfactorily, 
while tempering may or may not improve their strength. Heat treatment should 
be employed to make good cast iron better and not to attempt to make poor cast 
iron into a fair product. As in steel practice, the addition of alloys such as nickel, 
chromium, or molybdenum has a marked effect on the response to heat treatment. 

To heat treat satisfactorily, graphite flakes should be small and well distributed, 
while the matrix should preferably be pearlitic or sorbitic. Graphitic carbon of cast 
iron suitable for heat treatment should approximate from 2-2%% and the combined 
carbon should range from 0.50-0.80%. Given these conditions, gray iron castings 
respond to quenching and tempering much in the same way as carbon tool steels. 
The hardness Increases in direct relation to the rapidity of quenching from above 
the critical temperature. Softening after hardening proceeds uniformly as the 
tempering temperature rises above 350°P. Tempering below 350®P. has little effect 
on hardness or structure. The strength and impact resistance are definitely im¬ 
proved by tempering. 

The hardening effect brought about by rapid cooling from temperatures above 
the critical point is usually accompanied by a deterioration in strength. This de¬ 
terioration is immediately restored by tempering (Pig. 23). Thus by suitable hard¬ 
ening and tempering a definite Improvement in strength properties can be obtained. 

The casting should be heated for hardening very carefully. It should be 
slowly and uniformly to the quenching temperature, then held for a sufficient length 
of time to insure that all parts have received the maximum heat. A safe minimum 
is 30 min. for comparatively small castings. To promote economy of operation, ii 
the castings are small and of symmetrical design, they may be preheated at from 
300-500®F in one furnace and then transferred to another furnace, held at the 
quenching temperature, with little danger of cracking. The quenching temperatuw 
used on most irons in production at the present time are from 1450-1550®P. 
quenching medium most commonly used is oil, although water is also used to a lim¬ 
ited extent. Some castings may be quenched in air. 

The composition of the material is largely governed by the requlrempts of 
machinability in the as cast condition and the response to heat treatment. The 
casting to be hardened usually is rough machined before hardening and tempering 
and is finished by grinding. Small amounts of growth occur on quenching md 
allowance must be made for this in leaving stock for finish grinding. Where stren^h 
and shock resistance are not of particular importance, the tempering operation may 

be omitted. . 

Cylinder liners for use in heavy duty Internal combustion engines have been 
heat treated both in this country and In England to secure a marked tacrease to 
harrir».g<» and wear resistance. The Brinell hardness has been Increased from about 
225 to over 400. The wear resistance has increased in line with the increase in 
hardness 

In suitable thin sections, ordinary unalloyed cast Iron Is capable of tel^ h^- 
ened by oil quenching from suitable temperatures. In thicker sections, it has ^n 
shown that an ordinary cast iron is not very susceptible to hardening by quencl^ 
in oT The preLnee of aUoying constituents such as nickel, chromium, or molybde- 
Sim‘inSsKnurcep^ibility to hardening. The alloying elements in cast iron, 
Si in st^l. have the effect of Increasing the depth of penetration of hardness 
8 .T 1 H inprpjisiiic thc dcsrcc Of h 9 >rdii 6 ss obtainable. 

An excessively^high hardening temperature is accompanied by definitely inferior 
resufte bothls m imrdness and strength values. The lower quenching temperatures 

^^^ViStafmay bel^Sd before hardening without appreciably affecting the 
response to queneWng or hardening properties, provided coarse Interlocking graphite 
Is not present Care should be exercised in respect to sudden changes In tempera- 
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ture both in heating and quenching, particularly where castings are irregular in 
section and where size is large. It should be remembered that cast iron is more 
fragile than steel. 

Some alloy cast iron compositions can be hardened by removing red-hot castings 
from the molds and cooling the castings in air, or by reheating to above the critical 
temperature and air cooling. Such cast irons have a matrix that may be sorbitic 
or martensitic. Nickel-chromium and nickel-molybdenum irons have been used. 
The use of a low carbon iron (2.50-2.80 total carbon) with a manganese content of 
about 2% results in materially reducing the Ar point so that the castings can be 
hardened by quenching in still air or in an air blast. Good results have also been 
reported on cast irons with manganese 1% and nickel 1-2%. 

(3) ^Special Heat Treatment^ia) Nitriding-^-The nitriding process for cast iron 
has been in use for several years and considerable experimental work has been done. 
Parts requiring extremely high wear resisting properties may be economically 
nitrided. The nitriding process consists in subjecting the casting to temperatures 
of from 950-1100^F. in contact with anhydrous ammonia gas for a period of time 
ranging from 20-90 hr. Low total carbon, chromium-aluminum irons for nitriding 
purposes were originally developed somewhat similar to the steel used for nitriding. 
A number of other compositions have also been developed for nitriding. A typical 
cast iron used for nitriding is as follows: 

Total C 2.61%, Si 2.58%, Mn 0.61%, S 0.07%, P 0.10%, Or 1.69%, and A1 1.43%. 

Nitrogen hardened cast iron has been used in the production of cylinder liners 
for various types of engines, compressors, and pumps. It is claimed that excellent 
wearing results have been obtained. 

(b) Flame Hardening--¥\ame hardening is being used to a considerable extent 
on gray iron castings, particularly where a hardened surface is desired for wear 
resistance. A large proportion of automobile camshafts are made of cast iron and 
most of these are hardened on the cams by means of the acetylene flame. 

XV—Welding of Cast Iron—For information on the welding of cast iron see 
page 220. 
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Malleable Iron 

By H. A. Schwartz* 

Description of Malleable Iron—The production of malleable cast iron consists 
distinct steps. The first is the production of white iron castings which are 
brittle ana hard. The second step is the annealing or graphitizing of the white iron 
so as to secure a ductile product known as “malleable cast iron.” The annealing 
or graphitizing changes the combined carbon to free carbon in the form of temper 
carbon. 

The free carbon of malleable cast iron is chemically and crystallographically 
identical with that in gray cast iron, but differs greatly in form. The graphite of 
gray iron, formed near the freezing point, has the shape of feh scales. That of 
malleable cast iron, formed at lower temperature, is cnunpled up into nodules. 

Malleable cast iron consists almost entirely of ferrite and carbon. Gray cast 
iron contains usually much pearlite and sometimes either ferrite or cementite. 

Melting Furnaces—^Por the production of high grade malleable iron castings, 
that is, for castings with high tensile strength and elongation, the reverberatory 
t 3 ^e of furnace is used for melting. In this country the air furnace is used. This 
is often coal fired, either by hand or more often mechanically by means of pulver¬ 
ized coal. There are also some oil fired installations. The electric furnace is now 
being used either alone or in duplexing or triplexing. 

Sectional views of a typical air furnace are shown in Pig. 1. The furnace walls 
are of firebrick, supported and inclosed by cast iron side and end plates. The hearth 
A is built of silica sand. Coal is burned in the firebox B; the air is forced through 
the fire by a blower discharging into the ash pit C; the ash pit doors D are kept 
closed. Air is also admitted through the tuyeres E, to aid in the combustion of the 
gas and in forcing the flame over the front or firebridge wall P. The roof of the 
furnace consists of a series of removable firebrick arches or bungs supported in cast 
iron frames. A sufficient number of these are removed to permit the introduction 
of the melting stock. 

If pulverized coal or oil is to be used the firebox is replaced by a combustion 
chamber into which the burner points through an opening in the head wall near 
the roof. 

Recently furnaces have been developed, working on the general principle of an 
air furnace, in which the entire hearth and roof are modified into a cylindrical 
structure rotating'about a horizontal axis. In such furnaces that part of the cylin¬ 
drical hearth which is above the level of the metal becomes highly heated. As the 
hearth rotates this hot refractory is carried below the surface of the metal impart¬ 
ing Its heat thereto. The net effect is hotter iron for a given roof temperature. 
These furnaces are commonly used with recuperators furnishing air for combustion 
at about 450^F. Recuperators have also been found economical on air furnaces of 
the stationary type. 

The air furnace is used for high grade malleable cast iron because it is possible 
to secure a more uniform composition of metal than with the cupola furnace. 

In Europe, particularly in Germany, the open hearth furnace is used for the 
production of high grade malleable iron. One reason fpr iising the open hearth 
furnace is that fuel is not available for the air furnace. 

Air Furnace Charge—The charge used in the furnace consists of sprue, pig iron, 
malleable scrap, and steel scrap. The sprue is charged first, the steel and malleable 
scrap are charged on top of the sprue, while the pig iron is charged last. 

Duplex and Triplex Processes—Considerable white iron for use in making malle- 
able iron Is produced by the duplex and triplex processes. In the duplex process, 
the iron is melted in the cupola, using a large percentage of steel in the mix so as 
to obtain a low carbon content, and is then introduced into the electric furnace. 
Steel additions may be made in the electric furnace where a final adjustment of 
composition is made and the desired temperature attained. In the triplex pro^, 
the charge is melted in the cupola and a portion of the resulth^ metal te treated to 
the wnccomar converter to reduce carbon. The final step consists of mixing to the 
electric furnace the necessary amounts of cupola metal, liquid steel, and alloys to 
give the desired composition. Duplexing with the use of cupolas and air furnaces 

•Manager of Research, National Malleable and Steel Castings Oo., Cleveland. 
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has been practiced both in the U. S. and abroad. There is also a limited use of 
cold melting in electric furnaces. 

Cupola Furnace—The cupola furnace is used for malleable iron castings of lower 
tensile properties than are secured by melting in the reverberatory furnaces. Malle¬ 
able pipe fittings come under this classification. Decreased tensile strength is not 
necessarily a detriment for such purposes. It is claimed that such iron as is made 
' in the cupola produces fittings freer from leakage, at as high pressure, than lower 
carbon fittings. Advantages in machinability and freedom from galvanizing diffi¬ 
culties are also considered to exist. The latter advantage is probably due to a rather 
low phosphorus content. 



Pig. 1—Sectional Views ol an Air Furnace. 


Composition of Malleable Iron—The composition of the white iron produced by 
any of these processes is adapted to the desired purpose. Any physical property of 
malleable is that of the metal body through which the carbon is scattered modified 
by the presence of that carbon which in effect acts like so many holes. The proper¬ 
ties of malleable cast iron are therefore largely controlled by the amount of carbon 
present. 

For various purposes the carbon may be as low as 2.00-2.10 or as high as 2.90- 
3.00% (or even more). In general high carbon makes the metal weak and less duc¬ 
tile. but makes the castings sound and of better surface. Many believe that increased 
carbon is favorable to increased machinability. 

In high carbon iron the silicon is kept low. and in low carbon iron it is kept 
high in order to secure the most desirable properties. Silicon may be as much as 
1.20-1.30% in small, low carbon castings or as low as 0.50 or 0.60% in large, high 
carbon castings. 

In special cases, particularly when cross sections ^ of castings are not too thick, 
the practice of dropping the carbon well down toward 2% and raising the silicon 
to as much as 1.6% has been advocated and to some extent practiced. Such irons 
can be made in air furnaces but are particularly adapted to melting in electric fur¬ 
naces. often of the rocking Indirect arc type or in the rotary air furnace. In electric 
melting particularly the charge is frequently largely steel scrap, petroleum coke and 
ferroalloys. If the carbon is dropped so far that in the presence of the existing 
silicon the iron is no longer eutectiferous the resulting products can no longer be 
classified as cast irons. They have certain analogies to malleable iron but also 
certain essential differences and should probably be called steel. 

The manganese and sulphur go up and down together; manganese aromid 0.25% 
and sulphur around 0.05% may be encountered or manganese around 0.40% and 
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sulphur around 0.147o. Phosphorus Is almost always below 0.20% and may go down 
to 0.100% or less. * 

Annealing Malleable Cast Iron—The purpose of annealing Is the destruction 
of all combined carbon in the casting by converting it into graphite. The frw, miw- 
sive cementite can best be completely broken up above the critical point (Ai). TM 
excess carbide which exists when cooled as pearlite must be decomposed 

The castings are annealed by packing in iron pots, sometimes using a pwiong 
material such as sand, cinders, or mill scale to support* the castings. The pots axe 
then placed in furnaces and heated in accordance with a predetermined ^ 

a general rule, the annealing furnace is brought up to temperature as rapidly as 
possible. ^ 

A typical annealing cycle for a stationary batch type furnace is as follows. 

Time heating to .. 

Time holding above 1600*P. (mag. 1650'P.). W 

Time cooling . 

In some foundries and for some castings it has been found possible to do away 
with packing material in the annealing process. 

Continuous car type furnaces are frequently used for the annealing or maiieapie 
iron castings. The castings are loaded in pots on cars and the cars move slow^ 
through the furnace. The various.zones of the furnace are maintained at we re¬ 
quired temperatures. Car bottom type batch furnaces are also in use which 
serve time by conserving the heat content of the furnace structure. In 
the car is first inserted in a furnace at maximum temperature and then remm^ 
to a second furnace which is at the proper temperature for completing the reaction 
Considerable savings of time are made by accelerating the heating and cooling raxw 
and by making it possible to* remove a charge at a temperature at which it coma 
not be handled in a stationary bottom furnace. 

Where small lots of castings are heat treated in accurately controllable fumww, 
and especially when high siUcon metal is used, great modifications are possible m 

the direction of a shortened anneal. ... .. 

Using the most modem furnace designs, dispensing with pots and with the 
most careful control in the manufacture of the hard Ircm an 
50 hr. total time can be commercially malnt^ned. 
temnerature «tradlents may be less this could be reduced somewtat further. ^w 
reputoble persons report operating times aroimd 30-36 hr. A time aroimd 70 hr. 
Is readily attained even in large continuous 
units In which the temperature gradient In 
pots is an important consideration. 
saving of time In all these cases Is made 
by cutting out time wasted In needlessly 
slow heating and cooling, cooling to too low 
a temperature or waiting for cold parts of 
a charge to come to temperature. 

It is always important to remember 
that the complete elimination of pearlite 
is the most time consuming factor of an 
annealing cycle. If even small amount of 
pearlite are tolerable or perhaps desired, a 
disproportionately large time 
be possible. Those who speak of redumng 
annealing cycles do 

ferentlate between making mailable cast¬ 
ings and making pearlltlc malleable CMtln^. 

Some very short cycles, 15 to 18 M., 
have been report^. In considering ® 
process it is always be handled and maintain uniformity of result, 

count of the size of chwge uion is safe from the viewpoint of occasional 

Whether the required ‘X p^ actually as tree 

or frequent occurrenw of very ^rhonaM^ Casttogs have In fact been quite 

tonnage production. 

•“iTproduc^l from th. •■Sympo.lum on MnUeobl. Iron CMtlnsa” PUbUrtito by th. AFA. 
i.8.T.M. 
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Any maximum temperature up to about 1800*^., where the castings become too 
soft to hold their shape, may be used. With increase in temperature comes a great 
decrease in the time to break up the cementite of white cast iron. The slow cooling 
or holding under 1400°F., necessary to break up pearlite, can not be so much acceler¬ 
ated but under favorable conditions a total annealing cycle of 30-48 hr. has been 
used. This is often done with special forms of electrically heated furnaces in which 
the castings and heating units are sealed up together in an air tight chamber. The 
use of tubes of scale resisting alloys, heated internally by gas flames and possibly 
also by oil or powdered coal flames, has also fouhd favor as a means of heating a 
charge in a completely sealed chamber. The result is equivalent in principle to 
annealing electrically. Large lots of castings can not be heated fast and uniformly 
enough to secure the fastest annealing time. Especially for the low carbon, very 
high silicon type of metal continuous annealing furnaces operating without packing 
have been advocated by some in order to produce an extremely short annealing 
cycle. Although a reduction in annealing time is highly desirable it must be remem¬ 
bered that the more elaborate equipment required sometimes outweighs in money 
value the increased production and that most of the quick annealing products and 
processes are more closely limited in application and operation than the slower 
processes. 

Metallurgical Principles—Malleable cast iron of acceptable quality is intended 
to consist entirely of ferrite and ''temper*’ carbon which is graphite in round nodules 
instead of in flakes as in gray iron. This result requires that the original casting 
must be entirely free from flaky graphite such as is produced during freezing. To 
accomplish this the composition of the melt must be kept within certain limits, 
mainly as to carbon and silicon. The cross section of the casting also plays a part 
because it determines the cooling rate in the mold which has an effect on the 
amount of graphite separating. Heavy sections must be lower in carbon and silicon 
than light sections. 

During annealing iron carbide "cementite** dissolves at the surface of contact 
of cementite and austenite; the carbon migrates in some form the surface of graph¬ 
ite nodules and there crystallizes out. Somewhere in the process, cementite is 
dissociated into iron and carbon. 

Under most operating conditions the rate of migration determines the annealing 
rate. If that is so, annealing should be accelerated by any process which increases 
the number of spots of graphite in a unit voliune, for this reduces the distance which 
the carbon has to travel. This number can be altered to a considerable degree by 
changes in melting and heat treating methods. Some elements accelerate annealing, 
particularly Si, Al, Ti, Zr and Ur and to a less extent Cu, Nl, P and probably Co. 
Others retard annealing, particularly Cr, Mn, V and to some extent Mo among the 
metals, and S, Se and Te among the nonmetals. Sn, Ce and La are also regarded 
as possible retarders. No one yet knows the mechanism by which these elements 
act. like all chemical reactions graphitization goes on faster the higher the tem¬ 
perature. The process can not be completed above the critical point, for considerable 
carbon dissolves immediately above that temperature and can not be separated in 
the free state except by very slow cooling or long holding. Of course the completion 
or "second stage” of annealing below the critical point cannot be hurried by raising 
the temperature for which the At point is a ceiling. 

Unfortunately many of the factors which will hurry annealing are not favorable 
to the safe maintenance of high quality. They therefore frequently involve addi¬ 
tional care and expense if an acceptable product is to be turned out. 

Use—Malleable cast iron is used for castings which must withstand shock and 
where gray iron would probably fail because of low ductility. A condensed list of 
malleable iron castings is given in Table II. 

Alloyed Malleable Iron—Malleable iron is understood to be an entirely ferritic 
material. Maintaining that limitation, only copper and somewhat problematically 
molybdenum* have so far come into any prominence. Copper somewhat facilitates 
annealing and improves the strength and to Sbme extent, the ductility of malleable 
when present in an optimum amount of about 1%. Such alloys are capable of pre¬ 
cipitation hardening with considerable increase in strength, and indentation hard¬ 
ness and little effect on ductility. It is reported that copper benefits high carbon 
malleable more than low carbon in the annealed condition. 


*Sm the article in this Handbook, Pearlitie Malleable Iron. The information on copper is 
from Lorig and Smith, Trans., A.F.A., 1934. 
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Table 1 


Composition and Properties of Malleable Iron* 


---For Classes of Iron to Meet- 

A.S.T.M. Speciflcatlon A.8.T.M. Specittcatlon 

A47-33, Grade 35018 A47-3S, Grade 32510 

Most Most 

Probable Probable 

Range Value Range Value 


Chemical Composition^—White Iron 


Carbon, % .... 

Silicon, % - 

Manganese, % 
Phosphorus, % 
Sulphur, % ... 


1.75-2.30 
0.85-1.20 
less than 0.40 
less than 0.20 
less than 0.12 


Chemical Compositionr—Finished Product 


Temper carbon, %. 

Silicon, % . 

Manganese, % .... 
Phosphorus, % ... 
Sulphur, % . 


less than 1.80 
less than 1.20 
less than 0.40 
less than 0.20 
less than 0.12 


22,000-30,500 



2.25-2.70 



0.80-1.10 



less than 0.40 



less than 0.20 



0.07-0.15 



less than 2.20 



less than 1.10 

• 


less than 0.40 



less than 0.20 



less than 0.13 



7.34-7.25 


A 


A 

0.000012 


0.000012 

0.0000066 


0.0000066 

0.122 


0.122 

57,000 

50,000-52,000 

50,000 

37,500 

32,500-35,000 

32,500 

22 

10-18 

14 

25,000,000 


25,000,000 

0.17 


0.17 

48,000 


48,000 

23,000 


23,000 

12,500,000 


12,500,000 

58,000 


58,000 

110-145 

110-135 




7 


10-14 

12 

16 

10-14 

12 

27,000 

25,000-26,500 

25,500 

0.50 


0.50 

30 


32 


Physical Properties 

Specific gravity. 7.20-7.45 . 7.34-7.25 .,.... 

Shrinkage allowance. 

In. per ft. ^ A . A 

Coefficient of thermal ex¬ 
pansion, per °C. . 0.000012 . 0.000012 

per T. 0.0000066 0.0000066 

Specific heat, cal. per g. 
per ®0. average be¬ 
tween 20 and 100*C.... . 0.122 . 0.122 

Mechanical Properties 

Tensile strength, psi. 53,000-60,000 57,000 50,000-52,060 50,000 

Yield point, psi. 35,000-40,000 87,500 32,500-35,000 32,500 

Elongation in 2 in., %... 18-25 22 10-18 14 

Modulus of elasticity in 

tension, psi. 25,000,000 25,000,000 

Poissons ratio . . 0*^ . 

Ultimate shearing 

strength, psi. 48,000 48,000 

Yield point in shear, psi. 23,000 23,000 

Modulus of elasticity, psi. 12,500,000 12,500,000 

Modulus of rupture in 

torsion, psi. . ,.5®'»00 

Brlnell hardness number . 110-145 110-186 . 

Charpy Impact value, ft- 
Ib., “key hole” notch 
0.04 in. radius at bot¬ 
tom, 0.394 in. square _ 

bar . . ^ 

V-notch—0.197 in. depth 

of notch . . 

Izod impact value, ft-lb. 

(using V-notch 0.394 in. 

square bar, 0 079 in. . .. 

depth of notch). . 

22 , 000 - 30,500 27.000 25 , 000 - 26,500 25.500 

Endurance ratio (endur¬ 
ance limit ultimate a n a do 

strength)* . 0.43-0.54 0.50 . 0.50 

Resistivity, microhms per * 

cc. .. 

•Reprinted from Oast Metals Handbook, published by the American Poundrymen's Association. 

pph... are not to be taken as speclflcatlons. because the specifications 

for 22ih7nlK5iert”^“aT£rmrt by a number of compositions, depending on foundry practice 
and conditions. 

•The longer range of values for grade 35018 material Is In part due to more frequent Investiga- 
tlons. 
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The tensile strength of iron containing about 2.35% total carbon was not mate¬ 
rially altered by any amount of copper up to 2.68% although the yield point was 
raised 6000 psi. The elongation was raised from 14.5-22.2% by 0.63% copper and then 
fell off to about 16%. In iron containing about 2.70% carbon the tensile strength was 
raised progressively with increases of copper by 14,000 psi. for 2% copper, the yield 
point was raised 16,000 psi. and the elongation was not uniformly affected. Precipita¬ 
tion hardening may raise the tensile strength by from 2000-10,000 psi. depending 
upon other conditions, the yield point by somewhat greater amounts with little and 
variable effect on elongation. The endurance ratio is not materially altered by copper 
so that the increased tensile strength involves corresponding increments in fatigue 
resistance. As annealed the Charpy value is increased by the presence of copper. 

The information as to the effect of molybdenum on ferritic malleable is as yet 
not sufficiently conclusive to permit of a survey. The concentrations of molybdenum 
which could be used within this limitatioh are, of course, limited. The use of an 
increased silicon content in the presence of molybdenum seems to have some merit. 

A strengthening effect on malleable due to small amounts of aluminum has 
been reported. The method has apparently not been introduced into practice and 
is generally regarded as dangerous due to the possible formation of ''primary” 
giBphite during freezing. 


Table U 

Classification of Industries, with Condensed List of Products, in Which 
Malleable Castings Are Used^ 


Africnltnral Implemenig 
Plows, tractors, harrows, reapers, mowers, 
binders, cultivators, rakes, spreaders, dairy 
and poultry equipment, presses, tools, pumps, 
wagons, fence parts. 

Automobiles 

Parts for frame, wheels, springs, brakes, 
motor transmission, axles, steering gear, body, 
accessories. 

Boders, Tanks, and Engines 
Boilers, tanks, fittings, engine parts, out¬ 
board motors, Diesel engines. 

Building Equipment 

Hardware for windows, doors, garage equip¬ 
ment, awning hardware. 

Conveyor and Elevator Equipment. 

Chains, buckets, pulleys, rollers, cranes, 
hoist, fittings. 

Electrical and Industrial Power Equipment 
Motor and generator parts, pumps, stokers, 
electric locomotives and tractors, steam spe¬ 
cialties, outlet and switch boxes. 

Hardware and Small Tools 
Pneumatic and portable tools, miscellaneous 
tools, saddlery, hardware, table and kitchen 
utensils. 

Household Appliances 


Machine Tools 

Lathes, planers, shapers, grinders, screw 
machines, gear cutters, drills. 

Machinery for Special Uses 
Textile, cement, rubber, shoe, mining and 
quarrying, grinding, forging, foundry, bakery, 
woodworking, bottling, ice, laundry industries. 

Marine Equipment 

Anchors, chains, capstans, fastenings, tow¬ 
ing bits, hardware. 

Metal Furniture and Fixtures 
Stoves, beds, desks, filing cabinets, shelving, 
hotel supply equipment. 

Municipal, State and Public Service 
Manhole covers, posts, guard rail equip¬ 
ment, highway markers, transmission and 
telephone line fittings, electric railway 
fittings. 

Pipe Fittings and Plumbing Supplies 
Elbows, unions, reducers, flanges, valves, 
bolts, nuts. 

Railroads 

Wide variety of parts for construction of 
locomotives, freight and passenger cars; 
guard rails, miscellaneous. 

Road and Contractor’s Machinery 
Rollers, excavators, cranes, hoists, tractors, 
graders, scarifiers, mixers, pavers. 

Toys and Specialties 


Stoves, sewing machines, refrigerators, 
washing and ironing machines, vacuum 
cleaners, dishwashing machines, oil burners, Sleds,’ wagons, automobiles, bicycles, car- 

electric fans and toasters, radios. rlages, gun parts. 

According to the Department of Commerce, there are about 150 plants in the industry, with 
an estimated annual capacity of 1,350,000 tons. 

^Reprinted from the ’’Symposium on Malleable Iron Castings,” published by the A.F.A. and 
A.8.T.M. 
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Pearlitic Malleable Iron 


By H. A. Schwartz* 

originally valued mainly because of its ductility and machln- 
ability. Of late, uses have suggested themselves which require increments in 
strength, yield point, or fatigue resistance even at a sacrifice of elongation or ease 
Of cutting. Various processes have been suggested for making what is probably 
best called, generically, “pearlitic malleable,” even though the “combined” or 
agraphitic carbon is sometimes present as sorbite or even martensite, 

“Pearlitic malleable” is now intended to be understood as designating white 
cast pon subsequently graphitized by heat treatment so as to intentionally leave 
significant amounts of carbon in the “combined” or “agraphitic” form. 

These metals can be subdivided into groups according as to whether: 


by stopping the graphltlzing operation before all the agraphitic car¬ 
bon is converted into graphite or by completely graphltlzing and then recombining some carbon. 

produced by incomplete graphltizatlon the retention of agraphitic carbon is 
brought about mainly by the shortening of the cycle or by the presence of alloying elements. 

1 '^?***^ metallography has certain particular characteristics as to kind and distribution of 

given constituents. 


The methods of melting, molding, and casting are in any event exactly the same 
for pearlitic irons as for ordinary malleable except for the introduction of alloys 
if these are to be used. It is doubtful whether in the customary amounts alloying 
elements have any effects of themselves on the properties of pearlitic malleable. 
They are used primarily to facilitate the control of combined carbon which would 
be possible but sometimes more difficult without them. Some processes carried out 
to give a matrix of particular character, such as spheroidizing, go on so slowly 
that in unalloyed malleable the destruction of agraphitic carbon by graphltizatlon 
would outrun its conversion into the desired form and a retarder of the graphitiz- 
ing reaction is advantageous. 

The usual retarding elements are manganese in an amount up to 1% more than 
the concentration otherwise suitable for normal malleable, chromium often in low 
concentration of 0.10-0.25% but occasionally suggested higher, and molybdenum 
seldom up to 1% and frequently about M% or even less. Some see virtue in the 
combined use of rather large amounts of retarders and additional accelerators, as 
for example, silicon with chromium or molybdenum. 

All the interrupted annealing processes begin with an equivalent of the first 
stage of annealing of malleable cast iron. The alloy is graphitized as far as it will 
go at a temperature somewhat above the critical. From there on the process de¬ 
pends upon whether laminated pearlite or a spheroidized structure is desired in the 
matrix. In the former case the metal is cooled through and below the critical 
range at a rate which will be slow enough to form laminated pearlite and also slow 
enough to permit the desired degree of graphitization to go on accompanied by the 
liberation of the desired amount of temper carbon. Such rates may be from 
10-100®P. per hr. depending on the metal and the desired properties. The first 
separation of ferrite in such a heat treatment is usually around the temper carbon 
producing a so-called “bull's eye” structure consisting of temper carbon surrounded 
by a ring of ferrite all embedded in pearlite. 

Alternatively the metal may be cooled fast enough through and well below the 
critical range to produce martensite (occasionally only sorbite) and then spher¬ 
oidized for such a time as will give the desired amount of agraphitic carbon. It is 
recommended that any metal intended for the manufacture of pearlitic malleable 
should be moderately low in carbon, 

Pearlitic malleable may be made from ordinary malleable either by reheating 
above the critical point for a time sufficient to saturate all the iron with carbon 
to a uniform concentration and then proceeding as for the Interrupted anneal 
methods. This procedure is uncommon in practice. 

When malleable iron is heated not far above the critical, recombination of 
carbon takes place first at the grain boundaries. Suitable choice of temperature 


•Manager of Research, National Malleable and Steel Castings Co.. Cleveland. 
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thus permits producing a structure consisting of a network of metal containing 
agraphitic carbon surrounding ferrite grains. By further heat treatment the net¬ 
work can be made into anything from martensite to granular pearlite. Especially 



Fig. l->Temper carbon in spheroidized matrix produced by controlled rapid cooling of high 
manganese (about 0.75%) white irons completely graphitized to equilibrium above Ai, followed by 
■pheroidizing draw (lOOx—nital). 

Fig. 2—^Bull’s-eye malleable produced by normal graphitizing cycle applied to high manganese 
(about 0.70%) hard irons (lOOx—nital). 

Fig. 3—Granular ferrite and pearlite in high silicon and chromium white iron with normal 
graphitizing heat treatment (lOOx—nital). 

Fig. 4->Sorbitic carbon 'at grain boundaries produced by reheating malleable iron Just above 
Ai then quenching and tempering (lOOx—nital). 

good combinations of strength, ductility and shock resistance are claimed for this 
distribution of ingredients. 

It may be reliably anticipated that all pearlitic malleable is stronger, less duc¬ 
tile and less machinable than malleable itself. It is often less shock resistant but 
this rule is not without exception. Tensile strengths of 90,000 psi. and perhaps 
even of over 100,000 psi. are obtainable at a sufficient sacrifice of elongation. Elonga¬ 
tion will range downward from that of malleable iron to as low as 2 or 3%, depend¬ 
ing upon how much strength was to be retained. The claim is made that spher¬ 
oidized **pearlitic malleable’’ is more ductile for a given strength than iron contain¬ 
ing laminated pearlite. 

The fatigue ratio of all forms of pearlitic malleable is probably near 0.50. The 
Brinell number may be anything above that of malleable. It is easy to produce 
metal of a Brinell hardness number well above 300, but machinability usually sets 
a limit at around 230 and even at 190 machinability is for many products rather 
difficult. 

There has not yet been sufficient critical review of data on the physical prop¬ 
erties of these alloys to warrant more definite statements for a handbook. 
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It has also been found possible to alloy ordinary malleable iron with enough 
chromium and aluminum to permit of nitriding and it is understood that the 
product is “pearlitic malleable”. This is quite suitable for the purpose for no great 
ductility would be useful in a nltrided object. 

Graphitized pearlitic products of a composition such that they should be classi¬ 
fied as derivatives of steel rather than of cast iron have found a few Important 
applications but no systematic survey of that field is yet possible. 
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Physical Testing of Tool Steels* 

I—Introduction—This article lists and classifies nearly all of the physical tests 
that might be applied to a tool steel. The practical value of many of them is 
questionable* but descriptions are included to make available information on all 
methods. 

The (^Ject of this article is to help consumers select tests best suited for a given 
purpose. They should first definitely determine what may be learned from these 
tests and then choose those most practical and easily correlated with service. 

n—Chemical Tests—3ee page 682 for methods on the chemical analysis of steels. 

m—Spark Tests—See page 773 for an article on Spark Testing. 

IV—Fracture Tests—'^e fracture test is a means of examining steel visually 
for two purposes* (1) To detect internal defects* and (2) to determine fracture grain 
size. The test will therefore be discussed under these two headings. 

1. Fracture Tests for the Determination of Internal Defects—This test may be 
easily misinterpreted by inexperienced observers* so the following guide for proper 
inten)retation is offered. 

Fracture of Annealed Steel—Annealed tool steels may be fractured by nicking 
on one side followed by striking the end close to the nicks with a sledge hammer. 
The bars or specimens are usually supported on an anvil to avoid danger from 
flying pieces. The conditions described below may be observed from annealed 
fractures. 

Decarburieation—Decarburization is determined by the difference in grain size 
between outer edges and interior of the specimen. The decarburized zone will exhibit 
a grain larger in size and brighter in color than the interior of the specimen. All 
hot rolled bars possess a decarburized surface so that acceptance of material is 
based on whether the amount present may be detrimental (Fig. 1). 

Pipe—Piped steel caused by shrinkage cavities in the ingot will be recognized 
from an actual discontinuity at or near the center of the specimen. When this 
condition has been largely removed a coarser or brighter grain may appear in the 
center (Figs. 2 and 3). 

Bursts—Ruptures produced by forging or rolling somewhat resemble pipe. Dis¬ 
tinction may sometimes be made from the shape of the defect or from deep etch 
tests. 

Ftakes—Flakes will appear as short ruptures or bright spots in longitudinal 
fractures. When fractures are made through, rather than across the flakes, the 
bright colored spot will appear somewhat conchoidal in form. Care should be taken 
not to confuse this defect with areas which have been made bright by rubbing 
during fractiuing or with sections elongated during breakage. Flakes in water 
hardening steels are usually detrimental. In other types the effect of their presence 
should be determined before rejection (Fig. 7). 

Woody Structure—Fractures taken in the direction of rolling or forging are 
often of a fibrous appearance. Since all steels are of a heterogeneous nature the 
degree of such fibrous appearance will depend upon several factors, such as com¬ 
position* cleanliness; amount, and direction of working. Steels so highly alloyed 
as to be of a segregated nature; such as high speed steel, will quite often show a 
fibrous structure to varying degrees, especially in larger sections. An interpretation 
of the effect of the fibrous structure can only be made with a full knowledge of the 
general characteristics of the steel in question. Fig. 8 shows a woody structure. 

Fractures of Heat Treated SteeU—Heat treated specimens may be nicked with 
thin cut off wheels to assist in obtaining satisfactory breaks. When breaking, 
precaution should be taken to prevent injury from flying fragments. Any of the 
conditions encountered in the fractures of annealed steel can be recognized to 
better advantage in heat treated specimens. It is often preferable in examining heat 
treated fractures for internal defects to cut a relatively thin disc and break this in 
the direction of rolling or forging so that the defects are examined in the elongated 
condition. 

Penetration of Hardness—The penetration of hardness in carbon or low alloy 
steels may be determined by the variation in grain size froin surface to center in 


^Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. 1. Stotz, Chairman; A. S. Jameson, A. J. Scheid, Jr., O. V. Luerssen, W. H. Wills, Burns 
Oeorge, J. S. Brb, P. J. McCarthy, F. F. McIntosh, J. H. McCadie, C. L. Harvey, H. T. Cousins, 
J. A. Succop, A.'D. Beeken, Jr., J. P. Howley, H. A. Anderson and S. C. Spalding. 
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transverse fractures. A more certain method of measuring penetration is by grind* 
ing and etching the cross section of the piece. Tests of penetration are taken up 
more in detail in Section VIII in which illustrations are shown on both fractured 
and deep etched sections. 

2. Fracture Tests for the Determination of Grain Size —In the annealed condition* 



Pig. l-Decarburlzed surface. Pig. 2-Plpe. Pl^ 3--Coarsc center pain result ofplpe. 
4 _^Proper grain for high speed steel. Hg. 6—^Plne grain carbon steel. Pig. S—Coarse 


grain. 
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highly alloyed steels show a finer grain than carbon or low alloy steels as shown 
in Pig. 4, 5 and 6. 

The grain size in the treated condition will vary with the type of steel as 
regard composition* inherent characteristics* the hardening temperature* time* and 
the quenching medium. 

The visual grain size in a fracture is usually a reliable indication of the cor¬ 
rectness of heat treating. However* there are exceptions especially in high speed 
steels, so the fracture test should be supplemented by microscopic examination 


(Section VII). 

The arbitrary stand¬ 
ards are generally used for 
the quantitative determi¬ 
nation of fracture grain 
size. These standards con¬ 
sist of fractured % in. dia. 
test samples* each tmif orm 
throughout its section* and 
numbered from 1 to 10* 
number 1 being an ex<^ 
tremely coarse fracture* 
ascending numbers be¬ 
coming finer grained in 
uniform steps* 10 being 
extremely fine and silky. 
Fracture grain sizes for 
No. 1* 5. and 10 of these 
standards are shown in 
Pig. 9. 

Fracture grain size 
readings are made by 
comparing the unknown 
fracture with the standard 
and designating its grain 
size as the number of the 
standard fracture which 
it most nearly matches. 
If the unknown fracture 
falls midway between two 
of the standards such as 
for instance 8 and 9, it is 
rated as a half number* 
such as 8%. 

V —Hardness Testing 
—Descriptions of the 
Brinell, Rockwell, Sclero- 
scope, Monotron, Vickers, 
and file hardness testing 
methods, as well as Hard¬ 
ness Conversion Data* are 
given on pages 112-128. 

For testing medium 
and low hardness tool 
steels, those machines 
using the principle of ball 
impression are preferable* 
while for testing high 
hardness tool steels* the 
diamond point machines 
are generally used. The 
file test is used on hard¬ 
ened tool steels only. 



Pig. 7—Plakes. Pig. S—Woody structure. Pig. 9—Fracture 
grain sizes for specimen 1, 5, and 10* X5. 


V- a^Hardness Testing at Elevated Temperatures—Bee p. 129 in this Handbook, 
for an article on this subject. 

VI— Macro Etching of Tool Steels—Procedure for deep etch testing is given on 




«£. 10—BtchinK cracks. Pig. 11—Surface appearance and pattern effect. Pig. 12—Center 
porosity. Pig. 13—Pipe after etching. Pig. 14—Hammer burst after etching. Pig. 10—Unsound 
steel— blow holes and nonmetalllo Inclusions. Pig. 16—Internal cracks. Pig. 17—DendriUe 
structure. 
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page 726, consequently, this article will deal strictly with interpretation of the results 
rather than procedure. 

The deep etch test reveals readily and quickly many of the characteristics of tool 
steel, but in some instances, further examination by standard testing methods is 
required to evaluate them properly. The knowledge that a piece of steel is dendritic 
or contains metallic and nonmetallic segregates is not sufficient evidence in Itself on 
which to base definite conclusions of the t)roperties of the steel. There is real value 
in the deep etch test when used to separate materials which are obviously defective 
from those which are not. It is easily made, but requires experience and Judgment 
to interpret the results. 

Cracks from Efc/itnp—Hardened or otherwise highly stressed steels should be 
sufficiently tempered before etching to prevent cracking because they may crack in 
the etching solution (Fig. 10). 

Surface ilppearance-<-Steels may etch with a comparatively smooth surface or 
with a highly rough or pitted surface, depending upon variables in manufacture, 
and composition. Therefore, a highly roughened surface is not necessarily detri¬ 
mental (Fig. 11). 

Irregularity in pitting may usually be attributed to one or more of the defects 
given below. Certain manganese, oil hardening types are more readily attacked by 



Fig. 18—Pattern effect. Fig. 19—Coarse grain size as shown by etching. Fig. 20—Decar- 
burlzation as shown by etching. Fig. 21—Hardened case shown by etching 1% carbon tool steel. 
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the acid and are often decidedly roughened without in any way being defective. 

Center Poro^fy—Porosity may be the result of an actual discontinuity within 
the metal, in which case it is probably more proper to classify the defect as a pipe. 
Usually, however, the porosity is of such a nature that it is not visible until the 
specimen has been subjected to the etch. This condition can be found in widely 
varying degrees and the-question of whether the steel should or should not be used 
is one of experienced Judgment (Fig. 12). 

Pipes and Barsts—Usually such defects are visible before deep etching. After 
etching it is often possible to distinguish between the two by the degree of 
sponginess surrounding the defect. Piped material usually shows considerably 
more sponginess than burst material (Pig. 13 and 14). 

Unsound Bteel—Numerous blow holes and nonmetallic inclusions visible as the 
result of the deep etch are usiially indicative of both gases and oxides being dis¬ 
tributed throughout the steel at the time of casting (Fig. 15). 

NonmetaUic Inclusions and Metallic Segregates—In killed steels, nonmetallic 
inclusions usually appear as pits and must not be confused with pits occurring 
from the etching out of metallic segregates. When nonmetallic in(;)usions are 
suspected In highly alloyed steels which may contain metallic segregates, a com¬ 
parison should be made of an annealed specimen and a hardened specimen 
etched alike. If the etching pits are the result of nonmetallic inclusions they 
will appear similarly in both the annealed and hardened specimens; if they are 
the result of a metallic segregate they will differ. Microscopic examination is 
preferable for determining their true character. 

Internal Cracks—Internal cracks, sometimes called flakes or cooling cracks, can 
often be observed as the result of the deep etch test. These cracks are an actual 
discontinuity in the metal and, depending on their nature and distribution, may 
make the sted unflt for use (Fig. 16). 

Dendrites—Etching often reveals a dendritic structure, which is the result of 
the crystallization characteristics of the ingot. Dendritic structure is not detri¬ 
mental in most instances. The permissible degree depends on the application 
(Pig. 17). 

Pattern Effect—Pattern effect is almost wholly the result of the cuYstallization 
of the ingot wd generally results from that part of the bar which was the columnar 
structure of the ingot etching differently from that part which was the granular 
structure of the ingot. Should the steel contain considerable sulphide and 
silicate induslons» then the area of contact between the columnar structure 
and the granular structure may be particularly noticeable. In the absence of 
large amounts of sulphides and silicates, the pattern effect probably is of no 
serious consequence (Fig. 18). 

Grain Bise—While the etch test is of no definite value in determining grain 
size, nevertheless the manner in which many specimens etch may indicate some¬ 
thing of the grain size. Generally the larger the grain, the coarser will be the 
appearance of the etched surface (Pig. 19). 

Decarburization and CarburisafioTi—Generally the areas which have been 
either decarburized or carburized will etch differently from the remainder of the 
specimen, chief difference usually being one of color. Decarburized parts will 
appear lighter in color and carburized parts darker (Fig. 20). 

Hardened Case—in shallow hardening steels a contrast in color results between 
the case and the core by mild etching (Pig. 21). 

Flow Lines from Forging or Rolling—A longitudinal section when subjected to 
the macro etching will often show flow lines due to the elongating of structural 
constituents. Such flow lines are always visible to a greater or less degree. They 
indicate the directions in which the steel was worked. Flow lines do not signify 
defective material (Fig. 22). 

Surface De/ecfs—Seams, laps, and cooling cracks, and other surface defects 
are revealed and exaggerated in the surface of bars which have been deeply 
etched (Fig. 23). Therefore, a short time etch is recommended. 

Soft Bpots-^ft spots which so often result when hardening carbon or low 
alloy tool steels can be readily distinguished by the macro etch test. The soft 
spots invariably etch in relief and are not so dai'k in color as the harder surrounding 
areas (Fig. 24). 

Orinding Crocks—Orlndlng cracks can be ea8% dlstbiguisbed by the standard 
macro etch and are usually Identified by a pattern^ of some symmetry (Fig. 25). 

vn—Microscopic Test—Hie examination of .polished sections of. tool steel-under 
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the microscope is a common method used in connection with its inspection* the 
investigation of tool failures and various research problems. 

Cutting, grinding, and polishing equipment required for this work is covered 
under “Preparation of Metallographic Specimens,” on page 722. Etching reagents 
are given on page 170. 

The avoidance of polishing pits and scratches in tool steels is not so difficult 
as with soft steel. Polishing pits are sometimes mistaken for inclusions and 
careful polishing is essential for best results. For the etching of tool steel speci¬ 
mens, the use of a 2-5% solution of nitric acid in alcohol is generally applicable. 
Somewhat stronger solutions may be used for highly alloyed types. 

In the microexamination of tool steel, a microscope with a capacity up to 
1000 diameters should be satisfactory for aU ordinary requirements. 

By examination under the microscope, it is possible to determine a number of 
factors which may affect the quality or performance of tool steel. Among these may 
be mentioned: 

(a) Grain size (d) Size and distribution of carbides 

^ (b) Effect of heat treatment (e) Nonmetallic inclusions 

(c) Structural constituents (f) Segregations 

(a) Grain Size—-The grain size may be considered as referring to the size of the 
austenite crystals which are formed when the steel is heated above its critical 



Fig. 22—Flow lines on longitudinal section. Fig. 23—Surface defects—rolling laps. Fig. 

24—Soft spots. Fig. 25—Grinding cracks on hardened die steel. 

points. These grains may be observed under the microscope in steels that can 
^be made austenitic at room temperatures. It is possible by certain heat treat¬ 
ments to develop grain structures that are a record of the austenite grains that 
existed at the previous high temperature to which the steel was subjected. (Fig. 
26 and 27.) The well known McQuaid-Ehn.test is a method for the study of the 
grain size under a given set of conditions'. It is usually limited to carbon or 
low alloy steels and grain size observed for comparison with a standard or chart 
by examination of the case at 100-150 diameters. Grain size, factors affecting it, 
and its relation to physical properties are of importance with some users of carbon 
and low alloy tool steels. 

(b) Egect of Heat Treatment—While the most common method of checking 
the prior heat treatment of tools is by the examination of hardened fractures, 
.microexamination of hardened structure is more accurate. In cases of steels 














Fig. 26-~Ca8e structure of coarse grained carbon tool steel (0.90% C). Carburized at 1750*F. 
So-called normal steel. 125X. Fig. 27—Same as Fig. 26. but of so-called abnormal steel. 125X. 
Fig. 2a—Large martensitic needles in overheated manganese oil hardening tool steel. 600X. 
Pig. 29—Same as Fig. 28, but properly hardened. 600X. Fig. 30—Large austenitic grain size ftom 
over heating high speed steel when hardening. 600X. Fig. 31—Normal austenitic grain size in 
hardened high speed steel not tempered. 600X. Fig. 32—Carbon tool steel (1.20% C). This steel 
was not fully annealed so shows lamellar pearllte and traces of segregated cementite. 600Z. 
Fig. 33—Same as Fig. 32, but fully annealed with carbides in a spheroidlzed condition. 
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developing a largely martensitic structure when hardened, the size of the marten¬ 
sitic needles may be considered a measure of the austenitic grain size following a 
given heat treatment. A structure with enlarged martensitic needles is associated 
with overheating (Fig. 28). On the other hand, partial or complete absence of 
martensite and the presence of numerous small undissolved carbides may indicate 
an underheated condition. The relative proportion of austenite, martensite, and 
troostite sometimes throws light on the degree of tempering (Fig. 29). 

Properly hardened or overheated high speed steel as quenchi^ from the usual 
hardening temperatures and high carbon, high chromium steels when overheated 
develop an austenitic structure. Observation of the size of the austenitic grains 
is useful when Investigating the heat treatment or physical properties of these 
types (Fig. 80 and 31). 

(c) Structured Cohstituents-^A large proportion of tool steels have a compara¬ 
tively high carbon content and represent eutectoid or hypereutectoid compositions. 
In such steels, carbide forms predominate as the structural constituents. These 
may refer to pearlite, cementite, austenite, martensite, troostite, sorbite or carbide 
segregate (Fig. 32). Ferrite may exist as a minor constituent in the lower carbon 
(hypoeutectoid) tool steels. It also is the principal constituent of the matrix 
observed in the examination of the structure of annealed tool steels when the 
carbides are present in the spheroidal condition (Fig. 33). 

It may be desired to Identify or estimate the proportion of structural con¬ 
stituents of tool steel in the annealed and hardened condition and sometimes in 
the hot worked condition. This work is done by the examination of longitudinal 
or cross sections at usually 500 diameters or more. 

(d) Size and Distribution of Carbides-—In hypereutectoid carbon tool ste^ and 
the more highly alloyed tool steels, such as high speed and the high carbon, 
high chromium types, size and distribution of the carbide segregate have a bearing 
on quality and may be a factor in tool failures. It requires considerable experience 
on the part of the observer to know what to expect as to uniformity and what 
is objectionable as to carbide network and segregation in various sized sections. 
Inspection for carbide distribution is made at about 100 diameters (Fig. 34, 35, and 
36). Size of carbides in alloy or carbon tool steels is preferably observed at 500 
diameters or more. 

(e) Nonmetallic Inclusions—Among the nonmetallic inclusions that may exist 
in tool steels are slag or refractory inclusions, and others that represent deoxida¬ 
tion products and various silicates. 

Examination for nonmetallic inclusions may be made by examining unetched 
polished longitudinal sections at 100 diameters or more. In some cases when thei 
steel tends to pit readily in the polishing, inclusions show better if polished in the! 
hardened condition and after the specimens are lightly etched in nltal (Fig. 37). 

(f) Segregations—Carbide segregation is the most common kind that may exist 
in tool steels. It exists in varying degrees in the highly alloyed types such as 
high speed, and high carbon, high chromium steels as referred to under para¬ 
graph (d) above, covering carbide distribution. Carbon and the low alloy tool 
steels may show carbide segregation to a lesser extent. Excessive carbide segrega¬ 
tion is objectionable as it may be a cause of tool failures or difficulty in machining. 
Carbide segregations may be observed to advantage by the examination of longi¬ 
tudinal sections at magnifications of 200 diameters or more. 

vni—Hardening Tests—^In devising and interpreting tests for the hardening 
characteristics of tool steel, it is important to consider the type of steel, its applica¬ 
tion and method of hardening employed. 

1. Penetration of Hardness, Shallow, and Medium Deep Hardening Steels— 
Penetration of hardness is the depth to which a tool steel will show full hardness 
upon quenching. The carbon and carbon-vanadium steels are typical shallow 
hardening and the line of demarcation between the hard case and the relatively 
soft core being quite distinct. Starting with the carbon steel increasing hardness 
penetration can be obtained by the addition of small amounts of such elements as 
chromium, manganese, silicon and molybdenum. As the hardness penetration is 
increased by the addition of such elements, the line of demarcation between the 
case and the core grows less sharp, and in the extremely deep hardening steel is 
replaced by only a slight drop in hardness toward the center. 

Tests for penetration are of most value in connection with the shallow and 
medium deep hardening types. Because of the wide difference in behavior of these 
types, no single test can be adapted to all. Consequently two types of test, one 
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for shallow hardening, and one for deeper hardening steels are here suggested. 

For the shallow hardening types a very convenient test Is the P-P test (Pene¬ 
tration-Fracture). This consists of hardening in brine four samples machined to 
% rd.x3 In. long, one each from 1450, 1500, 1550, and lOOO^’F., notching each in the 
middle and fracturing by Impact. Then one-half of each piece is examined for the 
grain size of the case, by comparison with the standard described under Section IV. 
Penetration tests are made on the other half of each sample by grinding the frac¬ 
ture and smoothing it on No. 0, or finer, abrasive, etching three minutes in 1-1 
HCl at laO^'F. and measuring the hardness penetration in '64ths of an in. 



Fig. 34—^High speed steel with cellular carbide distribution. The original ingot structure 
was not fully broken up during hot working. 126X. Fig. 35—High speed steel with heavy 
carbide segregation. 125X. Fig. 36—Uniform carbide distribution in high speed steel. From 
section i%xA in. Bar stock. 125X. Fig. 36A—Same as Fig. 36, but from a 3x3 in. hob 
forging. 125X. Fig. 37—^Large nonmetallio inclusion in high speed steel. 125X. 

The P-F characteristic is then recorded as numerals. The first four numbers 
represent the penetration in 64ths, and the last four numbers the fracture grain 
size. The first number of each group represents the P-F results for a temperature 
of 1450®P. and the second number of each group represents the P-F for a tempera¬ 
ture of 1500''F., and so on. Fig. 37A illustrates a typical test, the figures designating 
the penetration and fracture values determined for each specimen. The value of 
this test in showing the hardening characteristics of a plain carbon steel over a wide 
range of temperature is obvious. 

Various precautions must be taken in conducting this test where results are 
to be strictly comparable. The original structure of the test pieces resulting from 
annealing or pre-treatments is important. For general comparisons, since most 
tools are made and hardened from an annealed bar, it is desirable to make the 
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test on annealed specimens, just as cut from the bar stock. If, however, It is the 
practice of the consumer to normalize or in some way pre-treat the tools before 
final hardening, the P-F tests should be made on specimens having these preliminary 
treatments in order to give an indication of the behavior in the finished tool. 


Quenching Tempenature: 
MSO^F 1500^F. 


rno^R 


t600°F 


Penetnetion (in 64(b): 

6 6 ^^ P 8 V 2 



Fnecbjne: 

gv^ 9 8 V 2 6^/4 



Pig. 37A—Etched sections and fractures In P-P test on carbon steel. 


For accurate results close control of the time cycle and temperature in hard¬ 
ening must also be maintained. Usually the specimens are so heated that the 
total time in the furnace Is 25 min. for each temperature. These conditions can be 
realized with considerable uniformity by using a relatively large 
furnace, bringing it up to the final desired temperature, intro¬ 
ducing the specimens and bringing them up to temperature 
without allowing the furnace to drop back. 

For uniform results specimens should be quenched in a 
flush using 10% brine and a suitable vertical jig. 

2. Penetration of Hardness, Deep Hardening SfeeZs—For 
determination of penetration on the deeper hardening steels, 
the % in. dia. specimen employed in the P-P test cannot be 
used since this section would harden entirely through. The 
heavy sections necessary for testing these steels present con¬ 
siderable difficulty in cutting. Consequently the following meth¬ 
ods using small specimens inserted in a. larger block to simulate 
the larger mass have been*suggested and used. However, they 
Pie 37B—Block used *^ot Well established or as standardized as the method 
In determining pene- described above. 

The first method consists of a disc of ordinary soft steel 
approximately 4 in. in dia. x 2% in. thick is used as the block. 
Pour equally spaced holes are drilled longitudinally through this disc and tapered 
slightly so that corresponding tapered plugs of the steels to be tested can be inserted. 
A suggested assembly of the disc and the test specimens is shown in Fig. 37B. 



tration for deep hard¬ 
ening ::teels. 
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After the test plugs have been driven in, the entire fixture is heated to the 
quenching temperature of the steels under test, and quenched. Plugs are then removed, 

two flat areas are ground longitudinally on 
opposite sides and Rockwell determinations 
made every ifts in. from one end to the other. 
From these readings a penetration curve can 
be plotted as shown in Pig. 37C. 

The second method for determining the 
penetration of deep' hardening steels, and one 
which may be used to advantage in studying 
the effect of heavier mass upon the penetra¬ 
tion characteristics of the shallow hardening 
steels, consists of cutting a disc of the steel 
to be tested measuring approximately in. 
in dia. x % in. thick, grinding the two surfaces 
of this disc exactly parallel, then clamping the 
disc between two cylinders of equal dia. The assembly may be held together by a 
bolt through the center, in which case it is necessary that one of the cylinders and 



Pig. 37C—Hardness penetration curve on 
deep hardening steel. 



thin disc, and for studying 

effect of mass. Fig. 37E—Test piece shown in Pig 37D after etching. 

test piece be bored axially and the oth^r cylinder tapped to accommodate this bolt. 
The entire assembly is then heated to the temperature desired, properly quenched 
and the test piece removed from the fixture. The test piece may then be etched to 
show penetration, or Rockwell hardnesses may be taken over the face, which will 
have the same characteristics with regard to hardness as if a whole bar of the 
same size had been quenched and cut in half. The fixture with test piece engaged, 
and the test piece after removing and etching are illustrated in Fig. 37D and 37E. 

3. Degree of Hardening-^To test the degree of hardening, the samples described 
under “Penetration of Hardening” may be used and the hardness read by the 
usual methods (See Section V—Methods of Hardness Testing). 

4. Vniformity of Hardening—Soft spots are peculiar to tool steels of the shallow 
hardening type, due to improper quenching conditions. Misleading information 
will be developed if standardized methods of quenching are not employed in mak¬ 
ing a test to determine the uniformity of hardness in these steels. 

A hardened sample, tool, or part, may be tested by etching the polished sur¬ 
face with hot 1:1 HCl or 10% HNOa in alcohol at room temperature. Areas of 
variable hardness will etch light or dark and may be explored by standard hardness 
testing methods. 
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5. Susceptibility to Hardening Cracks—A number of tool steels are susceptible 
to hardening cracks, due to composition, prior treatment or variables of manu¬ 
facture. In determining this characteristic in steels of similar chemistry, it is 
important that a standardized temperature, time of heating and quenching cycle 

be employed. To locate hardening cracks, a properly 
hardened sample, tool, or part may be examined 
magnetically as described under ^'Magnetic Testing,’* 
on page 770. An alternate method involves the etching 
of the piece in hot 1:1 HOI, 10% HNO» in alcohol or 
10% solution of ammonium persulphate in water, at 
room temperature. 

6. Sensitivity to Grain Growth—DiSerence Insensi¬ 
tivity to grain growth may be observed in tool steels 
when heated in increasing intervals above the critical. 
This characteristic is dependent on composition, vari¬ 
ables of manufacture and heat treatment. 

A simple test involves the hardening of test pieces 
(as described under “Penetration of Hardening**), over 
a range of ascending temperatures, starting with the normal or customary hardening 
temperature for a given lot of steel. For example, samples of 1.00% carbon steel are 
hardened at 1400, 1450, 1500, 1550, and 1600*’F. in water. The pieces are fractured, 
compared with a standard, or examined microscopically. 

7. Susceptibility to Soft Surface—A susceptibility to soft surface is peculiar to 
several types of tool steel. Differences between types may be determined by 
hardening samples of the respective lots from their normal quenching temperatures, 
after which accurate hardness tests may be made. In testing steels of similar 
chemistry, it is important to employ a standardized temperature, correct furnace 
atmosphere, time of heating and quenching procedure. The depth of the soft 
surface may be measured by a repeated cycle of uniform grinding and hardness 
testing. 



Fig. 38—^Navy specification for 
deformation. 


IX— Machinability-^^Method for Testing for Machinability—The only practical 
test for machinability is one based on actual machining operations. 

Machinability is not a definable property of tool steel because “machining** 
may Involve a dozen or more different operations such as turning, tapping, reaming, 
drilling, broaching, threading, or backing-off. Each of these different operations is 
further complicated by the requirements of the job. For example, milling of the 
fiutes in a tap might require that no burr be thrown up on the teeth, while no 
such requirement would be imposed on milling the fiutes on a reamer. Drilling 
large holes does not involve the same problem as drilling small holes, and gun 
barrel drilling introduces still other problems. A delicate backing-off operation 
may dominate all other machining requirements in making certain tools. 

Each user must therefore, determine the condition in the tool steel which pro¬ 
duces best machinability for his own particular purpose. Certain tests can be 
decided upon, including analysis, hardness, and microstructure, which can rea¬ 
sonably be expected to reproduce the machinability which is desired. For any 
given analysis of tool steel, incoming material can be inspected for machinability 
by testing the hardness and microStructure and comparing them with standards 
which have been approved for satisfactory machinability. 

X— ^Testing of Tool Steels for Nondeforming Qualities—All tool steels tend to 
distort during heat treatment. This distortion is affected by the rate of heating, 
rate of cooling, design of the part, and by characteristics of the steel. Obviously, 
in any attempt to compare steels for, nondeforming qualities as affected by steel 
characteristics, control over all other variables must be maintained. 

There should be no difficulty in maintaining uniform rates of heating for 
test specimens. Rates of cooling will naturally vary with the type of steel since 
some steels must be hardened by quenching in water or brine, others in oil, air 
blast, or still air. This rate of cooling, however, should be uniform when com¬ 
paring different makes of steel of the same type. 

The degree of hardness resulting from treatment is also important since a 
steel hardened to a low hardness will move less than the same steel treated to 
a high hardness. While imiform rates of heating and cooling should control 
this to some extent, a standard range of hardness for various types of steel should 
be used. 
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Numerous designs of test specimens are possible and the observer should 
select that standard design which most nearly meets his requirements. The 
following four designs are suggested: 

1. Machine a section of annealed steel to % in. round x 3% in. long. After 
machining, the specimen should be given a strain relieving treatment by heating to 
a temperature just below the critical, followed by slow cooling. It should then be 
ground and accurately measured for length and diameter. A standard heat treat¬ 
ment should be used. The dimensions may be rechecked before and after tempering 
if desired. 

2. A ring in. outside dia. x in. inside dia. x % in. ihick may be pre¬ 
pared and handled in the manner of specimen No. 1. 

3. Plat specimens at least 6 in. square x IVb in. thick are especially valuable as 
an indication of the movement that may occur in steels used for large dies. In 
this test the specimen may be prepared as described above but the measurement 
involves checking the face of the specimen for natness to determine the extent to 
which the surface has become convex or concave. 

4. Fig. 38 Illustrates a specimen of nonuniform section sometimes used for 
movement tests. Preparation of this specimen should be similar to that suggested 
for test No. 1. The accuracy of this test is doubtful because of the greater effect 
on the movement exercised by slight changes in rates of heating and coolihg. 

XI—Tensile Tests at Room Temperature—>The tensile properties of tool steel 
in the annealed condition are of little commercial value, and when tested in the 
hardened condition, the tensile determination presents considerable difficulty. It is 
possible to obtain tensile properties that do have some value by tempering to 
such a hardness that the steel will have appreciable reduction of area and elonga¬ 
tion, which for many tool steels is in the vicinity of 40 Rockwell O. 

When determining the tensile properties of tool steel, a specially designed test 
specimen is recommended (Fig. 39)^ In order to secure perfect alignment, special 
grips using the ball and socket principle are recommended. 

The specimens are usually heat treated in test bar size but leaving about 0.020 
in. on the diameter to permit removal of decarburized surface and correct for 
warpage. 

Xl-a—Tensile Tests of Tool Steels at Elevated Temperatures-—The Joint Com¬ 
mittee of the A.S.TM. and the ABM:e. have prepared tentative standard 
methods* for tensile tests of steels at elevated temperatures. These methods 
are satisfactory for medium or low strength steels, but for high strength steels it 
is difficult to obtain accurate results without soine modifications. 

The Elevated Temperature Tensile Test Specimen—Tig, 40 shows a satisfactory 
form of test specimen. The best practice is to rough turn in the annealed con¬ 
dition; heat treat; and grind as indicated. In the case of high strength steels 
with low elongations, best results will be obtained if the ends are tempered for a 
short time in a liquid bath, previous to grinding. 

The diameter of the specimen (gage length section), may be varied from the 
dimension shown in Fig. 40 to as small as 0.200 in. with satisfactory results. 
When a smaller specimen is used, the gage length should equal four diameters so 
that the elongation values will be directly comparable to those of the standard 
specimen. The detail dimensions of a small specimen are shown in Fig. 41. 

Gage marks can be put on the hardened specimens conveniently with the 
diamond point hardness tester. Wash the surface with a copper sulphate solu¬ 
tion where the gage marks are to be placed, then scribe the 2 in. gage length with 
sharp dividers and follow by prick punching or use the diamond point. If an ex- 
tensometer is to be attached to the specimen, it is necessary to put gage marks on 
opposite sides. This procedure is much facilitated by rotating on centers and using 
the dividers against a rest while laying off the gage length. 

The Testing Equipment—Various forms of shackles may be used to grip the 
ends of the specimens. A satisfactory form is shown in Fig. 42. This type is 
readily adapted to both the threaded-end and the shouldered-end types of speci¬ 
mens. The split adapters that fit the ends of the shouldered-end specimens are 
strengthened by the solid rings which have a tapered bore so that they can be 
wedged on the adapters after the specimen is inserted. Another satisfactory form 
for shouldered-end specimens is shown in Fig. 42a. 

The best furnace for making high temperature tensile tests is a differentially 


•See A.8.T.M. Proc., 1984, v. 34, pt. I, p. 1214 (Eai-34T and E22-34T). 
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or gap wound resistance type of electric furnace with particular attention given 
to baffling, Insulation, and tightness so as to prevent temperature gradients either 
in the specimen or the adjoining shackles. For short time, elevated temperature 
tensile tests manual control of the temperature is generally adequate, but for the 
long time or creep tests automatic control becomes mandatory. In any case, it is 
essential to know the actual temperature of the specimen and maintain this tem¬ 
perature throughout the reduced portion at each temperature used. 
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Fig. 39—Special tensile test specimen for tool steel. The ends may be 
square or ball-shaped. Fig. 40—^Tensile test specimen for tool steel at 
elevated temperature. Fig, 41—Same as Fig. 40, but where a small speci¬ 
men is required. 


The use of the extensometer in high temperature work makes the mainte¬ 
nance of uniform temperatures so difficult that the best results are often obtained 
by compromises between heating equipment and deformation measuring apparatus. 
The use of the smaller sizes of specimens assist in obtaining uniform temperatures 
throughout the specimen. 

Self-aligning shackles are quite essential. The usual method is to provide 
ball and socket joints at the ends of the shackles where they are attached to 
the heads of the testing machine as indicated in Fig. 42. 

Testing Procedure —It is particularly important in short time high tempera¬ 
ture tensile tests to heat slowly for consistent results. Many of the published dis¬ 
crepancies are due to too fast a heating rate. The elastic properties of tool steels 
as usually determined, such as elastic limit, proportional limit, and frequently 
Young's modulus, are of questionable value because of creep phenomena at the 
higher temperatures and the difficulties contingent upon their determination. 
Better results will be obtained by the use of yield strength values based on some 
arbitrary permanent set, or perhaps two different permanent set values such as 
0.1% and 0.2%, following the methods given in the standards of the A.S.T.M. 
(E8-33). Such yield strength values need be used only in the absence of a well 
defined yield point in the steel, but most tool steels have no well defined yield 
points. 

Temperatures are best obtained by clamping thermocouples directly on the 
shoulders adjacent to the gage length of the specimen. Shield the hot junctions 
from heat of the furnace walls by placing asbestos paper over the junctions before 
applying the clamps. Additional thermocouples in the furnace atmosphere and 
shackles may assist in obtaining and controlling the desired temperatures, but 
generally are not reliable for measuring specimen temperatures. 
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In reporting results, the details of the specimen apparatus and procedure should 
be given in addition to the composition and history of the material. 

XI— b—Tool Steel—Compression Testing—The object, generally, of compression 

testing is to determine stress 
and deformation under load, 
and the load necessary to 
produce failure. 

For tool steel, the latter 
inforihation is all that is 
usually required. The test is 
used mostly in connection 
with problems of tool design, 
or in comparison of one type 
of steel with another, or one 
heat treatment with another. 
The material is tested in the 
hardened condition. 

Fig. 43 and 44 show tsrpes 
of specimens which have 
been used. The form shown 
by Fig. 44 is usually preferred. The method of carrying out the test is illustrated 
by Fig. 45. The following precautions are essential: 

1. One bearing block must be provided with a spherical seat. 

2. The specimen and bearing blocks must be accurately centered on the table 
of the machine so that the tine ol pressure will pass through the axis of the speci¬ 
men, bearing blocks, and testing machine. 

3. Apply the load at a uniform rate, generally less than 0.02 In. per min. 

4 . Full protection from flying pieces must be provided. 

The drop of the beam or dial pointer is usually taken to indicate ultimate 
failure. It is recommended that the test be stopped at this point. The load at 
rupture may be somewhat higher, but is considered to be without significance due 
to the radical change in shape and dimensions of the test piece. For more 
complete particulars, see references I, 2, and 3. 

For measuring the resistance of a superficially hardened object to local crush¬ 
ing or sinking under load, two methcds have been used. The first makes use of 
a plain cylindrical hob which is pressed into the object to be tested, using suitable 
increments of load. After each increase of load has been applied, the hob is re¬ 
moved and the piece examined. The load at which the first signs of permanent 
sinking occur, is taken as an indication of the local carrying capacity of the 
surface. In the second method, described by O. W. McMullan* special Brinell 
balls, preferably of the hard carbide variety are pressed into the surface to be 
tested under increments of load, the impressions being measured in the usual 
manner. 

XII— Impact Tests—The standard impact tests as described on page 50 are not 
commercial tests for tool steel, as the values obtained mean little in the annealed 
condition and when testing is done in the hardened condition, the values are too 
erratic. 

When this type of testing is used the design of the test bar may be varied 
according to the characteristics of the steel. 

The test bars are highly stressed and care is necessary to prevent injury from 
the flying fragments during the impact testing. 

The torsion impact test is comparatively new for developing information on 
tool steel harder than Rockwell C 60. The full significance of the test and its 
results must await further developments. 

XIII— Torsion Test as Applied to Tool Steels—The problem of determining 
accurately some of the fundamental properties of hardened tool steel is difficult 
in that exceptionally high strengths and low degrees of toughness as compared to 
the engineering steels, are encountered. The tensile transverse bending, and im¬ 
pact tests have limited usefulness when applied to hardened tool steels as results 
are apt to vary and the average is only approximate. The static torsion test has 
the advantage over the above in that the applied stress is not so much concentrated 
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and it is possible to measure much more accurately both strength and toughness 
even when the latter is very low. With this method of testing, simultaneous 
observations of both stress and strain are made, and from these results curves 
can be plotted showing both the elastic and plastic deformation and the approx¬ 
imate location of the yield point. 

Method of Making Torsion Tesf-^wing to the 
high strength and low toughness of hardened tool 
steels, a test specimen with a comparatively high 
ratio of “L” to “D** is necessary for best results; 
<L = length of gage section, D = outside diameter 
of gage section). Where a ratio of 5.78 is used for 
relatively soft materials, a ratio of 16 is recom¬ 
mended for hardened tool steels so that sufficiently 
large strain values can be obtained for a given 
stress. A drawing of the torsion test specimen for 
tool steels, picture of the torsion testing apparatus, 
and details regarding the method are given on 
pages 47 and 49, A.S.T.M., Proc., 1931, v. 31, pt. 2. 

The principle of the test is that by means of a 
manually operated turning head, a twisting torque 
is applied to the torsion specimen which in turn 
transmits the torque through a lever system and 
hydraulic gage to a piston. The gage reading in¬ 
dicates the applied twisting force or torque in in. 
lb., and deformation or angle of twist is directly 
measured on the twisting head of the machine. 
The angle through which the specimen twists is recorded for each increment of 25 in. 
lb. torque until rupture occurs. Prom these data a stress-strain curve can be plotted 
which gives information as to the elasticity, plasticity, and ultimate torsional 
strength of the material being tested. 

XIV— Cutting Tests—See the work of P. W. Taylor, “On the Art of Cutting 
Metals,’* Trans., A.S.MJE:., 1907, v. 28. 

XV— Fatigue Testing of Tool Steel—The ordinary fatigue tests used on soft 
or medium hard materials may be, but seldom are, applied to annealed tool steels, 
since tool steels are largely used only in the hardened condition. These tests 
are not generally used on hardened tool steels because the variations in results due 
to notches, scratches, and residual strains overshadow those caused by differences 
in steel quality. Their best application on tool steels would be on specimens that 
have been hardened and then tempered to comparative softness—a treatment 
seldom used for tools. 

Patigue tests of tool steel indicate an endurance limit of from % to % of the 
static tensile strength, and show that the fatigue resistance is materially in¬ 
creased by changing the direction of final polish of specimen from circumferential 
to longitudinal. 

The main emphasis in dealings with fatigue problems in tool steels should be 
laid on the design and treatment. 

Some manufacturers and users of hollow mining drill steel have long used a 
practical fatigue test to check the quality of various lots of this material. This 
test with modifications may be applied to other types of pneumatic tools. It con¬ 
sists of running a representative number of test bars of definite size and length 
in a jack hammer until failure occurs from fatigue., The time required is com¬ 
pared with standards agreed upon by manufacturer and consumer. 

XVI— Damping Capacity—Damping capacity is that property of engineering 
materials and particularly of metals which enables them to dissipate energy with¬ 
out failure when subjected to cyclic stresses below the fatigue limit. This property 
is also known as “mechanical l^steresis effect,*’ “dynamic ductility,” and “internal 
ffiction” of solids. The damping capacity of a material is the amount of work 
dissipated into heat by a unit volume of the material during a completely reversed 
cycle of unit stress, and is measured in inib. per cuin. per cycle. To study this 
ability of metals to dissipate energy when stressed well below the elastic limit by the 
method of measuring the areas of “hysteresis” loops demands extremely delicate 
apparatus and test methods. The method generally employed is that of measuring 



Fig-. 44 



Fig. 43 and 44—Compression 
test specimens for tool steel. 
With both specimens trim 
to about 0.020 in. oversize. Alter 
hardening grind to 0.505 ± 
0.0005 in. Grind both ends 
square and paraUel with no cen¬ 
ters. Use special care in finish¬ 
ing the radU in Fig. 44. 
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the cumulative effect of such hysteresis loops by observing the rate of damping out 
of vibrations in specimens of the metal. A simplified type of apparatus is shown in 
Fig. 46. 


Spn/ng 


Heed of 
Testing 
Machine 


A specimen S, usually round and solid, is twisted slightly by the action of two 
magnets Mi and Mt. When the current in the magnets 
is broken, the specimen vibrates back and forth and 
a record of its vibrations is made on a paper P, which 
Is moved by clockwork. An ideal **dampi]^’ machine 
would be one which permitted damping of a freely 
vibrating specimen only by internal friction in the 
specimen. 

Although it seems proper to co-ordinate higher 
damping capacity with smaller tensile or hardness 
values, at least so far as steels are concerned, many 
experiments have shown that the damping capacity 
may be quite different for steels of Identical chemical 
and tensile properties. A material of high damping 
capacity is less sensitive to the influence of surface 
notches or sudden changes in cross section than one of 
lower damping capacity. 

Duralumin has an extremely small damping value; 
on the other hand, cast iron has a surprisingly high 
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damping capacity. 

XVII—Magnetic Testing—See page 770 for an 
article on Magnetic Testing. 

-XVIII—X-Eay Tes^r---Radiography--tDtteci\& occur¬ 
ring in tool steels are usually of such a nature that 
they are not readily revealed by the X-ray. 

Dijfraction McfTiods—Diffraction or crystal struc¬ 
ture analysis has been used for fundamental studies 
of the components of tool steels but no routine inspec¬ 
tion has been established. 


Pig. 45—Method of making XIX—^Determination of Critical Points—^There are 

thrcc Hiethods of determining critical points of tool 

paratu. for damping teat. ^ 

ing curves on time-temperature co-ordinates (Fig. 47); or (2) by dilatometric 
measurements involving the charting of interruption of progressive expansion or 
contraction on linear expansion temperature coordinates; or (3) by plotting the 
change or loss of ferromagnetic characteristics on a temperature magnetic inten¬ 
sity diagram. 

1. Thermal Critical Pofnf—In ordinary practice, critical points are critical 
ranges, since a small temperature range is required to complete the change in 
physical and physicochemical characteristics. 

The method of inserting a thermocouple into the drilled test sample and 
observing and recording the rate of rise or rate of drop of temperature on time- 
temperature diagram is probably the oldest and most simple method of obtaining 


the critical points. 

A heating and cooling rate of from 1-2°F. per min. is used to determine 
with fair accuracy, the transformation points. Its accuracy, of course, depends 
largely upon the quality of furnace equipment. To eliminate this factor, a neu¬ 
tral or nontransfoimlng metal such as platinum, austenitic nickel steel, or 
austenitic alloy steel is heated along with the sample and temperature differences 
of the two observed. The inverse rate of heating and cooling curves, shown in 
Fig. 47, give sharp peaks on the curves which correspond to the amount of 
heat absorbed on heating or the heat evolved on cooling. The Inverse rate curves 
are in general use. Autographic recorders are very desirable and where frequent 
determinations are required, they are indispensable. 


Dilatometric Method—The dilatometer is essentially a mechanism for deter¬ 
mining the expansion or contraction of a sample with changes in temperature. 

Magnetic Method—The magnetic determination of critical points depends upon 
the loss of ferromagnetic properties and by observing the magnetic transformation 
and the corresponding temperature these points are established. The tool steel 
sample is inserted as an armature in a magnetic circuit and when the tempera- 
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ture is reached at which magnetic flux ceases to pass through the steel sample 
or when it disrupts the circuit, the loss of ferromagnetism indicates the critical 
point. A galvanometer connected into the line will drop to zero position and 
may be made to record this loss on the temperatulre curve. 

XX—Abrasion Tests—Abrasion testing consists of measuring the loss of weight 
of the unit surface arfea of a sample of tool steel, after moving over and in con¬ 
tact with a standard hardened and finished machined surface, fur a definite number 
of strokes and under a definite pressure, representing, as far as practical, service 
conditions. 




Pig. 47—Different t 3 rpes of critical point curves. **A*’ inverse rate heating and cooling 

curve for a 0.45% carbon steel, and “B** the same for a 1.00% carbon steel. *‘C*' smear 

expansion of a 0.45% carbon steel as determined on a dilatometer. 

This loss per unit area of the tool steel sample compared with the loss per 
unit area of other samples of different physicochemical composition, but of iden¬ 
tical surface dimensions and tested in this same manner, gives the abrasion value 
expressed in loss of weight units per unit surface. 

The surfaces may be cylindrical, spherical, or fiat, but whether they are curved 
or straight, maximum and uniform contact and proper machine or mechanical 
finishes are essential. 

See the A.S.S.T, Trans., v. 10, p. 692, French and Herschman, Wear of Steel, 
with Particular Reference to Plug Gages, for illustration of wear testing machine 
for cylindrical surfaces. 
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Notched Bar Testing of Steel* 

Good practice in the design and manufacture of steel parts avoids, wherever 
feasible, the occurrence of notches and sharp changes in cross section, while sound 
metallurgical practice seeks likewise to avoid the presence of coarse slag inclusions, 
internal cracks, and other defects which are likely to simulate extend notches. 
The action of such notches is to concentrate the stresses resulting from applied 
loads, and when the notch is sufllciently sharp, a crack is prpduced, the propagation 
of which causes failure of the part. These failures are of the brittle type, char¬ 
acterized by complete cleavage through the notch, though the metal may be ductile 
when not subjected to the stress conditions of a notch. Steel parts differ in their 
susceptibility to a notch effect and this difference is frequently not indicated by 
any of the tests carried out on unnotched specimens. This article discusses notch 
behavior and gives a test procedure for use with steel. 

Because the conditions encountered in service are frequently complex, and the 
precise state of stress unknown, it is not to be expected that it will always be 
possible to correlate service failures which are due to a notch or to notch brittleness, 
with tests on notched bars carried out in the laboratory. However, by recognizing 
the principles of notch behavior, it should be possible to establish a notched bar 
test that will serve as a guide to the selection of a metal (and its treatment) of 
sufficiently low notch sensitivity when that is required. It must be borne in mind 
that it has not been demonstrated that there is any connection between notch 
sensitivity as measured in a test involving a continuous application of load and notch 
sensitivity as measured in tests in which the load pulsates as in notch fatigue testing. 
The broad principle upon which a notched bar test should be planned and inter¬ 
preted is as follows: All steels breqk in the brittle manner under a notch of sufficient 
severity, but the severity of the notch required to cause brittle failure may vary 
somewhat among steels which have the required strength and ductility and it must 
be independently determined; furthermore in this test steels may also vary in the 
temperature below which failure will be brittle for a notch of a particular degree 
of severity. 

Distinction Between Notched Ekir Testing and Impact Testing—^The notched bar 
test distinguishes between conditions of steel which are more or less sensitive to a 
notch while an impact test distinguishes between conditions of steel which are more 
or less sensitive to the speed at which the metal is deformed. Notch sensitivity and 
velocity sensitivity are two different and distinguishable characteristics and should 
be studied by different test techniques. Due largely to the circumstance that the 
energy to fracture the notched test bar is determined on an impact machine, the 
test is commonly called an **impact” test and considerable misunderstanding has 
arisen as to its correct nature. More often than not, it is regarded as a test of 
behavior under impact and hence it seems desirable here to point out that the stress 
conditions imposed by a notch and the stress conditions imposed by an impact belong 
in entirely different categories. Notch sensitivity of a steel can be detected and 
studied by methods which use purely static loading. A bad effect of this misunder¬ 
standing is that the attempt is improperly made to correlate the energy absorption 
of the notched bar test (the impact value) with behavior in service which involves 
merely impact or ‘‘shock’* with no notch present. The true correlation is with service 
behavior which involves the stress conditions of the notch effect. In some cases, 
which are not well understood at present, it is recognized that a notch brittle con¬ 
dition is observed in impact or at one speed of loading but not at a lower velocity. 
Obviously these are cases of “velocity sensitivity” and they ought not be overlooked 
in practice. 

Theory of the Notched Bar Test—The Ludwik theory of the notch effect* shows 
that brittle failure of ductile steel is produced when the cohesive strength is exceeded 
before deformation sets in. The cohesive strength is defined as the strength property 
of the metal that resists the tensile, disruptive stress across a plane at right angles 
to the applied load. In the tensile test the steel is ductile because the elastic limit 
in shear is low enough to permit flow by slip before the cohesive strength is exceeded. 
As long as the cohesive strength is at least at this level with respect to the elastic 
limit in shear there is nothing in the tensile test to indicate whether it is high or 
low, relative to the cohesive strength and shear yield that is usually expected for 

*Prepared by the Subcommittee on Notched Bar Testing. The membership ot the subcommittee 
was as follows: S. L. Hoyt, Chairman; B. C. Bain. M. Qensamer, O. C. Riegel, R. Sergeson, and 
O. H. Wright. 
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that Steel. The presence of a notch alters the relation between the normal stresses, 
which tend to part the metal by brittle fracture at 90*" to the direction of the stren, 
and the shear ^stresses, which tend to make the metal deform by slip along planes 
at 45*. As a result of a large number of studies of the effect of a notch on the stress 
conditions it is known that the ratio of normal stress to shear stress is greatly 
increased. There Is also a marked concentration of the normal stress at the root 
Gt the notch which is particularly pronounced when a bending moment is applied. 
In this way the normal stress may rise above the cohesive strength and produce a 
brittle fracture before the shear component is high enough to produce plastic 
deformation. 

In notched bar testing we are usually concerned with the notch toughness of 
a steel which meets certain requirements for strength and ductility in the tensile 

test. Here the resistance to plastic de¬ 
formation is fixed at the level of the 
yield point, converted into the shear 
strei^ at 45* to the axis. The cohesive 
strength is not determined directly but 
an idea of its level can be obtained if 
we know the intensity of the notch ef¬ 
fect required to produce brittle failure. 
The principle is Illustrated by Fig. 1 
taken from the work of Moser.* As the 
width of the test bar is increased, with 
the notch remaining the same in all 
bars, the intensity of the notch effect 
increases. In the case of the steel speci¬ 
mens used in the illustration a width 
of 2.5 cm. was required to produce brit¬ 
tle fracture. Other steels of the same 
tensile properties might require a nar¬ 
rower or a wider bar for brittle fracture 
and they would be less or more notch 
tough respectively than the steel repre¬ 
sented. 

Cohesive failure with little defor¬ 
mation requires but little energy and 
hence in the notched bar test a small 
impact value is recorded for notch 
brittle steels. The Ludwik theory makes 
it clear that the ordinary tensile test, 
or even an impact test on a plain bar, cannot be used as a substitute test for notch 
sensitivity. 

Present Testing Practice—At present a **standard*’ notched bar is broken by a 
single blow on a pendulum type impact machine, at the ordinary laboratory tem¬ 
perature or at some specified temperature, and the energy required to break the 
bar is determined in foot pounds. This impact value is used as a determination of 
the ^otch toughness*’ of the material, though good practice requires this to be 
Judged according to what has been proven to be acceptable or not acceptable for the 
material in question, and its application. It may be pointed out here that a single 
test shows only that the specimen broke in a tough or in a brittle manner when 
tested under the specific test conditions used, but does not reveal what the behavior 
would have been had other test conditions been used. These points will be dealt 
with again under the proposed procedure. 

Ihipact Testing Machine—Two types of impact machines are commonly used, 
the Charpy and the Izod, both of which employ the swinging pendulum. Instrument 
manufactmers have modified certain details of these machines, but the principles of all 
will be made sufficiently clear from the following description. Either type of notched 
bar can be used with either machine, though, as will be made clear directly, 
the length of the bar and position of the notch are different for these two machines. 
The Charpy machine has a total available striking energy of 30 meter-kilograms 
(217 ft. lb.). The bar is supported at both ends as it lies in position on the split 
anvil and is broken by a blow opposite the notch. The distance between supports 
is 40 mm. or 1.575 in. The Izod machine breaks the bar by a blow at the end as 
the bar is held rigidly in a vise. The notch comes Just outside the Jaws. In both 
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Fig. 1—Effect of width of bar on the impact 
Talne. Height of all bare was 30 mm. (Moeer). 





NOTCHED BAR TESTING OP STEEL 


678 


cases the test bar is broken by a single blow and after breaking the bar, the pendu¬ 
lum swings past the anvil and rises to a height which depends on the amount of 
energy which was extracted by breaking the bar. In other words the work which 
is done in breaking the test bar takes that amount of energy out of the moving pen¬ 
dulum with the result that it does not rise to the height it would if swinging fredj. 
Hence the energy to break the bar is given by the effective weight of the pendulum 
times the height of fall minus the height of rise, with a small correction for friction 
and windage. A scale with moving pointer gives the reading of the **impact value.** 
This may be either in foot pounds direct, or in the angle of rise which is converted 
into foot pounds. At times only one bar is broken though it is better to use two 
or more to secure a check. 

The Charpy test is commonly used in continental Europe, and the Izod test 
is used in England. Although this country has not attempted to select a standard 
notched bar test, and both the machines and both of the notches are used, the 
advantages of the Charpy notch and the absence of a vise for holding the specimen 
make the Charpy test appear preferable for a standard. On the other hand the Izod 
may be better suited to testing rounds and miscellaneous shapes. 

Type of Sp^imen*—In this country two test bars are used, one the Charpy bar 
of Fig. 2 and the other the Izod bar of Fig. 3. The Charpy bar should be either 2 in. 
long or 2.165 in. long, depending on the testing machine. The main difference 
between these bars is in the notch. The Charpy notch is of the key hole type with 
a radius of 1 mm. (.0394 in.) and a depth of 5 mm. (.197 in.). The Izod notch is 
also used for test bars which are broken on the Charpy machine. A record of 
the impact values of notched bars should be accompanied by a statement covering the 
notch which was used. On account of the difference in the design and depth of the 
notch, test results with these two bars cannot be directly related though it is possible 
to secure a calibration of one in terms of the other. In general if a specimen is 
tough, the Izod value will be above the Charpy value because a greater cross section 
is broken, while if the steel is critically notch brittle the Izod value will be lower 
because the V notch gives a more severe notch effect. 

The notch of Fig. 2 is pre¬ 
ferred by many on account of the 
ease of making it and particularly 
on account of the precision with 
which it can be reproduced. The 
hole is drilled with a No. 47 drill 
which, with a diameter of 0.0785 
in., is close to the Charpy stand¬ 
ard of 2 mm. or 0.0788 in. By 
placing the bar in a fixture this 
hole can be drilled tangent to 
the center line so that the depth 
of section to be broken can be 
held to Just 5 mm. or 0.197 in. 
The drilling operation leaves the 
scratches running around the 
hole, or in the most favorable 
direction to avoid low results 
arising from them. For greater 
reproducibility the hole can be 
carefully reamed out but that is 
seldom considered necessary. If 
the steel is too hard for drilling 
(about 400 Brinell or 40 Rockwell 
C hardness numbers) the notch 
can be made by grinding. After 
the hole is drilled, a slot is opened 
up to the surface by sawing, mill¬ 
ing, or grinding but care should be exercised to avoid enlarging the hole or cutting 
into the side of the drilled hole. The latter can be avoided by placing a copper wire 
in the hole while making the saw cut. Test bars which are to be broken in a hard¬ 
ened condition require a special technique. The hole cannot be drilled but, with 


*Attentlon is directed to the A.S.T.M. specification of a sharp V notch for the test bar which 
is broken on the Charpy machine, as is given on page 136. 
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Fig. 2—Charpy notched impact specimen. 

Fig. 3—Izod notched impact specimen. 

Fig. 4—Proposed test bar of intensified notch effect 
which is the same as Fig. 2 except for double the width. 
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suitable precautions, can be groimd to dimension. It is also feasible to drill the hole 
before hardening and to Insert a soft steel wire which will completely fill out the 
hole, and then to heat treat the test bar. This hole is subsequently opened up to 
the surface. 

The Izod notch is used by some because it gives a larger numerical spread 
between notch tough and notch brittle materials than is obtained with the more 
generous radius of the Charpy notch. On the other hand the radius of the Izod 
notch is so sharp that reproducibility is sacrificed unless great care is exercised in 
its production. Furthermore, the Izod notch is so shallow that the voliime of 
deformed metal may extend out to the outer face of the test bar. When this 
' occurs, the full notch effect is not developed and the use of the impact value as 
a measure of the notch toughness is vitiated. 

Precautions Necessary for Reproducibility of Results—Two features of great 
importance are the method of making the notch, and placing the bottom of the 
notch tangent to the center line of the bar. The other dimensions should be held 
as shown. The accuracy which is usually maintained is ± 0.001 in. though if it will 
lower the cost of preparing test bars this can be increased to ± 0.003 in. on harder 
steels and to ± 0.005 in. on softer steels without endangering the reliability of the 
results. The Jig which is used in drilling the hole may require the more accurate 
finish. 

The impact machine should be known to conform to standard requirements, and 
to be of correct calibration. Frictional losses can be checked from time to time by 
permitting the pendulum to fall freely and noting the decrease in the oscillations. 
The small fixture which is used to place the test bar at the correct position on the 
anvil can also be used to check the zero position of the pendulum. The test bar 
should be accurately placed on the anvil so that the tup of the pendulum will strike 
it at a point opposite the notch. This placement can be properly made with the 
aid of a template. Furthermore, the anvil should be so designed that the test bar 
clears the sides of the anvil with no undue loss of energy from scraping. 

The effect of variation of temperature in notched bar testing is extraordinarily 
great. The laboratory temperature may vary as much as 30°F. between summer and 
winter and with some steels this is sufficient to affect the impact values materially. 
To obtain reproducible results in some cases requires holding the temperature of the 
test bar to a range which does not exceed lO^F. The effect of temperature will be 
commented on at greater length in a later section. 

Other factors which affect the consistency of the results are associated with 
taking the sample and conditions of heat treatment. Forgings and rolled sections 
have definite flow lines or fibre, while nonmetallic inclusions are also drawn out 
in directions parallel to the direction of metal flow. If the length of the test bar 
is parallel to the direction of the fibre the impact value is higher, at times by as 
much as twofold, than it is if perpendicular to that direction. Furthermore, the 
direction of the notch in the test bar may likewise have an effect on the impact 
value. Heat treatment frequently alters the surface. Usually this change is a decar¬ 
burization, which usually acts to increase the impact value, though it may be a 
carburization which acts to lower the impact value. The discussion of such factors 
could be elaborated, but it is sufficient to say that in each case the test bar should 
be made by a procedure which insures having the metal in the desired condition. 
As a precautionary measiu'e, at least 0.025 in. can be left on all faces for final 
machining and grinding, and the notch can be made last. 

Inasmuch as most notched bar testing is done on impact machines, the velocities 
of which do not vary materially, the effect of velocity on the reproducibility of the 
results is not often significant. Considerable work has shown that with most steels, 
about the same energy absorption is secured whether the bar is broken statically, 
or by impact at normal speed. On the other hand it has also been shown that some 
steels are velocity sensitive and when broken statically they remain tough in wider 
sections or with sharper notches and at lower temperatures than when broken 
by an impact. This field of velocity sensitivity requires more study than has been 
put on it before an adequate discussion can be given. 

Proposed Procedure for Notched Bar Testing—Present practice is correct for 
determining the Impact value of a specimen under the specified conditions of the 
test used but is not capable of giving a complete understanding of the notch behavior 
or notch toughness of that steel even for a single condition of treatment. In brief 
when we test a steel with a specific notch, at normal laboratory temperature, and 
at the speed of a standard testing machine, we learn whether or not those condi- 
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tions are severe enough to develop brittle behavior in the specimens tested. If we 
mow that the notch used is just suflaciently severe for the particular application 
to be made, the test is adequate. This is particularly true in view of the improve- 
ment in the uniformity of steel making and steel treating practice of recent years. 
On the other hand, the conditions of service may be of such a nature that the 
standard test no longer suffices; the notch used may be too severe or not sufficiently 
severe. This must be ascertained by experience. The following is given as a guide 
to correct laboratory procedure, when the application involves notches more severe 
than that of the standard test or when a more searching test is desired. This 
involves the use of variables which alter the notch effect of the notch used, the 
temperature of the test bar, and the striking velocity. 

It has been shown that a notch of a given sharpness and depth has a greater 
effect on the ratio of the maximum normal stress to the maximum shear stress, If 
the width of the bar is increased. The proposed test bar of intensified notch effect 
is shown in Pig. 4 which is double the standard width but otherwise the same as 
the standard bar. The energy required to fracture is obtained as before and 
compared with the value for the standard bar. The selection of this width is 
arbitrary but experience has shown that it is satisfactory. Breaking the double 
width bar gives valuable information on the quality of the steel. Ordinarily it 
gives about double the single width value but may fall well below this and even 
below the value of the standard bar. Depending on the single and double width 
values, the steel is accepted or rejected, or diverted from the use originally intended 
to one which is less critical. In about the same way bars of triple width may be 
broken and the impact values compared with those of the single and double width 
bars. The desirability, or necessity, of so extending the test is to be determined 
for the individual application. Somewhat the same judgment could be secured by 
comparing the Charpy notch with the sharper Izod notch. If the steel is 
sufficiently notch tough, the greater area of the Izod bar will give greater impact 
values; but if the steel is notch sensitive, its more intense notch effect will give a 
lower impact value. The double width bar is more convenient, for use can be made 
of the simple mathematical relationship between the double width value and twice 
the single^ width value to judge the steel. Single and double width bars with the 
Izod notch (or other V notch) can also be used in special cases. 

A second condition that requires an extension or modification of the standard 
test is that imposed by service temperatures which lie below the ordinary labora¬ 
tory temperature. The strength and ductility of steel in the tension and torsion 
tests vary but little over the range of atmospheric temperatures. A test for those 
properties can rationally be made at room temperature though the operating tem¬ 
perature be lower. Notched behavior comes in quite a different category. A steel 
which is relatively Insensitive to a certain notch at room temperature can be quite 
notch brittle at a lower temperature. In many cases this change in behavior can 
be brought about by lowering the temperature to the freezing point (32'’P.). If a 
different notch is used, the temperature at which notch brittle behavior is produced 
will be higher as the severity of the notch effect increases. Obviously it may be 
necessary on some occasions and desirable on others to test steel at some tempera¬ 
ture below room temperature. Such a procedure has already been incorporated 
intb testing inasmuch as acceptance of steels for low temperature service is based 
on notched bar tests at temperatures ranging from — 58®P. down. It is proposed 
that this factor be more fully taken into account and that test temperatures be 
utilized, when the occasion warrants, which lie below room temperature. This 
amounts to a recognition of the rapid change in notch toughness that can occur 
over this particular temperature range. 

When carrying out subnormal tests the test bars should be held at the 
temperature in question for at least 30 min. or until equalized, and then broken 
quickly. These temperatures can be readily enough obtained in the laboratory by 
using tap water, chilled water, melting ice, and freezing mixtures. In the case 
of temperatures which lie well below normal, the test temperature is secured by 
means of dry ice plus acetone, or even with liquid air. 

“Velocity sensitivity'' of steel when tested by a notched bar test has already 
been mentioned. A complete procedure should include a test of this factor when¬ 
ever it is an important component of the service conditions. A promising method 
of attack is that of determining the static stress-strain diagram of the notched 
bar and comparing the energy value with the impact value as ordinarily determined. 
The static diagram further characterizes the steel by distinguishing between strong 
steels and ductile steels, both of which may have the same impact value. It may 
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also be used to determine the amount of energy absorbed up to the point of failure 
by crack formation. That value appears to be a more significant criterion than the 
total energy of rupture. 

Interpretation of Test Besults—The interpretation of notched bar test results 
necessarily involves certain strict limitations. First of all the test is pertinent only' 
to such applications as involve the effect of notches to reduce the manifestation 
of plasticity in the material. At times it will be employed to verify the degree of 
the sensitivity of a steel composition or of a heat of steel to the notch effect, or to 
ascertain the effect of a thermal or a mechanical treatment. In any comparison 
of this kind the specimens of the material in question must be comparable in the 
other essential characteristics with those specimens which serve as a criterion. 
Thus, for example, they should, depending upon use. have the same ultimate 
stren^ or the same yield strength or the same tensile ductility or the same hard¬ 
ness (a difference in the tempering temperature which would make even two or 
three points difference in Rockwell C hardness may greatly alter the results of the 
notched bar test even in specimens from the same bar). 

Furthermore the grain size established in the material in question should not 
be coarsened by an unsuitable heating temperature in hardening for this alters 
^e notch response of any steel tremendously. Internal stress is particularly potent 
in determining notch sensitivity of a specimen and care should be taken, in 
quenching and tempering technique, for example, not to vitiate the comparison 
by a disparity in this respect which in good commercial practice would not exist. 

Table I 


The proportional limits, yield points, tensile strengths, fatigue strengths, and notch fatigue 
strengths are in psl. The elongations and reductions in area are In per cent. 8.W. = single width 
iMU. and D.W. = double width bar. _ 







Redue-/~Charpy Valuea-^ 




Tensile 

Elong. 

tlon 

S.W. 

D.W. 

Item C Mn N1 Cr Pr. Limit 

Yield Point Strength 

in 2 in. 

Area 

Ft. Lb. 

Ft. Lb. 

!• 0.56 0.71 . 

85,000 

88,700 

108,800 

25.0 

54.0 

14.8 

27.8 

(ForglEMK) 

0.05 0.58 . 

82,000 

88,000 

112,900 

23.0 

44.0 

8>5 

6.1 

(Forging) 

3 0.40 . 

82,000 

83,500 

100,000 

25.0 

58.8 

11 

6 

(Forging Norm, and tempered) 






15 

8 






15 

8 

4 0.40 . 

(Forging-Oil Quench and tempered) 

74,000 

82,000 

128,000 

17.0 

45.0 

15 

15 

14 

19.5 

31 

27 

30 

8 

5 0.45 0.58 . 

55,000 


91,400 

28.6 

61.8 

(Forging-Treatment Unknown) 

8 0.45 0.58 . 

(Forglng-Oll Quench and tempered) 

58,000 


96,000 

26.5 

60.0 

19.0 

37 

7 0.45 0.55 3.20 1.12 

(Forging) 

95,000 

101,500 

107,800 

128,700 

23.0 

56.0 

7 

13 

8 0.45 0.55 3.20 1.12 

(Forging) 

101,000 

133,000 

20.0 

50.0 

30 

67 


■Fatigue strength 45,000; notch fatigue strength 21,000. 
^Fatigue strength 35,000; notch fatigue strength 23,000. 






Item 

8.A.E. 

Tempering 

Temp., **F. Rock. C 

Yield Point 

Tensile 

Strength 

Elong., 2 In. 

Red. 

Area 

Charpy, 
Ft. Lb. 

9 

1045 

800 

47-49 

120,000-135,000 

175,000-195,000 

8.6-12.5 

30-45 

4.5-7.5 

10 

1045 

800 

38-40 

100,000-115,000 

145,000-160,000 

12.0-14.0 

42-46 

18-24 

11 

2345 

425 

61-53 

220,000-230,000 

286,000-305,000 

11.0-14.0 

34-42 

16-20 

12 

2345 

500 

48-51 

225,000-235.000 

260,000-275.000 

9.0-13.0 

36-45 

10-15 

13 

9260 

980 42-44 

165,000-186,000 195,000-205,000 

Comments on Table I 

11.5-13.5 

25-33 

11-14 


Items 1 and 2 give a comparison of two steels of closely similar tensile properties. 

Item 2 is deficient In Impact value, particularly at double width. 

Items 3 and 4 compare two carbon steel forgings of different heat treatment. Item 3 is seen 
to be deficient In the double width Impact value though it is otherwise of good properties. 

Items 5 and 6 Illustrate the effect of heat treatment on a carbon steel forging. The double 
width bar brings out the better condition of Item 6. 

Items 7 and 8 show two different conditions of a forging, with satisfactory and unsatisfactory 
impact values. 

Items 9, 10, 11, 12 and 13 give typical properties of several 8.A.B, steels. Items 9 and 10 repre- 
sent % in. round bars water quenched and tempered as shown. Items 11 and 12 represent .520 In. 
round bars oil quenched and tempered as shown. 
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It wm be clear from what has been said that the simple test may be quite 
Inadequate. Th\s situation places great emphasis on the test conditions which are 
j testing. It also reflects the technological nature of this test, 

for It does not measure a property but simply reveals the behavior of the steel 
under certain specific conditions. 

While this article deals with testing procedure rather than with test results 
it may clarify matters by citing an illustrative case. A medium carbon steel forging 
was given two different heat treatments and tested after each one. In both cases 
toe standard Charpy bar with key hole notch gave 15 ft-lb. Undoubtedly either 
heat treatment would be suitable for many applications. The testing procedure 
which is advocated here showed one of them to be inadequate for more exacting 
service. When the double width bars were also broken it was learned that with one 
heat treatment a value of 30 ft-lb. was obtained, and with the other only 7 ft-lb. 
Incidentally, the steel in the latter condition was found to be softer and more 
ductile in the tensile test. For more exacting service, or if a good factor of safety 
is desired, it Is clear that toe steel cannot be judged adequately on the basis of 
toe standard test alone. On the other hand, If only double width bars are used, 
some material may be rejected though it be suitable for less severe service. 

As a guide to normal Impact values which may be expected for a number of 
typical cases the data of Table I are given. 
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Inspecting and Testing of Bolts, Screws, Nuts, Studs, and Pins* 

General—The inspecting and testing of parts having threaded sections such as 
bolts and screws may include one or more of the tests covered in this article, which 
are as follows: 

Chemical Analysis 
Mechanical Inspection (Dimensions) 

Inspection of Finish and Appearance 
Hardness 

1. Brineli 

2. Rockwell 

3. Scleroscope 

4 . FUe 

Tensile Test 
Elastic Limit 
Yield Point 

Appearance and Finish—These products should be free from harmful defects 
such as burrs, laps, excessive scale, rough tool marks, dirty threads, rust, and visible 
raw material defects. The application to be made of any item usually determines 
what may be considered as harmful. 

Sampling—When a shipment is made up of a number of containers such as 
kegs or boxes it is suggested that, for testing, one or more samples should be taken 
from each container, thus representing as nearly as possible the average quality of 
the shipment. 

Mechanical Inspection—^The physical dimensions are determined by suitable 
rules, gages, micrometers, and special Instruments. Thread dimensions and toler¬ 
ances for the several classes of threaded products are specified in the report of the 
National Screw Thread Commission and are accepted as standard. 

An essential part of mechanical inspection is the frequent checking of the 
routine testing instruments against master gages. 

Chemical Analysis—The important elements are determined by the well estab¬ 
lished methods for chemical analysis and from representative samples taken from 
the entire cross section of the part. 


Elongation 
Reduction of Area 
Head Test 
Bend Test 

Shank Fracture Test 
Impact Test 
Torsion Test 
Shear Test 

Thread Stripping Test 
Macrostructure 
Microstructure 
Inspection of Coatings 


Hardness Determinations 

Brineli Hardness Testing —^The Brineli hardness test is generally used when the 
size, shape, and character of the section permit. When possible, the Brineli hard¬ 
ness determination on headed sections should be made near the center on the top 
of the head. The sample pieces may be slightly but smoothly ground when it is 
necessary to remove scale, decarburization, or surface roughness. See the article 
on Brineli Hardness in this Handbook for details of preparing the specimen and 
making the test. 

Scleroscope Hardness Testing —^The Scleroscope test may be used where the 
indentation resulting from the Brineli or Rockwell test would be objectionable 
because of impaired surface finish of serviceability. See article in this Handbook for 
details on the method. 

Rockwell Hardness —^The Rockwell C scale is used on hard surfaces and the B 
scale on soft surfaces where size, shape, or application of materials will not permit 
the use of the Brineli. See the Rockwell Hardness article in this Handbook for 
details of the method. 

Monofron—For case hardened parts the monotron may be used. For details 
see the article in this Handbook on this method of testing. 

File Hardness —Although its use is not standardized, the file is often used as a 
guide in estimating the hardness and uniformity of surface hardened parts, espe¬ 
cially where resistance to abrasion is of major importance. 

Tensile Tests—A threaded section may be considered as a cylinder strengthened 
by one or more spiral ridges which are the threads of the screw. 


*Thls article was prepared by the Subcommittee on Bolts. Screws, and Nuts. The membershlo 
of the subcommittee was as follows: H. B. Pulsifer, Chairman: C. L. Harvey, and C. E. Zwahl. 
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The strengthening effect of the threads Is usually greater on the yield point 
and elastic limit than on the tensile strength and is usually greater for coarse 
than for line threads. 

An excellent method for writing specifications is to state the minimum load in 
pounds for the yield point or tensile strength that a given specific part should sus¬ 
tain. This must be appreciably lower than the expected mean loads because of 
the distribution of results (see section headed Distribution of Results). 

With bolts that are roll threaded but not heat treated the strengthening effect 
is greater than for either fine or coarse cut threads. The greatest strengthening 
effect is after a cold extrusion of the size of the pieces in the section to be threaded 
followed by roll threading. Materials that harden rapidly on cold working (stainless 
irons) also have large increases in strength after roll threading. In the extreme 
case, the strengthening effect of the threads may be the equivalent to an area 
increase of the full cross section of the piece. 

It is recommended that the mean diameter' be used as the basis for calculating 
the area of threaded sections. This is done in spite of the fact that the area based 
on root diameter is in common practice at the present time. 

The tensile properties of unthreaded sections are calculated on the minimum 
cross sectional ai*ea. If when testing a threaded section, the part breaks outside 
of the threaded section, the area of the section that breaks should be used for the 
calculation. 

Tensile tests should always be made in special self-aligning grips. Oii threaded 
sections, tension is applied between the head and a nut screwed onto the threaded 
end, or special split threaded^ grips. Since a straight section turned out of a' 
threaded piece may give a result far from the properties of the piece when pulled 
as a threaded section, it is recommended that the actual piece should be tested 
whenever possible. 

True Elastic Limit-^The elastic limit is determined in the tensile machine and 
is denoted by the munber of pounds required to produce permanent deformation, 
which is determined by dividers, extensometers, or by means of an autographic 
attachment. The value is expressed in terms of pounds per square inch. On the 
threaded sections, the value is figured on the mean area. 

Yield Point—The yield point is usually determined by the “drop of the beam” 
on the screw type machine or by the action of the pointer on the hydraulic machine. 

Tensile Strength—The tensile strength, determined in the tensile machine. Is 
the maximum load in pounds required to break the specimen and is expressed In 
pounds per square inch, figured on the mean area. 

Elongation—The elongation of a threaded section is measured after the tensile 
test and is usually expressed as the percentage increase in length of a measured 
section (usually 2 in.). If the entire elongation is in a short length (less than 2 in.) 
of the threads, it is only necessary to divide the total elongation, expressed in frac¬ 
tions of an inch, by 2, to get the percentage elongation in 2 in. 

Reduction of Area—The reduction of area Is seldom determined on threaded 
sections. This determination is desirable, however, when testing a standard test 
specimen because the reduction of area and the elongation are indicative of the 
toughness and ductility of the metal. 

Head Test—To determine if there is proper imion between the head and shank, 
samples may be tested by placing the bolt sideways on a block of steel with its head 
Just over and against the square edge. The head is then hammered vigorously 
to determine if the steel deforms plastically or ruptures. 

Bend Test—Although it is not standardized, the bend test is often used on the 
shank of bolts as an aid in judging the toughness and ductility. 

The bend test is best made in the tensile machine with a specially designed 
fixture which contains a series of mandrels of various sizes, thus permitting the 
bolt to be bent on a mandrel, the rounded end of which has a radius the same as 
that of the bolt. 

Shank Fracture Test—The shank of these products may be fractured to show 


^The mean diameter is considered the mean between the root and pitch diameters. 
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visible defects such as piped steel, seams, or coarse crystallizatioii. These defects 
will probably be visible to the naked eye or through a hand lens. 

impact Test—There are three classes of impact testing machines: (1) Drop 
tireight; (2) pendulum; and (3) flywheel. These machines differ according to the 
method used to energize the moving mass. With each of the above classes of 
impact testing machines, there may be used four types of impact specimens, depend¬ 
ing upon the way in which they are ruptured and the way they are held on the 
anvil: (1> Tension, (2) shear, (3) simple beam, and (4) cantilever. 

Bolts, screws, and nuts are usually subjected to tensile impact service, but 
regardless of type, aU^impact testing should duplicate actual service conditions as 
far as possible, especif^ in method of supporting specimen, application of stress, 
and tightness of the nuts. 

A common qualitative test to determine the core toughness of surface hardened 
parts is to subject the piece to hammer blows. 

Ordinary steels increase rapidly in brittleness as the temperature Is lowered 
to or below freezing. Accordingly, they should not be tested at a lower temperature 
than the one at which they are expected to show freedom from brittleness. 

Torskm Tests—When it is necessary to test the torsional strength of these 
products. It is recommended that it be done so that the actual foot pounds can be 
measured. The test should be made on a torsion machine. 

Shear Tests--Shear tests are best made In a special shear block in which holes 
in the block and plunger hold the specimen rigidly in alignment. The holes must 
be close fitting and the block and plunger of hardened steel. The block is used in 
the tensile machine. 

TUVead Stripping Test—The strip test for threads is applied to threaded sec¬ 
tions, deluding nuts, and when possible it should be made in tension on assembled 
units. 

Macrostmeture—To determine the character of grain flow (in headed products) 
and certain internal conditions of the metal, the samples may be split longitudinally 
and etched deeply in hot hydrochloric acid (1:1). The presence of a pipe, segre¬ 
gation, and other defects will be revealed when a transverse section is etched. 
The interpretation of results should rest with those of experience in reading the 
effects of this test. ¥ot details, interpretation of results, and the correct etching 
time, see in this Handbook the Standard Macro-Etch Test for Iron and Steel. 

Microstmetore—The microstructure of the metal is studied to determine the 
internal condition of the metal, structure, and heat treatment. Photomicrographs 
at appropriate magnification record the conditions found. This method of testing 
is of much importance in determining the quality of sections, but the interpretation 
of results should be placed in the hands of experienced and trained technicians. 

Inspection of Protective and Decorative Coatings—^A protective coating may or 
may not be decorative. A decorative coating, however, must always be protective, 
because any coating which is not sufficiently protective soon loses its decorative 
quality. 

The decorative quality of coatings is usually determined by visual examination. 

The protective quality of a coating may be tested in several ways; Cl) Outdoor 
exposure test, (2) salt spray test, (3) measuring the thickness of coating, <4) porosity 
test, and (5) the trichloracetic acid test. 

f. Outdoor The outdoor exposure test, while quite reliable, usually 

involves more time than is permissible. 

2. Salt Spray—The salt spray test is in general use for checking the corrosion 
resistance of coatings. The test should be conducted in a closed cabinet in which 
a solution of salt (NaCl), 20% by weight, is atomized continuously so as to give a 
visible fog in all parts of the cabinet. Pieces.under test should be suspended or 
supported in such a manner that the solution will not be retained in pockets. The 
temperature should be approximately The pieces which are to be tested 

should be free from all protective films other than the protective coating in ques¬ 
tion. The pieces should be left in the salt spray test until the first appearance of 
corrosion of underlying metal. The salt solution should be changed frequently to 
avoid concentration by evaporation or contamination with zinc chloride or iron 
chloride. 
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3. Measuring the Thickness of Coating—To determine if the coating is of 
sufficient thickness to give satisfactory protection, it may be measured under a 
microscope, by micrometer, or by chemicid determ^tton (strip tests). These tests 
are frequently used as a giiide to coating practice. 

4. Porosity Test—Ooatings may also be tested for porosity. Porous coating, 
even though of sufficient thickness, will result in early failure. Porosity of coating 
is usually determined by microscopic examination or by means of fenoxyl or sim¬ 
ilar papers. 

5. Trichloracetic Acid or Porosity Test—This test indicates porosity of nickel 
and tin plates over brass, bronze, or other copper alloys by the appearance of a 
blue color on immersing the part in a solution of 100 g. trichloracetic acid and 
700 cc. water. 

At time of making the test add % volume of ammonium hydroxide, sp.gr. 0.90, 
to one volume of the above stock solution. This solution should be used only once 
and should be discarded after making one test. 

Chromium plated parts shall have the chromium plate removed before making 
the "test. This may be done by immersing in hydrochloric add until gas is no longer 
evolved, which signifies that the chromium is completely removed. 

The time required for the blue color to appear Is the measure of the quality of 
the plating from the standpoint of porosity. 

Distribution of Results—^It is known that when the results of testing many 
pieces of the same composition and heat treatment are plotted, the results tend 
to conform to the normal exponential distribution law. Therefore, it is impossible 
to specify too narrow ranges on any measured property without making allowance 
for the fractions having extreme values. 

Thus, for example, in determining the Brinell hardness limits of a product 
with a 50-point range in a specification, 95% of the results might be found within 
the range. If only 40 points are allowed, only 85% might be included, if only 
80 points are allowed, only 70% may be foimd within the range. 
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Analytical Methods for Steel* 

Explanatory Remarks—The methods described in this article are those selected 
after a critical study of the routine methods in use in several different laboratories 
as well as those adopted as referee methods. Of the former, only those that givO 
results in close agreement with the latter have been included. Lack of space com¬ 
pels the omission of many details of manipulation and of the many variations that 
may be used in carrying out some of the procedures. To the well trained analytical 
chemist, these omissions are not essential, but when more complete details are re¬ 
quired, the reference works given should be consulted. 

Sampling—In commercial practice, particularly, the importance of care, good 
Judgment, and cleanlme^s in sampling cannot be overemphasized, for it is self- 
evident that the most accurate analysis of a misrepresentative sample is worth¬ 
less. Therefore, the sample must be taken in such a manner that it will be repre¬ 
sentative of the material sampled, and it must be prepared for analysis in such a 
way that it will be kept absolutely free of foreign material of any kind. Sampling 
of the molten steel as it is being cast into ingots affords the best opportunity, for 
obtaining a sample representative of the average composition, provided no addi¬ 
tions are made to the steel in the molds. After the steel has been cast and forged 
or rolled the sample must be taken by milling or drilling. In general, millmg of a 
complete cross section from a number of pieces selected from the lot is most satis¬ 
factory, particularly for small sections. To obtain a representative sample by 
drilling requires good judgment, as the method of taking the sample must be varied 
according to tlie kind of steel and the size and shape of the section. As a rule 
ffats and shapes are sampled by drilling through the piece, and large sections by 
drilling in one or both ends, from some point corresponding to the locus of points 
midway between the center and the surface of the ingot. 

Reagents—To save space reagents are designated by their chemical formulas, 
which are to be interpreted as representing either C.P. or reagent grade in solid 
or concentrated form as supplied by the manufacturers, chemically pure reagents 
being used for all standard solutions. Diluted solutions of the reagents are Indicated 
in the several ways common to the profession. All water used is distilled water free 
from solids and having a pH value of 6.6 to 7. The pH of water saturated with CO, 
at room temperatures is near 5. 

Determination of Carbon—Method and Limits of Error—Carbon in all kinds and 
types of steel is determined by direct combustion in oxygen. In routine and com¬ 
mercial analyses, the permissible variation in results from different laboratories is 
±0.01%, while results on the same sample of steel by the same laboratory should 
check to ±0.005%. In referee work a tolerance of ±0.005% is permissible, because 
the limit of accuracy of the method for many kinds of steel is on the order of 
±0.003%. In analyzing steels containing less than 0.05% carbon, the limit of accu¬ 
racy must be closely approached. Chemical knowledge, manipulative skill, and 
experience are required to obtain such accurate results on all classes of steel. Hence, 
except in referee work, carbon over 0.05% is reported only to the second decimal 
place. 

Principle of the Method—Many variations as to details are permissible in both 
the apparatus and reagents used without exceeding the limits of error as noted 
above. The essential requirements are that a clean and representative sample of 
the steel be completely burned or oxidized in a stream of oxygen free of interfer¬ 
ing substances and that the CO 2 resulting from this combustion be accurately meas¬ 
ured. To measure the COa evolved, it must be separated from other products of 
the combustion, particularly the oxides of sulphur and selenium, and from the excess 
oxygen. This separation is accomplished by removing the oxides of sulphur and 
selenium in an appropriate purifying train and absorbing the C 02 from the excess 
oxygen in a suitable absorbing medium. The COa is then measured either by weigh¬ 
ing or by titrating with a standard acid. The direct gravimetric method is the 
favorite for both routine and referee work, and the following description is restricted 
to it and one volumetric method. 


*Prepared by C. B. Francis, Chairman of the Subcommittee on Chemical Methods. The 
following contributors very kindly supplied methods for the preparation of this article: J. P. Qill, 
A. B. Frost, D. P. Bartell, C. H. Fllcklnger, P. R. Tyson, H. E. Slocum. C. W. Kneff. and T. 8. 
Woodward. 
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Apparatus and Reagents —^The essential parts of the apparatus used In this 
method are shown In Pig. 1 . Apparatus and reagents suitable for use in the dif¬ 
ferent parts of the train are as follows: 

A. Oxygen Supply—Compressed or liquid; 99A% O*; free of CO, CO*, or any 
other carbon bearing matter. Must not contain hydrocarbons. 

B. Reducing Valves —Several different types are manufactured. 

O. Oxygen Purifying Train—Soda asbestos followed by anhydrous soda lime; 
followed by anhydrous CaCL; KOH followed by HBO 4 and CaClt in order; or con¬ 
centrated KSOi followed by KOH and CaCl*. HSO* is renewed as soon as it be¬ 
comes noticeably discolored. . 

D. Mercury Trap—Used to prevent back flow of oxygen. 

E. Electric Furnace —^A furnace capable of giving temperatures from 1000- 
1400®O. is preferable. Temperatures of 1000 - 1 lOO^^C. are satisfactory for carbon 
steels, provided the sample is composed of chips fine enough to pass a No. 10 sieve. 
For coarse drillings or chips and heat resistant alloy steels, a temperature of 
1260‘’C., 2300®P., is most satisfactory. 

P. R/ieosfaf—Used for controlling temperature within operating limits. Sev¬ 
eral commercial t 3 rpes are available; must be adapted to current used and voltage. 

O. Pyromcfcr—Determines the temperature of furnace within heating cham¬ 
ber external to the combustion tube. Temperatures up to 950®C. can be Judged by 
eye, but not higher temperatures, which are in the white heat range. 



H. Combustion Tube—The best size is 1 in. Inside dia. x 28 in. Exit end re¬ 
duced in diameter is desirable. Tubes of quartz are satisfactory for temperatures up 
to 1050®C. For higher temperatures tubes must be made of porcelain or refractory 
clay glazed to be gas tight and nonsoftening at temperature of operation. Inlet 
end of the tube is preferably provided with a metal breech connector; if a rubber 
stopper is used it should be provided with a suitable shield, or the end of the tube 
should be water cooled. For low sulphur (under 0.060%) steels, the last 2 or 3 in. 
of the exit end of the tube may be packed with ironized asbestos to oxidize and 
hold sulphur and iron oxide, but the sulphur must be burned out regularly (every 
200 determinations) by drawing this end of the tube back into the furnace while 
passing O*. For high sulphur and alloy steels, the asbestos packing is not desirable, 
except for those containing selenium, the oxides of which are most effectively re¬ 
moved by such a packing if the temperature is held below 200®C. 

I. Boat and Liningr—Boats are made of porcelain, refractory clas^ or 18 gage 
sheet nickel (max. carbon 0.02%). If nickel is used, it is ignited at 900-1000®C. for 
8 hr. or longer after forming. Approximate size outside, % in. wide at top, H in. 
deep, 4-6 in. long, with walls as thin as practicable. 

The boat is lined with alkali-free altmdum, 60-90 mesh, or with highest grade 
chromic oxide, crushed, sized, washed, dried and ignited. Both boat and lining must 
be thoroughly ignited and kept protected from dust and other foreign matter before 
using for a combustion, 

J. Purifying train for removing HiO and oxides of sulphur and seleniumr-^FoT 
low sulphur steels (under 0.06%) with tube, H, packed with ironiaed asbestos, this 
train may consist of a tube packed with P*0*, but the same drying agent Is also 
placed in the CO* absorber. For high sulphur steels (over 0.06%), selenium steels, 
and alloy steels requiring high temperature, this part of the train must provide for 
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ibe removal of oxides of these elements. Details may be varied to suit conditions. 
Combinations that have given satisfactory results for the direct gravimetric method 
are: (1) Zinc shot (40 mesh) followed by CaCL and P^; (2) glass wool, PbOi, 
dne shot, dehydrite; (3) heated platinized silica gel followed by ironized asbestos 
and PiOk or other desiccant (Slocum sulphur trap); (4) specially prepared MnCX 
followed by dehydrite, anhydrone, or phosphorus pentoxide; and (5) a 50% solution 
of chromic add in water preceded by a packing of asbestos for selezdmn steels and 
followed by dehydrite, or by HaS04 and dehydrite. The last three are especially 
recommended, and, with the exception of No. 3, are easy to prepare. In the volu-> 
metric method, the drying agents are omitted. 

Preparation of Slocum Silica Oel Catalyst and SOt AhsorptUm Tubes—Poor 
90 ml. of a 10 % solution of platinic chloride upon 120 g. of silica gel (wheat size), 
stirring to coat evenly. Dry at llO^C., and cool. Add 40 ml. formaldehyde (40%), 
heat to llO^’C., and repeat till the gel is of a uniform black color. Cool, wash until 
free from chlorides, and dry at llO^’C. Pack the platinized gel loosely into a U-tube, 
12 cm. IJ^.x30 cm., total length, with a wad of glass wool at each end. Connect 
one end of the U-tube to the combustion tube, surround with a heating coil to 
m a intain optimum temperature,of 440*'C., and connect the other end to the SO» 
tube, the latter being packed with ironized asbestos, glass wool, anhydrone, and 
glass cotton, in the end connected to the COa bulb. 

K. Absorber Bulbs for COt—Direct Gravimetric Methodr—Types known as the 
Fleming, Nesbitt, Miller, Midvale, and Newburgh are acceptable. Closed types are 
recommended The weight of the absorber packed should not exceed 200 g. and 
another of the same type should be used as a counterpoise in weighing. The bottle 
is packed from the bottom up with glass wool, soda lime or soda asbestos, a thin 
layer of asbestos, the same desiccant as is us^ before it, and glass cotton. Soda 
asbestos, or ascarite, is recommended. A newly packed bidb is first aspirated with 
oxygen, then allowed to stand in the balance case 5 min., and weighed Just before 
using. 

Volumetric Method—The absorber consists of a 300 ml. Erlenmeyer .fiask and 
a modified Meyer bulb of 10 sections, one end of which carries a glass tube long 
enough to reach the bottom of the fiask when inserted through a 2 -hole rubber 
stopper. This tube is slightly bent so that when the bulb is inserted in the stopper 
the tube is parallel with the side of the fiask. In operation the barium hydrate 
solution is introduced into the Erlenmeyer fiask which is then connected through 
the second h(^ of the stopper to the combustion train and supported in an in¬ 
clined position so that the tube on the end of the Meyer bulb Is below the surface 
of the barium hydrate solution. An improved form of bulb consists of 8 sections, 
the first 7 of which are 1 % in. in diameter outside and the last 1 % in. to serve as 
a splash bulb to prevent the solutions from being carried out of the bulb. The first 7 
sections of this bulb have a capacity of 50 ml., the volume of barium hydrate solu¬ 
tion recommended in these methods. 

L. Gas Flow Indicator—The functions of this item are to guard the absorber 
and to indicate the gas flow, which must not be permitted to cease during a com¬ 
bustion. They may be of the pressure gage type or of the bubble type. Ck>ncentrated 
H 8 SO 4 is generally used in the latter. 

Checking the Train—The train cuisembled ready for operation should be checked 
before use and regularly thereafter for leaks and blank. The blank is found by 
placing the boat, containing only the lining, in the tube and passing oxygen as in 
a determination. The train may not be used for routine work until the blank is 
0.0005 g. or less, and correct result (tolerance ±0.005%) is obtained on an author¬ 
itative standard sample. In referee work 2-3 blank determinations, omitting only 
the sample in the boat, should be made prior to each determination to establish 
the blank. 

Weight of Sample—To simplify calculations some multiple of the factor 
0.27271 -I is used, usually 1.3635 g. or 2.727 g., the latter for low carbon steels. 

\ca/ 

These are known as factor weights. 

Usj of Accelerators with the Sample—Beloxe high temperature furnaces were 
available, various substances called accelerators were added to the sample to effect 
complete combustion and liberation of all the carbon. With a high temperature fur¬ 
nace, giving working temperatures over 1200 ^ 0 ., the use of an accelerator is seldom 
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necessajyi, ^cept Xor certain high alloy steels, when 0^-1.0 g. of pure tin shot (20-40 
mesh) is added, and has been proved the best 3 ret found for tto purpose. 

Procedure—Direct Gravimetric Methodr—mOi the train ivoperly set up and 
tested, boat and absorbing bulb prepared, proceed as follows: Spread a suitable 
factor weight of the sample upon the beddii^ in the boat. If the combustion must 
be made at temperatures under llOO^C., or if the sample is of a high alloy steel, add 
0.5-1.0 g. of tin shot as an accelerator. Insert the boat into the end of the tube 
and push forward 2 or 3 in., but not far enough to coat the cuttings with oxide. 
After allowing 1-2 min. for the boat and contents to warm, push forward to the 
hottest part of the tube and close the latter at once. Admit oxygen at the rate of 
about 400 mL per min. mitil combustion is complete (2-3 min.), then reduce the 
flow to about 200 ml. for 5 min. Close the oxygen valve, disconnect the absorber 
bulb, let it stand in the balance case 3 or 4 min., then close and weigh it. The gain 
in weight of the bulb (minus the blank in referee work), multiplied by 20 or by 10, 
depending upon the factor weight used, gives the per cent carbon. 

In the meantime, remove the boat and place it imder cover to cooL If the 
sample has not been completely oxidized to give a thoroughly fused button or “pig*', 
repeat the determination. 

Volumetric Methodr-To permit the use of a constant volume of barium hydrate 
solution, the weight of sample is varied from 1-5 g. inversely with the carbon con¬ 
tent. Introduce exactly 50 ml. of standard barium hydrate solution into the absorber 
and connect it to the combustion train. Place a proper weight of sample in the 
boat, insert the latter into the combustion tube as described above, and admit oxy¬ 
gen as rapidly as the gases can be bubbled through the barium hydrate solution. 
Keep the gas bubbling through the bulbs during the combustion, and immediately 
after reduce the flow to that^at the start. Aspirate 5 min., then disconnect the 
absorber, wash down Meyer bulb with COi free water, add 3 drops of phenolphthalein 
Indicator solution and titrate with standard HCl solution to the complete disap¬ 
pearance of pink color. Subtract the number of ml. of acid used from the number 
used in a blank titration and multiply the difference by the factor corresponding 
to the weight of sample used, to And the per cent carbon. 

SolutUms UTid Blanks for the Volumetric Methodr—Barium Hydroxide Solutionr-- 
Dissolve 11 of Ba(OH)s in 250 ml. of boiling water. Cool, filter rapidly, dilute to 
1000 ml. with CDs free water, and keep protected from unpurifled air until used. 

Hydrochloric Acid—Dilute 6 ml. of concentrated acid to 1000 ml. To standard¬ 
ize these solutions proceed as follows: 

Introduce 50 ml. of the Ba(OH)a solution into the Erlenmeyer flask, add 100 mL 
of C<^ free water, and titrate with the HCl solution, using phenolphthalein as 
Indicator. Record the ml. of HCl used as the blank. Now run two or more sam¬ 
ples of a standard steel as in a regular determination. Subtract the average of 
the closely agreeing results from the blank, and divide the difference by the known 
per cent of carbon in the standard steel to obtain the carbon factor of the solutions. 
This factor must be determined for each new lot of solutions made up. 

Determination of Manganese—Manganese is determined by the bismuthate or 
the persulphate oxidation methods, both of which are equally accurate when prop¬ 
erly applied and carried out. In routine work the limit of accuracy that can in 
general be expected is ±0.01%, in referee work ±0.005%. Hence, manganese is re¬ 
ported to the second decimal place. 

In both methods the manganese, after separation from interfering elements, is 
oxidized to permanganic acid, which is titrated with ferrous sulphate solution 
(bismuthate method) or with sodium arsenite (both methods). This titration may 
be made visually or potentiometrically, the latter being an advantage when the 
solution is colored or manganese to be titrated is high (over 15 mg.). For obvious 
reasons, the following descriptions are restricted and adapted to the visual method 
of titration. 

Apparatus, Solutions and Reagents Required 

I. For the Bismuthate Method—Apparatus—200 and 400 mL beakers, two ac¬ 
curately calibrated 50 ml. bxurettes, heaters and suction filtering equipment. 

Dilute Nitric Acid (sp.gr. 1.135;—Dilute 280 ml. of HNOs (8p.gr. 1.42) to 11. 

Dilute Nitric Acid ^3%;—Must be free of nitrous fumes. Boil 40 ml. of the eon- 
centrated add; cool, and bubble clean pure air through it for 5 min.; dilute to 1000 
mL, add 1 g. sodium bismuthate and allow to settle. Keep in a cool, dark place. 
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Asbestos FUter-^hied asbestos; ignite gently; digest with HCl; wash with 
HiO in a ribbed funnel with platinum cone; digest 5 hr. with HNO^ (1:3); wash 
thoroughly with hot HX), and mix with water. To make filter use a carbon filter 
tube. Add enough asbestos suspension to make a thhi tight filter, apply sucUon 
gently, and wash thoroughly with hot water, and the 3% nitric acid. Then wash 
with KMnOi solution and with the dilute HNOi till washings are colorless. 

Bismuthate—Must contain active Oi equivalent to 75% NaBiOs, and be free of 
Mn and Cl. 

Ferrous Ammonium Sulphate—Dissolve 12 g. Fe(NH4>s(S04)2*6HX> in a cold 
Solution of 50 ml. H^SOi (sp.gr. 1.84) in 950 ml. of HlO. 

Standard Potassium Permanganate Solution (0,03 N)—Dissolve 1 g. KOH in 
1000 ml. and add 1 g. KMnOi. Age 1 week and filter through purified asbestos pad. 
Dissolve 1 g. of Bureau of Standards sodium oxalate in 100 ml. of boiled and cocMI 
5% H::S04 solution. Titrate cold with the KMnOi solution, stirring constantly, heat 
to 70°C. and add the last 0.5 ml. dropwise to a lasting pink end point. Titrate 
a blank HsSOi solution in the same way, and subtract this blank from the nd. 
KMnOi solution used to titrate the oxalate. Calculate the manganese value of 1 ml. 
of the KMnOi solution. A normal solution of sodium oxalate = 67 g. per 1. and 1 ml. of 
N KMnOi = 0.01099 g. Mn, or 1 ml. of 0.03 N KMnOi = 0.0003296 g. Mn. 

Standard Sodium Arsenite Solution—Dissolve 2 g. of pure sodium arsenite In 
water, filter if necessary, and dilute to 1 1. Standardize against 20 ml. portions of 
the standard KMnOi solution in 100 ml. of the filtered 3% HNOa solution, to a clear 
greenish yellow end point, or against standard steels, one containing no chromium 
and the^ others about the same as the steels to be analyzed. 

n. For the Persulphate Method—Standard Sodium Arsenite—Make up solution 
as above. Standardize against a standard steel. To standardize against standard 
KMnOi solution, add 20 ml. of the latter to a 200 ml. beaker with 1 g. of elec¬ 
trolytic or ingot iron of low but known manganese content, and run through as 
in a regular determination. The solution is adjusted so that 1 ml. = 0.1% man¬ 
ganese on 0.5 g. sample, or 0.05% on a 1 g. sample. 

Acid Mixture—Add 200 ml. H=SO» (1:1) to 425 ml. of H2O, then add 125 ml. HsPOi 
(85%) and 250 ml. of HNOs (sp.gr. 1.42). 

Silver Nitrate-^Dissolve 10 g. of AgNOa in 1000 ml. of HX>. 

Ammonium Persulphate—Dissolve 25 g. of (NHi)]iS.08 (95% or better) in 85 mL 
of HjO, and use fresh. 

Zinc Oxide Emulsion—Mix water with pure finely powdered zinc oxide, rubbing 
to a paste in a mortar at first, until it is of about the consistency of cream. 

Sodium Bicarbonate Solution—Dissolve 80 g, of NaHCOs in 1000 ml. of HaO. 

I. Bismuthate Method—Plain Carbon Steel and Low Alloy Steels Containing 
Nickel, Molybdenum, and Not More Than 3% Chromium—Dissolve 1.0 g. of sample 
(2 g. for ingot iron and 0.2-0.5 g. for manganese steel) in 50 ml. of HNO* (sp.gr. 1.135) 
and add the same acid to another beaker for a blank. Boil till oxides of nitrogen 
are expelled, then cool and add NaBiOs until a decided pink color persists on heat¬ 
ing to boiling. Boil 2 min., add SO 3 or NaNOa solution until clear, and continue 
boiling until free of oxides of sulphur or nitrogen. Cool to 15®C., add an excess 
of NaBiOa, shake or stir for 1-2 min. and let stand about 3 min. Add 50 ml. of 
the 3% HNO 3 and filter through an asbestos pad or, preferably, a fritted glass filter¬ 
ing crucible, porosity 1-0-4. Wash with the 3% HNO, imtil washings are colorless, 
and (a) titrate with ferrous sulphate and permanganate if chromium is low or 
absent, or (b) with sodium arsenite if chromium is high. 

(a) . Add 3 ml. of HJPO4 and completely discharge the pink color with ferrous 
ammonium sulphate solution. Back titrate with standard KMnOi solution to a last¬ 
ing faint pink end point. Add the same volume of ferrous ammonium sulphate 
solution to the blank and titrate with the standard KMnOi solution. Subtract the 
ml. of KMnOi used in the first titration from that of the blank, and multiply by 
the proper factor to give the per cent manganese In the sample. 

(b) . Add standard sodium arsenite solution rapidly until the pink color starts 
to fade then slowly to a clear greenish yellow color that does not change on addi¬ 
tion of another drop of the arsenite. 

(2). Chromium-Vanadium and Stainless Steels—Separate chromium and other 
interfering elements by (a) zinc oxide, (b) a bicarbonate, or (c) an ammonium per¬ 
sulphate separation, the first being preferred except when cobalt is present, where 
the last must be used. 
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(a) . Dissolve 2 g. of sample in 40 ml. dilute HsS04 (1:3), add 30 ml. dilute 
HNOa (sp.gr. 1.135), and boil free of fumes. Cool, transfer to a 250 ml. volumetric 
flask, partly neutrali 2 sed with dilute ammonia (1:3) if preferred, and add zinc oxide 
emulsion with shaking until a heavy buff colored precipitate forms. Dilute to the 
mark, shake, allow precipitate to settle, and filter off 125 ml. of the clear solution 
through a dry filter, collecting the filtrate in a carefully calibrated fiask. Transfer 
this filtrate to an Erlenmeyer flask, add 25 ml. of HNOs (sp.gr. 1.42), boll free of 
oxides of nitrogen, and continue as in (1) above, but do. not dilute before filtering. 

(b) . Dissolve 1 g. of sample in 20 ml. of dilute KSO* (1:9) contained in a cov¬ 
ered 300 ml. Erlenmeyer flask, and dilute to 100 ml. with boiling water. Imme¬ 
diately add from a burette sodium bicarbonate solution until a permanent precipi¬ 
tate forms, then 4-6 ml. excess according to the chromium present. Filter through 
a 11 cm. paper, and wash 2 or 3 times with hot water. Ignore cloudiness in the fil¬ 
trate. Heat filtrate to boiling, add gradually 12 ml. of HNOt (sp.gr. 1.42) and evap¬ 
orate to about 25 ml. Complete the determination as in (1) above. A trace of 
manganese may remain on the filter, particularly if it is high, and too great an 
excess of the bicarbonate solution is added. Practice on standards is necessary to 
develop the proper technique. 

(c) . Dissolve 1 g. of sample in a 400 ml. beaker with 15 ml. of a mixture of 
equal parts of HCl and HNOa. Add 20 ml. of HCIO4, evaporate to fumes, and fume 
strongly for 10 min. Dilute to about 250 ml. with hot HaO, add ammonia until iron 
is Just precipitated, then 5-10 g. of ammonium persulphate and 10 ml. excess am¬ 
monia to precipitate manganese. Boil 10 min., let settle, filter and wash with hot 
dilute ammonia. Dissolve precipitate with dilute HNOs to which sodium nitrite has 
been added or with dilute H2SO4 (1:9) saturated with SO2, and complete the deter¬ 
mination as described in (la of lb) above. If cobalt is high, boil and reprecipitate 
with ammonia and ammonium persulphate before oxldMng the manganese. 

n. Persulphate Arsenite Method—i:\xe procedure below is applicable to all alloy 
steels, except (a) those containing more than 3% chromium, (b) those containing 
more than 10% nickel, (c) the chromium-tungsten steels, and (d) low tungsten steels. 
For these steels the initial treatment is varied as follows: 

(a) For manganese in stainless and heat resistant steels, the chromium is most 
conveniently separated by volatilization as follows: Transfer 0.5 g. of sample to 
a 250-ml. Erlenmeyer flask. Add 5 ml. of dilute HCl (1:1) and 20 ml. of HCIO4 
(70%). Heat gently until the steel is dissolved and fume to oxidize the chromium 
completely. Cool slightly and add a small portion of NaCl or HCl, then fume again. 
Repeat these operations until the solution ceases to evolve brown fumes of chromyl 
chloride when the chloride is added. Rinse the wall of the fiask with a fine Jet of 
water, add 5 ml. of HCIO4 (70%), and fume to expel chlorides completely. Cool 
slightly, add 25 ml. of the acid mixture, dilute to 100 ml. with hot water and 
complete the determination of manganese as directed in the procedure below. 

If care is exercised to expel all the chromium, the solution may be used for the 
direct determination of vanadium, or any other element except those forming 
volatile chlorides. Also, the chromium may be separated from the perchloric acid 
.solution with lead perchlorate, and most of the perchloric acid in turn removed 
by adding potassium phosphate. 

(b) . Separate Cr as in 1-2 (a) or (b), add 30 ml. of the HaS 04 -H 8 P 04 -HN 0 , 
mixture to the filtrate, or an aliquot part thereof, evaporate to 100 ml. and proceed 
as directed in the procedure below. 

(c) . Separate manganese by dissolving in HNO,, precipitating with KCIO, and 
Al ter ing on asbestos, or by proceeding as follows: Dissolve 0.5 g. of the sample in 
12 ml. of dilute H2SO4 (1:9), immediately dilute to 100 ml. with boiling water, add 
10 g. or more of ammonium persulphate, boll 10 min. and filter. In either case 
dissolve precipitate with dilute nitric acid containing sodium nitrite, boil, add 30 
ml. of the acid mixture and proceed as directed under Procedure below. 

(d) . Heat 0.5 g. of sample with 50 ml. of dilute HjS 04 * (1:9) and 3 ml. H 8 PO 4 , 
add 30 ml. of HiO and 5 ml. of HNOs and boil till solution is complete, then pro¬ 
ceed as for the solution below: 

Procedure—Transfer the sample (1 g. or less for Mn up to 1.00% or 0.5 g. or 
less for higher percentages) to a 500 ml. Erlenmeyer flask, add 30 ml. of the 
HsS04-H8P04-HN0s mixture and warm till dissolved. Boll till oxides of nitrogen are 
expelled, then add 100 ml. of hot water, 10 ml. of AgNOt solution, and 10 mi. of 
(NH4)sS20i solution. Boil briskly 1 min. Cool to below 30®O. and titrate rapidly 
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with standard sodium arsenite solution to a clear yellow end point that does not 
change on adding another drop of the arsenite solution. Multiply the ml. of arsen¬ 
ite solution used by the proper factor to find the per cent manganese in the sample. 

Determination of Phosphorus—Phosphorus is always separated as ammonium 
phospho-molybdate, following which separation it may be determined by titrating 
with standard NaOH and HNOa solutions or gravimetrically by redissolving and 
reprecipitating as magnesium ammonium phosphate, the former method being used 
in routine analyses and the latter in referee work. For steel of all kinds, the accu¬ 
racy is on the order of ±0.005%, yet long custom decrees that results for this ele¬ 
ment be reported to the third decimal place. 

Solutions Required 

Dilute Nitric Acid (sp.gr, Dilute 380 ml. of HNOa (sp.gr. 1.42) to 1 1. 

Dilute Nitric Acid ^2%;—Dilute 20 ml. to 1 1. 

Potassium Pcrwianfiranotc—Dissolve 25 g. of KMnOi in 1 1. of water. 

Ammonium Bisulphite —Dissolve 30 ml. in 1 1. of water. 

Ammonium Nitrate—Dissolve 50 g. in 1 1. of water. 

Potassium Nitrate—Dissolve 10 g. in 1 1. of water. 

Dilute Ammonia—Dilute 50 ml. of NH4OH (sp.gr. 0.90) to 1 1. 

Ammonium Molybdate Solutionr—NiXyi 55 g. of MoOa (or 65 g. of 85%) with 150 
ml. of H*0 and dissolve by slowly adding 150 ml. of NH4OH (sp.gr. 0.90) while 
stirring constantly. Filter, if not clear, and add slowly to 750 ml. of cold dilute 
nitric acid (sp.gr. 1.20) while the latter is constantly agitated. Add 2 drops of a 
saturated solution of ammonium phosphate solution, let stand 24 hr. and filter. 

Some prefer a neutral molybdate solution made by mixing 65 g. of 
(NH4)e*M0YOM*4H,O, 225 g. of NH4NOa, 15 ml. of NH4OH, and about 600 ml. of water, 
warming, filtering, and diluting to 1000 ml. 

Phenolphthalein Indicator Solution—Dissolve 0.3 g. in 100 ml. ethyl alcohol 
(50%) and neutralize with standard NaOH solution. 

Standard NaOH Solution—Dissolve 6.6 g. of NaOH in 1 1. of water, add 1 ml. 
of a saturated solution of Ba(OH)f and let stand 24 hr. or longer. Filter rapidly 
into a container and keep protected from the air with a soda lime tube. Standard¬ 
ize against an authoritative standard steel, preferably of a composition similar to 
the steels to be analyzed. Adjust so that 1 ml. = 0.01% phosphorus on a 2 g. sample. 

Standard Nitric Acid—Clear the concentrated acid (sp.gr. 1.42) of oxides of 
nitrogen by boiling or bubbling pure air through it and dilute 7 ml. to 1000 ml. Dilute 
to agree with the Standard NaOH solution. 

Magnesia Mixture-Dissolve 50 g. of MgCL OH^O and 100 g. of NH4CI in 500 ml. 
of HtO. Add a slight excess of ammonia, let stand 12 hr., filter if not clear, and 
make Just acid with dilute HCl. Some use the sulphates, but the chlorides are best. 

I. Procedure—Volumetric Molybdate; NaOH Method—I, Carbon 5feeZs—Trans¬ 
fer 2 g. to a 300 ml. Erlenmeyer flask, and dissolve with 50 ml. dilute HNOa (sp.gr. 
1.20). For very low phosphorus, use 4 g. of sample and increase the acid to 75 ml. 
Also, increase the volume of acid if it is more dilute or if neutral ammonium 
molybdate is to be used. With the latter and acid of 1.35 sp. gr., for example, use 
120 ml. of acid for a 4 g. sample. Add an excess of Kmn 04 , boil 2 min., and clear 
the solution by adding ammoniiun bisulphite solution dropwise. Boil free of oxides 
of nitrogen, cool to 65-70*’C., and add 50 ml. of molybdate solution at 20-25*'C. Mix 
thoroughly, cool, and shake, preferably mechanically, for 10 min. Allow the precipi¬ 
tate to settle and filter through a close filter, washing the precipitate out of the flask 
with 2% nitric acid. Wash the flask and filter free of acid, the latter about 10 
times, with the KNO. solution. Transfer the filter and precipitate to a titrating 
tumbler, add about 25 ml. of H 2 O and standard* sodium hydroxide solution in slight 
excess. Thoroughly macerate the paper with a stirring rod, dilute to about 150 ml., 
add 3 drops of phenolphthalein indicator solution, and titrate the excess NaOH 
with the Standard Nitric Acid Solution. Subtract the ml. of acid from the ml. of 
NaOH solution used to find the phosphoxus in hundredths of a per cent. 

II. Alloy Steels—Tungsten and Vanadium Absent—Procedure A—Transfer 2 g. 
to a SOO ml. Erlenmeyer flask, add 40 ml. of dilute HNOs (sp.gr. 1.20) and heat 
gently. If the steel does not dissolve or the solution becomes dark or black, add 
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5 ml. HCl and continue heating till It is dissolved. Add 25 ml. HCIO 4 (60%) and 
continue heating for 5-10 min. after fumes of HCIO 4 have appeared, but avoid too 
high a temperature. If carbon or carbides do not dissolve, add a few crystals of 
NaClOs, and boil for 5 min. after the last addition. Cool, add 40 ml. of HiO, filter, 
wash, and add 25 ml. of dilute nitric acid (sp.gr. 1.20). The solution should be 
completely oxidized. To test it. add NaMnOi or KMnOi solution drop by drop 
until it is pink in color, the sodium salt being preferred on accoimt of the low 
solubility of potassium perchlorate. Boil the solution, decolorize with the usual 
reducing agent added drop by drop, and cool somewhat. *To provide abundance of 
ammonium nitrate and adjust the acidity, add ammonia until a slight precipitate 
forms, and acidify by adding an excess of 5 ml. of HNOs. Cool, if necessary, to 
about 50®O., add 50-70 ml. of the ammonlxim molybdate solution, and complete as 
described in I above or in the gravimetric method given later. 

Procedure B —^The following procedure was developed many years ago and is 
still recommended for some steels, such as austenitic manganese and silicon steels. 

Digest 2 g. of sample with 50 ml. dilute HNO3 (sp.gr. 1.20) until action ceases. 
Evaporate and bake for 1 hr. at 190-210®C. Cool somewhat, add 25 ml. HCl, warm 
to dissolve the cake, and evaporate to a paste. To expel the chlorine, take up with 
10 ml. of HNOs, add 50 ml. of HNOs, evaporate to the appearance of a slight scum, 
again add 50 ml. of HNOs and evaporate to the same point. Finally, add 50 md. of 
HNOs (sp.gr. 1.20), heat gently till soluble salts are dissolved, filter, and wash with 
water containing a few drops of HNOs per 1. Heat the filtrates and washings to 
boiling, oxidize with a few drops of 2% KMnOi solution, boll 2-3 min., clear the 
solution by adding ferrous sulphate solution drop by drop, boil 3 min., and cool. 
Add ammonium hydroxide until a slight precipitate forms, then acidify by adding 
5-10 ml. of HNOs, and proceed with the precipitation of the phosphorus as described 
above, adding a slight excess of ferrous sulphate and keeping the temperature of 
precipitation below 45®C. if traces of vanadium may be present. 

3. Alloy Steels—Vanadium Present, Tungsten Absent—Treat as in 1 above up 
to the point of adding the molybdate solution, then cool to 15^C. instead of 60*C. 
and add 5 ml. of a 40% solution of FeS04.7H20. Shake, add 85 ml. of molybdate 
solution, and continue shaking for 10 min. Allow to stand at least 1 hr., preferably 
longer, and finish the analysis as in I above. Set the filtrate aside for 6-8 hr. to 
make sure all the phosphorus was precipitated. 

4. Alloy Steels—Presence of Tunfifsten—Transfer 2 g. to a No. 4 casserole and 
add 20 ml. of HNOs and 40 ml. of HCl. Heat until all but WOs is dissolved, evap¬ 
orate to dryness, and bake oft excess acid. Cool, add 20 ml. of HCl, warm, add 
40 ml. of HjO, and boil 10 min. or longer. Filter into a 300 ml. Erlenmeyer fiask 
and wash alternately 3 times with hot dilute HCl (1:1) and hot water and finally 
3 times with hot water. Evaporate filtrate to 10-15 ml., add 20 ml. of HNOs and 
evaporate again. Repeat HNOs treatment, dilute and filter if not clear. Add am¬ 
monia (about 15 ml.) until iron precipitates. Add HNOs slowly while shaking until 
precipitate Just dissolves, then add 3-5 ml. excess (about 20 ml.). If vanadium is 
absent adjust temperature to 65-70”C., add 50 ml. of molybdate solution and finish 
as in I above. If vanadium is present, cool to 15®C. and continue as directed in 
3 above. Add to the final result 0.001% for phosphorus retained by the WOs 
precipitate. 

II. Procedure—Gravimetric Molybdate-Magnesia Method—TreRt 4 or 6 g, of 
sample as in I up to the precipitation of the phosphorus with molybdate solution 
and let stand 4 hr., or longer. Filter and wash fiask and filter 3 times with 2% 
nitric acid, and 5 times with 6% ammonium nitrate solution. Dissolve precipitate 
into a 250 ml. beaker with 20 ml. of dilute ammonia (1:1) containing 2 g. of citric 
acid, and wash filter 5 times with dilute ammonia, 5 times with hot water and 5 
times with dilute HCl (1:20). If solution is cloudy filter through same paper and 
wash with hot water. Burn off the paper in a platinum crucible, fuse with not 
more than 0.5 g. of NasCOs, extract with 10 ml. of hot water, and filter Into the 
ammoniacal solution. Evaporate to 75 ml., acidify with HCl, add 20 ml. of mag¬ 
nesia mixture, and cool in ice water. Make slightly ammoniacal, stir 5 min., add 
5-10 ml. of ammonia and let stand in a cool place 6 hr. or longer. Filter, wash 3 
times with dilute ammonia, and dissolve into original beaker with dilute HCl (1:1). 
Unless arsenic is known to be absent, add 1 g. of NHsBr and boil down to 10 ml. 
or slightly less. Dilute to 75 ml., add 0.2 g. of citric acid and reprecipitate as before. 
After 6 hr. filter, preferably through a close paper containing a quantity of ashless 
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paper pulp, wash with dilute ammonia, and ignite slowly at first and finally to 
constant weight at 1050-1100**C. Weigh as impure MgsPaOi. Treat with HCl. If 
a residue remains, filter, wash with ILO, ignite, and weigh. Add 4 or 5 drops HF, 
evaporate slowly, ignite, and weigh. Subtract any loss in weight of the residue 
from that of the impure MgsP^Ov and calculate difference to per cent phosphorus, 
using the factor 0.27861. 

Determination of Sulphur—Sulphur, like phosphorus, is reported to the third 
decimal place, though if results on the same sample from different laboratories 
check within 0.005% for plain steel, or within 0.010% on some alloy steels, the work 
should be considered satisfactory except when the highest accuracy is desired. 

This element is determined either volumetrically or gravimetrically, the pro* 
cedures being entirely different in every respect. In general the volumetric method 
is applied whenever possible in routine work, and the gravimetric methods are 
^ used only for referee work and in the analysis of steels to which the volumetric 
^ method is not applicable, including all steels containing selenium and many high 
alloy steels, such as the Cr-W-V steels. During the last 12 years (1926*1938) several 
methods involving combustion in oxygen have been proposed and the method is 
now being employed to advantage for sulphur in certain alloy steels, but the 
method has not yet reached the standing of a standard procedure. It may become 
such in the future with the introduction of further refinements. 

I. Volumetric Evolution ilfcf/iod—Applicable to carbon steels and to alloy steels 
which are rapidly dissolved by HCl and evolve all their sulphur as HaS, facts that 
must be ascertained experimentally. Selenium and zirconium interfere. A few steels 
which fail to meet the essential requirement Just mentioned can be made to evolve aU 
the sulphur as HaS by annealing the drillings as follows: 

Wrap 5 g. of the drillings in an 11 cm. filter paper, place in a porcelain crucible, 
add a layer of sulphur free charcoal, cover tightly, heat for 20 min. at 950-1000°C., 
cool slowly and treat as described below. 

Steels that dissolve slowly in dilute HCl, such as those high in copper, are 
dissolved in concentrated acid. Many steels will not evolve all their sulphur by any 
treatment and it is customary to apply a factor to the results obtained by this 
method, this factor being determined for each type of steel by analyzing a Bureau 
of Standards Standard Sample of the same type. 

Solutions Required 

Dilute HCZ—Dilute 500 ml. (sp.gr. 1.19) to 11. 

Ammoniacal Zinc Sulphate —^Dissolve 100 g. of ZuSOi-THsO in 500 ml. of H 2 O 
and add 500 ml. of NH 4 OH (sp.gr. 0.90). Filter. 

Ammoniacal Cadmium Chloride—Dissolve 10 g. of Cdds in 400 ml. of HstO and 
add 600 ml. of NH4OH (sp.gr. 0.90). 

Starch Solution^XJse a fresh wheat, potato, or soluble starch. Many lots, par¬ 
ticularly of the last, have been found unsuitable. Make 5 g. into a thin paste with 
water and add slowly to 500 ml. of boiling water. Let stand 24 hr., decant clear 
solution, add 15 g. of KI and mix. Use within 2 or 3 days or add a preservative, 
usually 5 g. of ZnCl, or ZnS04 in 50 ml. of water. 

Titrating Solution—Either iodine or potassium iodate is satisfactory. Dissolve 

4 g. of resublimed iodine or 1.12 g. of KIOs in a concentrated solution of 12 g. of 
BI and dilute to 1 1. It is standardized to the theoretical titer against Bureau of 
Standards sodium oxalate through 0.03N KMnOi solution, or directly against arsen- 
ious acid, and adjusted to a normality of 0.0312 so that 1 ml. = 0.01% sulphur on a 

5 g. sample. When so standardized it is necessary to apply corrections for blank 
in all titrations. This drawback is overcome in practice by standardizing the solution 
against a standard steel of the same kind and type as the steel to be analyzed, 
but a solution thus standardized will in most cases give slightly erroneous results 
on steels much lower or higher in sulphur than the standard. 

To standardize with arsenious oxide, dissolve 1.5435 g. of this oxide with 1.25 g. 
of NaOH in warm water, dilute to 1 liter, and titrate iodate as follows: From a 
burette, transfer 20 ml. of the KIOs solution to a 250-ml. Erlenmeyer fiask, and add 
an excess of KI. (A stable 0.03119 N solution of KIO, is made by dissolving 1.1125 g. 
of the salt and 2 g. of NaOH in water and diluting to 1 liter.) Acidify by adding 
2 ml. of HCl (1:1), rinse the wall of the flask thoroughly, and buffer the solution 
with 15 ml. of ammonium acetate solution (50%). Add KIOs solution to a clear 
colorless end point. With the theoretical titer a factor must be applied to all results. 
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1.05 being recommended as a reliable average for carbon steels. Applying this factor 
to the solutions gives a normality of 0.02963. 

Apparatm —^Pig. 2 shows a typical apparatus used. 

Procedure—-Transfer 5 g. of sample (some prefer 10 g.) to a sulphur flask and 
connect as shown in Fig. 2. To 150 ml. of water in the titrating tumbler add 10 ml. 
of the absorbent solution and introduce 80 ml. of HCl (1:1, 2:1, or concentrated) 
through the funnel tube. If the latter acid is Used, eduip the flask with a suitable 
type of return condenser. Heat gently until the sample is dissolved and boil (%-! 
min.) until the gas in the flask is displaced with steam. As soon as the delivery 
tube becomes hot to the touch, disconnect the flask and remove it from the heat, 
leaving the delivery tube in the absorber and titrating tumbler. If the solution in 
the tumbler has become warm, cool it to 20%C. or below. Place the tumbler under 
the titrating burette, add 5 ml. of starch solution and 40 ml. dilute HCl (1:1) and 
titrate immediately with the iodine or iodate solution to a permanent blue end 
point. The number of ml. of titration solution used, minus the blank, if theoretical 
titer is used, gives the sulphur in hundredths of a per cent. If the theoretical 
titer is used and a weight greater or smaller than 5 g., the number of ml. are divided 
by 100 times the weight of sample used and multiplied by 5 to find the per cent 
sulphur. 

II. Gravimetric Mef/tods—The gravimetric methods include those known as 
the nitric acid method, the Meineke method, the ether 
method, and the fusion method. The first two are more 
commonly used in this country and are described below: 

1. Nitric Add Methodr-Selenium Absent—(a). Carbon 
Steel—Transfer 4.58 g. of sample to a 400 ml. covered 
beaker, ^dd 50 ml. of HNOa and dissolve slowly by regulating 
the temperature. Start 2 blank determinations in the 
same way. Some also add about 1 ml. of Br or about H g. 
of NaBr, or add the sample in small portions. When the 
steel is dissolved add 0.5 g. of NaNOs, if NaBr was not used, 
and evaporate to about 10 ml. Cool, add 30 ml. of HCl, and 
evaporate Just to dryness. Then add 30 ml. more of HCl 
and evaporate to the first separation of ferric chloride and 
redissolve with about 5 ml. of HCl; or separate the HNOs 
by adding 40 ml. of HCIO 4 (70%) and evaporate to fumes, 
fuming 10 min., and holding the temperature no higher 
than necessary. Dilute with 25 ml. of H 2 O and reduce by adding an excess of sul¬ 
phur-free zinc. Before the evolution of hydrogen ceases entirely filter and wash 
with 75 ml. of 1% HCl, heat to 70^C. and add 10 ml. of a 10% solution of BaCL. Let 
stand 24 hr., filter on a close paper and wash the filter once or twice with cold 
1% HCl and finally with hot H 2 O until free of chlorides, keeping the washings sep¬ 
arate. Evaporate washings to dryness. Take up residue in 1 ml. of HCl, dilute to 
25 ml., add 1 ml. of BaCL and digest at 80°C. for 5 or 6 hr. Filter on a close paper, 
wash free of chlorides with hot H 2 O and ignite both papers in a weighed platinum 
crucible. Add 1 drop of dilute HsS04 (1:1) and 1 ml. of HF and evaporate to dim¬ 
ness. Ignite and weigh as BaS04. Subtract the average weight of the blanks and 
multiply by 3 to find the per cent sulphur. 

(b). Tungsten, Selenium, and Low Sulphur Alloy Steels Insoluble in Nitric Add 
—Provide for 2 blanks and proceed as follows: Dissolve 4.58 g. of sample by adding 
it a little at a time to a mixture of 50 ml. of HNO3 and 45 ml. of HCl contained in a 
600 ml. beaker, or, if tungsten steel, by adding it to the nitric acid, warming, and 
adding the HCl a little at a time. Evaporate to about 20 ml., add 30 ml. of HCl, evap¬ 
orate to about 20 ml., add cautiously 2 g. of NajCO, (omit if tungsten is present) and 
evaporate to dr^ess. Bake at 100-105°C. about 15 min., cool, add 30 ml. of HCl 
and the same volume of water, and digest till soluble salts have dissolved. Filter 
and wash with hot dilute HCl (1:1) and hot water, and finally 3 times with hot 
water. Evaporate filtrate to dryness, and bake at 100-105^C. Add 20 ml. of HCl, 
warm and add 60 ml. of hot water. Stir and filter immediately through a close 
paper into a 200 ml. beaker. Wash with 2% HCl and hot water until free of iron 
stains, and finally 5 times with cold water. Add a small amount of fine paper 
pulp, stir in 20 ml. of 10% BaCU solution and let stand 12 hr. or longer. Filter 
through a close double filter, and wash free of iron stains with a solution contain¬ 
ing 10 ml. of HCl and 2 g. of BaCL per 1. Wash free of chlorides with a small jet 



Pig. a—Typical appa¬ 
ratus for determining 
sulphur by the evolution 
method. Left — sulphur 
flask. Right — absorber 
and titrating tumbler. 
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Of hot water and Ignite carefully to a red heat. Cool, weigh, test for SiOa as in 
11(a) above, deduct blanks and multiply by 3 to find the per cent sulphur. 

2. Coppcr-Potassium Chloride, or Meineke, Method—Tor high sulphur alloy 
steels insoluble in HNOs. Generally, results by this method are low by 0.002% 
to 0.005% S. 

Special Solution Required 


Copper Potassium Chloride 2KCl.CuCl2.2Hi:0. 300 g. 

Hydrochloric Acid . 75 ml. 

Water .1000 ml. 

Add the salt to the mixtme of acid and water. 


Procedure —Start one blank with each sample until an average blank for each 
lot of chemicals is established. Add 2.748 g. of sample to 225 ml. of the double 
chloride solution at room temperature and stir mechanically until the metal is 
dissolved. Filter through a thin close pad of thoroughly purified asbestos and wash 
3 times with warm 2% HCl solution. Transfer plug with residue to beaker. Add 
25 ml. of H 2 O and 2 g. of KClOs. Then add 10 ml. of HNOs and 20 ml. of HCl and 
heat to dissolve carbides, sulphides, and sulphur. Filter and evaporate filtrate Just 
to dryness. Redissolve in 10 ml. of HCl, evaporate to dryness, and bake at about 
llO^C. for 20 min. Dissolve residue in 10 ml. of HCl and evaporate to 5 ml. Dilute 
to 100 ml. with water, bring to the boiling point and filter. Wash with warm water 
to a volume of 200 ml. To this filtrate add 20 ml. of a 10% filtered solution of 
BaCls. Warm for 5 min. and let set overnight. Filter and wash with a cold solu¬ 
tion containing 10 ml. of HCl and 20 ml. of 10% of BaCL per 1. Finally wash with 
hot water. I^te and weigh as BaS04. Subtract the blank and multiply by 5 to 
find the per cent sulphur. 

Determination of Silicon—Various methods that have been used for the de¬ 
termination of silicon are the straight hydrochloric acid method, the straight sul¬ 
phuric acid method, the nitric-sulphuric acid or “Drown's*' method, the hydro¬ 
chloric-sulphuric acid method, and the perchloric acid method. All can be applied 
to carbon steels, except the first, which requires application of a factor to results 
as obtained and cannot, therefore, be considered as a standard. Of the other 
methods all require some modification before they can be applied to tungsten steels, 
and those involving dehydration of the silica with sulphuric acid may give trouble 
when applied to some steels containing much chromium (over 3%) unless special 
precautions are taken to purify the silica. 

Weight of Sample Used —^To avoid calculations the use of factor weights are 
recommended, and in all methods the weight of sample is varied according to the 
silicon content. Therefore, use 4.672 g. (10 x the factor 0.4672) of steels containing 
less than 0.3% silicon, and 2.336 g. of steels containing more than 0.5% silicqn. Be¬ 
tween 0.3 and 0.5% either weight may be used. 

I. Methods Involving Dehydration of Silicic Add with Sulphuric Acid—Appli¬ 
cable to all steels except those containing tungsten and much chromium and carbon. 

(a) . Procedure —^Transfer the sample to a 600 ml. beaker of the pyrex type, 
or to a 300 ml. casserole or evaporating dish of porcelain or platinum. If porcelain 
is used, select a vessel in good condition. Dissolve the steel with a large excess of 
HCl, HNOa, H2SO4, or a mixture of H2SO4 and either of the other two, whichever 
does the work most quickly. When the metal has dissolved, add 25-40 ml. of H3S04 
(1:1), unless a mixture containing an equivalent amount of H2SO4 was used, and 
evaporate until copious fumes of H2S04 are evolved, then push the salts beneath 
the acid with a rod and fume for 2 or 3 min. Cool somewhat, add 100 ml. of warm 
H 2 O, stir imtil salts are dissolved, and filter immediately through a close paper. 
Scrub the container thoroughly with a policeman, and wash alternately with hot 
dilute HCl (1:20) and hot water, until salts are dissolved, and finally 3 times with 
hot water. In referee work, or if silicon is over 0.30%, evaporate the filtrate, fume, 
filter and wash as before to recover soluble silica. Transfer the filter or filters and 
contents to a clean, weighed platinum crucible, ignite carefully, cool and weigh as 
impiure SiOa. Moisten this silica with 0.5-1 ml. of dilute HsS04, add 10-15 ml. of HF, 
and evaporate slowly in a bath of hot air. When the contents are dry, ignite as 
before, cool and weigh. The loss in weight represents pure silica, from which the 
per cent is obtained by multiplying by 10 or 20, according to the factor wt. used. 

(b) . Procedure for Tungsten iSfeeZs—Transfer 2.336 g. of the sample to a 375 
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ml. casserole and add 50 ml. of concentrated hydrochloric acid. Cover the casserole 
and heat until the sample is dissolved. Remove from the hot plate and add slowly 
10 ml. of concentrated nitric acid. When violent action Is over cover the dish and 
evaporate rapidly to dryness. When the solution Is near dryness remove to a cooler 
side of the hot plate to avoid spattering, and bake to the absence of all fumes. 
After baking is complete, cool slightly and add 30 ml. of concentrated hydrochloric 
acid and 20 ml. of water. (If preferred 30 ml. of H 2 SO 4 may be added, when the 
steel has been dissolved and treated with HNOa, and evaporated to fumes, cooled, 
mixed thoroughly with 6 ml. of HCl and taken up in 100 ml. of H 2 O.) Heat and 
keep near the boUlng point until all soluble salts have dissolved. Remove the dish 
from the hot plate, wash off the cover glass and adjust the volume to about 100 ml. 
with hot water. Filter on paper pulp with suction. Wash 4 times alternately with 
hot dilute hydrochloric acid (1:1) and hot water and finally 4 times with hot water. 
In special work evaporate the filtrate, filter and wash as before. 

Place the paper containing the tungsten, silica and impurities in a 20 ml. plati¬ 
num crucible and ignite at a dull red heat until the paper is gone and the residue 
in the crucible is yellow in color. Cool in a desiccator and weigh. Ignite again for 
15 min. at a dull red heat to insure constant weight. Volatilize silica as directed 
above, finally igniting at a dull red heat, not over 800^0. 

II. Method Dehydrating with Perchloric Acfci—Applicable to aU steels except 
tungsten steels. 

Procedure—Transfer the sample to a 400 ml. beaker of heat resistant glass. Add 
30 ml. of HNOs (1:3) and add if necessary to effect solution 5-10 ml. of concen¬ 
trated HCL Warm on the hot plate until sample is in solution, remove from the 
plate and add 30-50 ml. (according to the size of sample) of 70% perchloric acid, 
c.p. Cover with a watch glass, return to the hot plate and evaporate to heavy 
fumes of perchloric acid. Continue to heat for 10-15 min., keeping the liquid 
hot enough to maintain a steady refiux of the acid on the wall of the beaker. Cool, 
add 100 ml, of H 2 O and warm until all soluble salts are in solution. Fi ter at once 
and rapidly (suction), using paper pulp, wash well with warm dilute HCl (2%), 
and complete the washing with hot HaO. 

Ignite carefully and thoroughly, as the HCIO4 not washed out of the silicic acid 
may cause popping and loss of silica. Complete the determination as directed in 1(a). 

Determination of Silicon and Tungsten—Three satisfactory methods are used, 
which are as follows: 

I. The HCl-HNOs-NaiCOs Fusion Mef/iod—This method is applied to steels 
containing 1-6% tungsten; for steels containing 1% or less, it is better to determine 
Si and W on separate samples. 

Procedure—Transfer 2.336 g. (factor weight for silicon) to a 375 ml. casserole 
or an unetched heat resistant beaker, and treat as described for silicon in tungsten 
steels. After volatilizing silica and determining silicon, fill the crucible half full 
of sodium carbonate and heat at a low temperature for 5 min. At the end of this 
time raise the heat until the highest temperature of a Meker burner is attained and 
the contents of the crucible fuse. Maintain in quiet fusion for 5 min. longer. Qrasp 
the crucible with the tongs and, by a slow rotating motion, spread the molten con¬ 
tents evenly up on the sides. When the fusion is solid, place carefully in a 250 ml. 
beaker containing 150 ml. of water. Digest at a temperature Just below the boiling 
point until the fusion is disintegrated. Remove the crucible and heat until every¬ 
thing except the precipitate of iron is dissolved. Filter on an 11 cm. ashless filter 
paper and wash 5 times with hot water. Ignite the paper and contents in the same 
crucible at a high temperature. Cool and weigh. The loss in weight is tungstic acid. 

WOa X 0.7931 X 100 

-= % W 

2.336 

n. The HCl-HNOt-Cinchonine-NaiCOt Fusion Method—This method differs 
from the preceding mainly in the use of cinchonine, the purpose of which is to 
precipitate all the tungsten. A blank determination should be made on each lot of 
chemicals, especially the sodium carbonate. 

Special Solution Required—'Dissolve 25 g. of cinchonine in 200 ml. of dilute 
HOI (1:1). For a wash solution dilute 30 ml. of this solution to 1000 ml. with hot 
water. 
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Procedure—For 10% W, or more, weigh a 2 sample; for less than 10% W, 
weigh a 4 g. sample; for less than 1% W, use a separate sample for silicon. Dis¬ 
solve in 100 ml. of HCl, keeping volume at 100 ml. by additions of water. Oxidize 
with HNOt (5-10 ml.) dropwise, until the solution is completely oxidized. Evaporate 
to dryness, and bake. If only W is required, evaporate to a paste, take up in dilute 
HCl and again evaporate to a paste. Take the residue up in 60 ml. of HCl (1:1), 
/^digesting until the soluble portion dissolves. Then add 2 drops HNOs. Add 100 
.ml. of hot water, 5 ml. of the cinchonine solution, and boil a few minutes until the 
^Oa is clean and yellow. After the WOa has settled, filter through a No. 42 What¬ 
man p^per. Put % of a paper (11 cm.) that has been macerated in hot water, 
in thef^apex of the filter. Wash with hot HCl (1:4), which contains 10 ml. of 
cinchonine solution per 1. Wash once with hot water. If any WOs adheres to 
the beaker, wipe it off with a small piece of paper moistened with NH 4 OH, and 
then add this to the main WOt precipitate. Transfer to a platinum crucible. Ignite 
the WOa precipitate at a dull red at first, and finally at a full red heat. Weigh. 
Weight equals crucible + WOa + SiOa + impurities. Cover the residue with HF. 
Add 2 drops concentrated H 2 SO 4 . Evaporate slowly to dryness until all white fumes 
are driven off. Ignite at a full red heat as before. Weigh. Weight lost is SiOa. 
Calculate the silicon, thus: 

Wt. SIO* X 0.4672 X 100 

-= % Si 

Wt. of Sample 

Gross weight now equals crucible 4 - tungsten + impurities. Add to the crucible 
sodium or sodium-potassium carbonate equal to about 10 times the weight of the 
residue. Use only carbonate that gives no blank. Fuse completely and dissolve 
fusion in 100 ml. of hot water. Filter through a No. 42 Whatman paper, and wash 
with hot water. Ignite and weigh. In the absence of Mo the weight now is cruci¬ 
ble + Impurities, and the difference between these last two weights is the pure WOa. 

WOa X 0.7931 X 100 

- = % W 

Wt. of Sample 

In the presence of molybdenum, treat the filtrate from the sodium carbonate 
fusion as for molybdenum in the presence of timgsten, determine the former as 
MoO„ and subtract this weight from the weight of the WO,. 

III. The Perchloric Acid-Cinchonine-NaOH Solution Method, 

Special Solutions RequiredrSee Method II above. 

Procedure—Transfer the sample, 2.336 g. if W is under 3%, and 1.168 g. if it is 
over, to a 400 ml. beaker and dissolve in 60 ml. of 1:1 HCl. When solution is com¬ 
pleted, add HNOa dropwise until iron is oxidized, boil for a few minutes and add 
25 ml. of HCIO 4 (70%). Evaporate to fumes of perchloric acid and continue fum¬ 
ing for 2 or 3 min. Cool, add 150 ml. of H 2 O and 25 ml. of HCl (1:1) and bring to 
boil. Add 5 ml. of cinchonine solution and digest for 30 min. or longer at 90-95°C. 

Filter on a tight ashless paper; washing well with cinchonine wash solution. 
Dissolve the small amount of W which cannot be scrubbed from the beaker with 
a little NH4OH and evaporate to dryness. After bringing into solution with 1:1 
HCl add a few drops of cinchonine solution, bring to a boil and pour through filter. 
Transfer filter to a weighed platinum crucible and ignite at as low a temperature 
as possible until carbon is gone. Cool and weigh as SiOs + impure WOa. Treat 
with 2 drops H2SO4 (1:1) and 3-5 ml. of HF. Evaporate carefully to dryness on a 
sand bath, ignite at 750-850®C., cool and weigh again as impure WOa. 

Dissolve the impure WOa in the crucible with 15 ml. of a 10% solution of NaOH, 
transfer to a small beaker, and dilute with H 2 O to 75 ml. Filter on a small ashless 
paper, wash well with hot water and reserve filtrate. Dissolve oxides from paper 
into beaker, with hot 1:1 HCl. Precipitate with NH4OH, boil, and refilter, washing 
well with hot H2O. Ignite and weigh the residue, the weight of which must be 
subtracted from the weight of impure WO,. If molybdenum is present or suspected, 
determine it as MoO, in the filtrate and deduct its weight from the weight of WO,. 

The difference between the weight of SiOa + impure WOa and the weight of 
Impure WOs multiplied by 40 xepresents the percentage of Si if 1.168 g. sample was 
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was taken, multiply difference in weight by 20 to obtain 

per cent Si. 

^fference between the weight of crucible and the corrected weight of WOt 
mrntiplied by the factor 0.679 x 100 = % W. if a 1.168 g. sample Is used. For a 
2,336 g, sample, the factor is 0.3395. 

Detemination of Tungsten in High Speed Steels—Transfer 1 g. of drillings to 
a covered 250 ml. beaker, add 50 ml. of HCl and heat to incipient boiling. Place 
the beaker on a warm spot and add a few drops of HN08,.and wait until the vigor¬ 
ous action subsides. The addition of HNOs results in the momentary formation of 
brown ferric compounds which are quickly reduced again with the production of 
unstable dark green compounds. When this change takes place, repeat the treat¬ 
ment with HNOs imtil it ceases to recur. In this way the whole of the iron is 
oxidized with the production of a perfect solution of it and the tungsten and with 
the use of very little more HNOs than is required for the oxidation of the iron only. 
Evaporate the liquid as quickly as possible until tungstic oxide begins to separate 
and then add 10 ml. of cinchonine solution, afterwards boiling more slowly until 
20 ml. is reached. Add then 100 ml. of hot water and set aside for at least 15 min. 

niter through paper pulp, wash with 5% HCl and water; dry and ignite in a 
platinum crucible; remove the silica with HP alone, ignite again and weigh. Cover 
the residue with about twice its weight of dry sodium carbonate and place the 
crucible in the hottest part of the muffle for 5 min. When the fused mass is cold, 
extract with hot water and filter. Ignite the washed residue in the same crucible. 
In the absence of molybdenum the loss in weight is tungstic oxide. 

Weight of WOs X 0.7931 x 100 = % tungsten. 

If the steel contains molybdenum, treat the filtrate from the sodium carbonate 
fusion as directed for molybdenum in the presence of tungsten (p. 702), determine 
the molybdenum as M0O3, and deduct this weight from the weight of WO,. 

Determination of Copper—Copper is determined by several methods known as 
the CuS gravimetric method, the CuS electrolytic method, the CuS-iodlde-thiosul- 
phate method, the thiosulphate-KCN method, and the thiocyanate-lodate method. 
All give satisfactory results, but the first and the last only can be described here 
in detail. These two methods can be carried out in the ordinary laboratory, and 
no elements interfere when analyses are made with variations as noted. 

I. CuS Gravimetric Method—ia). Procedure for All Steels Except Tungsten 
Steels—Transfer 5 or 10 g,, according to the copper content, to an 800 ml. beaker, 
add 200 ml. of dilute H2S04 (1:9), and heat gently. When solution is complete 
dilute to 500 ml., heat to boiling and saturate with H 2 S for 30 min., as the solution 
cools. Digest 30 min., add paper pulp, filter and wash 3 times with dilute HsSOa 
( 1:99) saturated with H2S. 

(b). For Tungsten Steels —^Dissolve 10 g. in 100 ml. of dilute HCl (1:1). Add 
25 ml. of HNOs (1:1) and boil gently until precipitate is a bright yellow. Dilute to 
150 ml. with hot water, digest 5 min., filter and wash with dilute HCl (1:9). Add 15 
ml. of H2SO4 to the filtrate and evaporate to fumes. Cool, add 100 ml. of water, 
and, if necessary, filter and wash with dilute H2SO4 (1:20). To the clear filtrate 
add 5 g. of tartaric acid, neutralize with NH4OH, add 5% by volume of H2SO4. Heat 
Just to boiling and pass HaS for 15 min. Let the precipitate settle, then filter and 
wash as in (a). 

Transfer the paper containing the copper sulphide precipitate, which may also 
contain some MoS, to a 30 ml., tall form porcelain crucible, and ignite at 550®O. 
Fuse with 2-4 g. of an alkali-pyrosulphate. Dissolve melt in 25 ml. of dilute HCl 
(1:9), dilute to 100 ml., neutralize with 5% NaOH solution and add 0.3 ml. in excess. 
Boil 3 min. digest 20-30 min., filter and wash with 0.5% NaOH solution, discard the 
filtrate or reserve for molybdenum. Dissolve precipitate in 15-25 ml. of hot dilute 
HNOs (1:3), wash with hot water, add 5 ml. of HsS04 and evaporate to fiunes. Cool, 
dilute to 40 ml., add an excess of NH 4 OH and heat to boiling. Allow precipitate to 
settle, filter, and wash with hot water. If precipitate is considerable In amount re¬ 
peat by dissolving in hot dilute HNOs and again adding NH 4 OH. Neutralize the fil¬ 
trate or filtrates with dilute H 2 SO 4 (1:1), add 4 ml. in excess and adjust volume to 
100 ml. Heat to boiling and keep saturated with HsS for 20 min. Filter and wash 
as in (a). Transfer filtrate to a weighed porcelain or quartz crucible. Ignite care¬ 
fully to OOO^C. Cool over a good desiccant and weigh as CuO. 79.89 x the weight 
of CuO divided by weight of sample used gives the per cent Cu. 
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n. The Electrolytic Transfer the ammonlacal solution to a 250 ml. 

electrols^c beaker. Neutralize with H 2 SO 4 (1:1), add an excess of 8 ml. and 4 mL 
of HNOa (1:1), weigh cathode and electrolyze 12 hr. with 0.5 ampere. Wash cathode 
with water, dip in alcohol, dry 1 min. at lOO^C., and weigh. Increase in weight x 100 
divided by weight of sample gives the per cent copper. 

III. The Kl-Thiosulphate Method—Dissolve ignited oxide in 5 ml. of HNOa. 
Warm and transfer to a 200 ml. beaker with 25 ml. of HsO. Boil, add excess of 
bromine water and boil off. Add slight excess of dilute NH4OH, boll to a faint 
odor, add 3 ml. of glacial acetic acid, boll 1 min., cool quickly and dilute to 100 ml. 
Add 6 ml. of 50% KI solution, and titrate at once with standard thiosulphate (3.9 g. 
per 1., 3 days old, checked against a standard steel). When the brown color fades 
add 3 ml. of fresh starch solution, and titrate to disappearance of the blue color. 
Calculate per cent copper. One ml. of the sodium thiosulphate solution equals 
0.001 g. of copper. 

IV. Thiocyanate-Iodate Method—Solutions Required. 

Starch SoZufioTi—Fresh, see under Sulphur. 

Thiocyanate —^Dissolve 50 g. of KCNS in 1000 ml. of H 2 O. 

Standard lodafe—Dissolve in order 2 g. of KOH and 20 g. of KlOa in 2000 ml. 
of HaO and standardize against standard thiosulphate. 

Standard ThiosuZphafe—Dissolve 68.75 g. of Na2SOs.5HsO in 1000 ml. of HaO. 
Standardize against Bureau of Standards sodium oxalate through KMnOi. 

Procedure—Transfer 5 g. to a 750 ml. flask, and treat as follows: 

(a) . Carbon and Low Alloy Steels—Dissolve in 85 ml. of HaSOi-HNOa mixture 
(167 ml. of HaSOi and 666 ml. of 1.20 HNOa diluted to 11.) or 75 ml. of HsSOi (1:10), 
hot Dilute to 300 ml., add (NIDaSaOa until MnOa precipitates, boil 15 min. and 
reduce by adding 70 ml. of 25% sodium sulphite solution or 30 ml. of stannous 
chloride solution (250 g. of SnCL, 500 ml. of HCl, 500 ml. of H 2 O). 

(b) . High Chromium Nickel Steels—Dissolve in 50 ml. of a mixture of HCl and 
HNOa (equal parts), add 20 ml. of HCIO 4 and 2 ml. of HF, evaporate and fume 10 
min. under cover. Cool, dilute to 100 ml., boil 1 min.. Alter and wash with hot HaO. 
Add NH 4 OH until Fe(OH)a persists after stirring. Add 10 ml. of HaSO* (1:1), dilute 
to 300 mL, heat to boiling and reduce as in (a). 

(c) . Tungsten Steels—Dissolve with 50 ml. of HCl. Add slowly 15 ml. of HNOa 
(1:1) and boil imtil tungstic acid is a bright yellow. Dilute to 100 ml., digest 10 
min.. Alter and wash with HCl (1:10). Add 10 ml. of HaSOa to filtrate, evaporate, 
and fume 1 min. Add 400 ml. of HaO, warm imtil salts dissolve, and reduce as in (a). 

To the reduced solution add 25 ml. of thiocyanate solution, boil 5 min., and let 
stand 5 min. Filter on a close paper, wash flask and Alter 10 times with cold 2% 
HaSO«. Transfer Alter and precipitate to flask, add 20 ml. of HCl (1:1), and 4 ml. 
of standard iodate for each 0.1% copper. Macerate paper thoroughly, dilute to 
500 ml., and add 1 ml. of 10% KI solution for each ml. of iodate. Add standard 
thiosulphate slowly with stirring until iodine color fades. Add 5 ml. of starch solu¬ 
tion, and continue titrating until the blue color disappears. If the thiosulphate is 
less than % of the iodate, repeat the determination with more iodate. The differ¬ 
ence between the iodate and thiosulphate represents iodate required to oxidize the 
cuprous thiocyanate, and each ml. of the latter equals 0.05% copper. 

Determination of Chromium—(Silicon, Vanadium and Tungsten)—^All the 
methods for chromium in steel are volumetric and differ only in the reagents used 
to oxidize the chromium and in the details of titrating the chromic acid with a 
ferrous sulphate solution. Under certain conditions silicon and tungsten or vana¬ 
dium, or all three, may be determined on the same sample as the chromium, though 
in referee or special work results for each should be checked by another method. 

Special Solutions Required (All Methods). 

Standard Ferrous Ammonium Sulphate—0.1 Normal (Use in All Methods)—To 
make a 0.1 N solution transfer 39.114 g. of FeS0.(NHi)s.S04.6H20 to a 1000 ml. 
flask containing about 500 ml. of HjO, add 100 ml. of dilute H 2 SO 4 (1:1), shake until 
dissolved, and dilute to 1 1. The solution is oxidized slowly by exposure to the air, 
hence 40 g. per 1. is generally used, unless provision can be made for storing the 
solution under pure hydrogen or nitrogen. This solution is best suited for titrating 
30-100 mg. of chromium. For low chromium (under 3%) use half, and for high 
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ctoomium (over 10%) use twice as much of the salt, or one-tenth as much for 
chromium under 0.10%. If the solution is not stored under Ha or Na standardiae 
every day it is used by titrating with the standard oxidant, preferably using blanks 
containing all the reagents treated as in a regular determination. 

Standard Oxidant Solutions—Potassium Permanganate— when the end 
point is obtained potentlometrically, the chromic acid is reduced by adding a slight 
excess of the ferrous ammonium sulphate solution, which is then back titrated with 
a suitable oxidant, usually potassium permanganate. Potassium dichromate or ceric 
sulphate can be used in conjunction with suitable internal Indicators. If the former 
is used, it must be purified and taken as the primary standard or standardized 
through permanganate against sodium oxalate. If ceric sulphate is used, it can be 
standardized against sodium oxalate direct by adding an excess and back titrating 
with ferrous ammonium sulphate solution, using ortho-phenanthrollne ferrous ion 
(2 drops of 0.025 molar solution) as indicator. However, potassium permanganate 
standardized against Bureau of Standards sodium oxalate is still used almost uni¬ 
versally, and is therefore selected as the standard. Usually a tenth normal solution 
is most convenient to use, though a slightly stronger solution may be employed for 
high chromium, and for minute amounts (under 0.01%) a 0.02 N solution is desirable. 
In any case the method of preparing the solution is the same, and will be described 
only for the 0.1 N solution. 

Standard 0.1 Normal Potassium Permanganate—A. 0.1 N solution requires 3.1606 
g. of KMn04. In preparing the solution, however, about 3.2 g. are used, as the 
KMnOi is not absolutely pure and some is decomposed in making up the solution. 
For the same reasons it is well to prepare a dilute solution at the same time as the 
stronger solution to use in adjusting the concentration of the latter. 

Dissolve the KMn04 in about 900 ml. of cold water and let age one week, or in 
hot water and let age 24 hr. Filter through a purified asbestos pad and dilute the 
stronger solution to 1 1. with the dilute solution. Standardize against Bureau of 
Standards sodium oxalate according to directions supplied with the sample and 
adjust strength by adding a calculated amount of the dilute solution. One 
xnl. of 0.1 N solution is equal to 0.001734 g. of chromimn, from which factor per¬ 
centages may be calculated after proper corrections for blank, provided the 
chromium is all oxidized to chromic acid or HeCrOi. 

The standardization of the solutions should be checked by analysis of a stand¬ 
ard sample of steel of approximately the same composition as the steels to be 
analyzed. 

Weight of Sample—In all methods the weight of sample is varied according to 
the per cent of chromium likely to be present, about as follows: 


For chromium under 0.5% use 5 g. sample. 

For chromium between 0.5% and 1% use 3 g. sample 
For chromium between 1% and 6% use 2 g. sample. 

For chromium between 5% and 12% use 1 g. sample. 

For chromium between 12% and 25% use 0.5 g. sample. 

Perchloric Acid Method—The sample is brought into solution in various ways. 
If the steel dissolves readily in perchloric acid, transfer the sample to a 400 ml. 
beaker, and add 10 ml. of water and 20 ml. of perchloric acid (70%), adding an 
additional 10 ml. of the acid for each g. of sample in excess of 1 g. Cover, heat 
gently till sample is dissolved, then boil and heat at fuming temperature for 10 
min. Cool somewhat, add 10 mg. of KMnOi crystals, cool rapidly, add 50-60 ml. of 
water and 0.5 ml. of HCl, and boil 3 min. Cool rapidly, dilute to about 300 ml. and 
titrate as directed below. 

If desired vanadium may be estimated by treating as directed for vanadium and 
silicon by filtering and treating in the usual way. 

For steels attacked by nitric acid, transfer the sample to a 400 ml. beaker and 
dissolve in 40-60 ml. of dilute nitric acid (sp.gr. 1.20), varying the acid according to 
the size of the sample. Then add 20 ml. of perchloric acid (70%) and 10 ml. addi¬ 
tional for each g. of steel used, and proceed as directed above. 

For steels not attacked by nitric acid, use HCl or a mixture of HCl (2 parts) 
and HNOa (1 part) with 20 ml. of water to dissolve the sample. Then add per¬ 
chloric acid and proceed as directed above. 

For stainless steels, and other high alloy steels, particularly those containing 
tungsten, transfer the sample (0.5 or 1 g.) to a 500 ml. flask, add 10-15 ml. of a 
mixture consisting of 1 volume of perchloric acid (70%) and 2 volumes of phos- 
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phoric acid (85%)» and digest at 180*’C. for 5 min. under a loosely fitting cover. Add 
to the clear green solution 15 ml. of a mixture of 1 volume of perchloric acid and 
2 volmnes of 80% sulphuric acid, and raise the temperature to 205*’C. for 10 min. 
fro tlpwange colored solution add 10-15 mg. of KMnO«, crystals, swirl, and plunge 
mtermittently into ice cold water to cool as rapidly as possible, then add 70 mL of 
cold water, follow with 0.5 ml. of HCl and boll 5 min. Cool rapidly, dilute to 300 
ml. with cold water, and titrate as directed below. 

Persulphate Jkfe^/iod—Transfer the sample to a 600 ml. beaker and dissolve in 
50 ml. of dilute (1:4) or in 60 ml. of mixed acids (160 ml. of H2S04, 80 ml. 

of HsPOi, and 760 ml. of HsO). If tungsten is present and it is desired to determine 
chromium potentlometrically, omit HaPOi. Heat until action ceases, add 5 ml. of 
HNOt, and boil free of nitrous fumes. If carbides persist or tungsten is present, 
evaporate to first separation of salts, dilute with 50 ml. of water, add 10 ml. of 
HNOa and again evaporate. Add 200 ml. of HaO, filter and wash with water. To 
the filtrate add 20 ml. of a 1% solution of AgNOa, heat to boiling and add slowly 
while stirring a concentrated solution of ammonium persulphate until a permanent 
pink color develops. Boil 5 min., add slowly 5 ml. of dilute HCl (1:1) and continue 
boiling until the pink or brown color disappears, adding 2-3 ml. more HCl if neces¬ 
sary. Boil 10-15 min. longer, cool to room temperature, dilute to about 300 ml. with 
cold water and titrate as directed below. 

Potassium Permanganate AfefTiod—Transfer the sample to a 400 ml. beaker, and 
dissolve in 50-120 ml. of dilute KSOi (1:5). Heat gently until action ceasesi oxidize 
by adding HNOa dropwise, then add 20 ml. in excess. If tungsten is present digest 
(under cover) until the tungstic acid is a light yellow color, and boil 10 min. If 
much timgsten is present, dilute to 250 ml. with hot water, filter, and wash with hot 
water. Heat the filtrate to boiling and add dropwise a saturated solution of KMnOi 
until the solution is a deep pink color or a permanent precipitate forms. Cover and 
boil 20 min. Filter through a close filter of purified asbestos, wash well with cold 
5% H 2 SO 4 solution, dilute to 300 ml. and titrate as directed below. 

Potassium Chlorate Mef/iod—Dissolve the sample with 50 ml. of dilute HNOs 
( 8 p.gr. 1.20) in a 600 ml. Erlenmeyer fiask. Heat until residue, if any, is a light yel¬ 
low color and free of black particles. If solution is slow, add HCl a few drops at a 
time to avoid an excess until solution is complete. Evaporate until a slight scum of 
ferric nitrate begins to form. Add 125 ml. of HNOs, and heat to boiling. Remove 
from the heat and add 3-4 g. of KClOs. Boil vigorously to a volume of about 50 
ml. Cool, add 100 ml. of cold water, filter through a purified asbestos pad, and 
wash with cold water until the washings are colorless. Discard the precipitate of 
MnOs and WOs. Dilute the filtrate to 300 ml. and titrate as directed below. 

Bicarbonate Separation for Low Chromium and YanadiuiTi—-Transfer the sample 
(5 g. or 10 g.) to a 500 ml. Erlenmeyer fiask, cover, and dissolve with 60 ml. of 
HsSOa (1:9). Add 140 ml. of boiling water. Add at once an 8% solution of sodium 
bicarbonate (about 36 ml.) until a permanent precipitate forms, and then add 
4 ml. in excess. Boil 1 min. Filter through an 11 cm. paper and wash 3 times 
with hot water. Transfer filter to a 400 ml. beaker. Wash fiask with 50 ml. of 
mixed acids used in the persulphate method above, and transfer to the beaker con¬ 
taining the paper. Add 5 ml. of HNOs, boll free of brown fumes, and filter through 
an asbestos mat. Wash filter with hot water, dilute to 200 ml. and oxidize chromium, 
as described under the persulphate method. Titrate with 0.02 N solutions as 
directed below. 

Visual Titration of the Chromium and Vanadium—To the cold solution obtained 
by any of the preceding methods, add from a burette a slight excess (2 ml. or more) 
of standard ferrous ammonium sulphate solution. If enough is present, 1 drop will 
give an intense blue color when added to 1 drop of fresh K:sFe(CN )0 solution. While 
stirring, titrate the excess with standard potassium permanganate solution until a 
faint pink end point is obtained which persists.after stirring for 1 min. To correct 
the titration for dilution effect and color interference, boil the solution for 10 min., 
cool, dilute to original volume and titrate to the same end point as before. The 
number of ml. of KMnOi solution used in the first titration, minus the number 
used in the blank gives the ml. used in titrating the excess ferrous sulphate. This 
difference subtracted from the ml. of KMnOi solution equivalent to the total ml. of 
ferrous sulphate solution used gives the number of ml. of KMnO^ solution equiv¬ 
alent to the chromium present. To find the per cent chromiiun, multiply this quan- 
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times the chromium factor for the permanganate and divide by the 
weight of sample used. 

iR vanadium, add 5 ml. of HjPOi if not already present, and then 

15-3Q ml. of 0.03 N ferrous ammonium sulphate or equivalent. (Test for excess as 
5 chromium, 1 ml. of 0.03 N solution = 0.0015 g. of V.) Stir, add 8 ml. 
of 15% (NH4)2S208 solution, stir 1 min., and titrate with 0.03 N KMnOi solution to 
the same end point as before. Subtract the KMnOi used from that equivalent to 
the ferrous sulphate used, and convert the difference topper cent vanadiiun. 

Potentiometric Titration of Chromium—Absence of Vanadium and Tungsten — 
In this method the chromium is titrated direct with ferrous ammonium sulphate 
solution, which is standardized against pure KsCrsOr by the same method of titra¬ 
tion. Vanadium, if present, is titrated as chromium, and tungsten held in solution 
with HaPOi makes the end point hard to detect. Two types of potentiometric appa¬ 
ratus are available, namely; the Larabee and the Kelly, the latter being the older 
and the one in more general use. With the Kelly apparatus, the solution is usually 
prepared by the persulphate method, and the procedure is as follows: 

Place the beaker containing the solution in position, and adjust apparatus to 
bring the needle or beam of light near the left end of the scale. Add the standard 
ferroTis sulphate solution slowly until the indicator moves to the right and remains 
in this position. If the end point is overrun add standard potassium dichromate 
solution till the indicator moves back to the left, then the ferrous sulphate solution 
until 1 drop causes the indicator to move permanently to the right. Multiply the 
ml. of ferrous ammonium sulphate actually used in reducing the chromic acid by 
its chromium value times 100 and divide by the weight of sample used to find the 
per cent chromium. 

Determination of \anadmm--Potentiometric Tifrafio?^-Applicable to chromium- 
tungsten-vanadium steels. 

Apparatus—These directions are written for the Kelly electrometric apparatus. 
Before titrating, flush out the calomel cell tube, so as to insure the purity of the 
electrolyte in the cell. The calomel cell contains a bottom layer of Hg, then a layer 
of HgaCL, and is then filled with a neutral solution of N KCl (74.55 g. per 1). The 
other electrode is a platinum tipped wire, which makes contact with the external 
circuit. 

Special Solutions Required-Standard Potassium Dichromate SoZufion—Dissolve 
0.9626 g. of K2Cr807 in H 2 O and dilute to exactly 1000 ml. The K2Crs07 should be 
recrystallized and either heated Just to the fusion point or dried at 200^0. This 
solution should be renewed at least once a week. One ml. is equal to 0.1% of vana¬ 
dium in 1 g. sample. 

Standard Ferrous Ammonium Sulphate Solution —^Dissolve 8 g. of FeS04.(NHi)i. 
SO4.6H2O in 1000 ml. of H2O containing 50 ml. of H2SO4. The factor showing the 
relation of ferrous sulphate and potassium dichromate should be obtained each day 
by titrating a 30 ml. portion of the chromate solution. 

To compensate for losses due to occlusion and incomplete oxidation, which may 
amount to as much as 0.02% vanadium, and also compensate other possible errors, 
it is well to check this solution against a standard steel of approximately the same 
composition as the steels to be analyzed. 

Procedure—Dissolve 2 g. of sample in 100 ml. of dilute H2S04 (1:4). When solu¬ 
tion is complete, gradually add drop wise 10 ml. of HNOs (1:1). Boll until tungsten, 
if present, is completely oxidized to yellow tungstic oxide. Dilute to 200 ml. with 
hot H2O, add 40 ml. of HNOs and boil for 1 hr. at such a rate that the final volume 
will be between 100 ml. and 125 ml. Longer boiling does no harm, provided the 
volume of the solution does not fall below 100 ml. Cool, dilute to 300 ml. with ice 
water and see that the temperature of the solution is 5-10°C. Titrate with the 
PeS 04 solution as follows: 

Lock the beak;er containing the solution into position. Turn on the switch that 
controls the motor and release the galvanometer needle. Next press downward and 
make a half-turn clockwise on the 2 plunger switches on the front of the box. Then 
turn the knob that controls the resistance, so as to cause the galvanometer needle 
to come to rest at zero. Finally, add from the burette the ferrous ammonium sul¬ 
phate solution, until the change in potential causes the needle to move to, and re¬ 
main at the right extremity of the dial. Read the burette and calculate the per¬ 
centage of vanadium. 

Unless the operator is an expert it is best to back titrate with the standard 
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dichromate solution, as follows: Add a slight excess of the ferrous ammonium 
sulphate, and then add the standard dichromate solution slowly until the indicator 
(needle or light) returns to its original position. Finally, add the ferrous solution 
drop by drop to the first large movement of the Indicator, which is taken as the 
end point. Multiply the volume of ferrous solution by its bichromate equivalent. 
Subtract the volume of dichromate used, multiply by 0 . 1 , and divide by the number 
of the sample and by 0.995 to find the per cent vanadium. The factor 0.995 
comi^risates for the vanadium not oxidized by the nitric acid. 

Umpire Method^Briefiy this method is carried out as follows: Dissolve the 
sample (2 g. if V is over 0.1%, 5 g. if under 0.1%) in dilute H 2 SO 4 (1:10) and make 
a bicarbonate separation. (See under manganese and chromium.) From this point 
carry a blank through all steps also. Transfer paper and precipitate to the original 
fiask and dissolve in 20 ml. of HNOs and 5 ml. of H2SO4 by heating to fumes, adding 
HNOt if necessary to destroy, all carbonaceous matter. Then expel HNOa, dilute to 40 
ml., filter off tungstic acid, if present, and evaporate to 40 ml., neutralize with NH4OH, 
add HsSOi equal to 1 % of the solution, and separate vanadium by electrolyzing In 
a mercury cathode cell (preferably Melaven type). When all iron has been removed 
from the solution (ferricyanlde test), draw off the liquid, washing the mercury 3 
times with HsO. Add 1 ml. of H2SO4, heat to 75*'C., and add KMn04 solution to a 
decided pink. Heat to boiling, pass SOa gas for 5 min., and drive out excess SOi 
with a current of COa, or imtil escaping gas has no effect upon a very dilute solution 
of KMn04. Cool the solution to 70°C. and titrate to first pink with 0.03 N KMnOa 
solution. Repeat reduction with SOa and titrate as before. Titrate the blank to 
the same end point and subtract. Multiply the corrected volume of permanganate 
used by its vanadium titer times 100 and divide by the g. of sample used to find 
the per cent vanadium. 

Vanadium in High Chromium Steels-^-Direct Titration After Volatilizing the 
Chromium—Procedure—Yor vanadium up to 1 %, use 2 g. of sample and 1 g. for 
higher percentages. Transfer the sample to a 250-ml. Erlenmeyer fiask. For 2 g. 
add 10 ml. HCl and 50 ml. HCIO 4 (58-60%). Heat to dissolve and fume to complete 
oxidation of the chromium. Cool somewhat and volatilize the chromium with NaCl 
or HCl as described xmder manganese, persulphate method. Transfer to a 400-ml. 
beaker, dilute to 200 ml., and stir in 5 ml. of orthophosphoric acid (85%). Add an 
excess of ferrous ammonium sulphate solution and oxidize the excess by adding 
8 ml. of a 15% solution of ammonium persulphate. Titrate the solution with standard 
KMn04 solution to a faint pink end point persistent for 1 minute. Correct this 
volume for the blank, if required for acciiracy, and multiply the difference by 100 
times the vanadium titer of the permanganate solution and divide by the weight 
of sample used to find the per cent vanadium. 

Determination of Nickel 

I. Dimethylglyoxime Method-Special Solutions Required 

Ammoniacal Dimethylglyoxime SoZufzoTi—Dissolve 10 g. of dimethylglyoxime in 
650 ml. of NH 4 OH and dilute to 1 liter. Make up fresh every week. Recommended 
where large amounts must be used. 

Alcoholic Dimethylglyoxime Solution—Dissolve 10 g. in 1000 ml. of ethyl alcohol 
(95%). Keeps indefinitely. 

Weight of Sample—Use 0.25 g. for nickel over 8 %; 0.5 g. for 3-8%; 1 g. for 
1-3%; 2 g. for 0.1-1%, and 5 g. for less than 0.1% nickel. 

Procedure—Transfer the sample to a 400 ml. beaker and dissolve with 30 ml. 
of HCl, if possible, or with dilute H 2 SO 4 (1:1), dilute HNOa (sp.gr. 1.135), or mixtures 
of these. If none of these acids are effective, add dilute HNOs and 10 to 15 ml. of 
HCIO4 (60%). If HNOs is not used initially, heat the solution almost to boiling 
and add 10 ml., dropwise. Boil and evaporate to moist dryness. Add 30 ml. of HCl 
and boil to 15 ml. Dilute with 40-50 ml. of water and filter immediately. Wash with 
HCl (1:1) and hot water. Discard the filter and' residue of silica and tungstic acid. 
In the absence of cobalt dilute to 150 ml.; if cobalt is present, add in addition 100 
ml. of water for each 1%. Add 60 ml. of a 20% solution of tartaric or citric acid, 
and 15 ml. additional for each additional g. of sample, if more than 1 g. was used. 
Neutralize with ammonia, add 1 ml. excess, and acidify slightly with acetic acid. In 

^See Chemical Analysis of Iron and Steel by O. E. F. Lundell*, J. I. Hoffman, and H. A. 
Bright, John Wiley and Sons, New York. 
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the absence of cobalt, heat to 70*C. and add 10 ml. of glyoxlme solution, plus 6 ml. 
additional for each 0.01 g. of nickel present. While stirring add ammonia until 
slightly alkaline, and let stand in a warm place for not less than 15 min., and pref¬ 
erably for 1 hr. For low nickel let the solution stand 8-12 hr. If cobalt is present 
add the dlmethylglyoxime in the cold, and let stand for at least 4 hr. If the precip¬ 
itate does not have the characteristic red color, or if manganese is high (over 1 %) 
dissolve with a hot solution of 20 ml. of HCl (1:1) and 5 ml. of HNO„ wash, dilute 
to 300 ml., add 10 ml. of tartaric or citric acid solution and reprecipitate as before. 

After settling proceed by either of the following methods: 

(a) . Filter on a weighed, close, glass frit crucible filter, keeping the crucible 
full of liquid, and wash with hot water to which 1 drop of ammonia has been added. 
Dry at 110-120‘*O. and weigh as NiC8H,404Ni, of which 20.32% is nickel. 

(b) . Filter through a paper, wash thoroughly with hot water, and transfer to 
a weighed crucible. Cover with another wet paper, heat gradually until the paper 
is charred, and Ignite to constant weight at a dull red temperature. Weigh as NiO, 
of which 78.58% is nickel. 

II, Silver-Nitrate Cyanide Titration Method —^Not applicable to steels contain¬ 
ing copper, cobalt or tungsten. 

Solutions Requiredr-Citric-SulphuHc Add—Dissolve 400 g. of citric acid crystals 
in water, add 160 ml. of concentrated H 2 SO 4 and dilute to 1000 ml. with water. 

Potassium Iodide —^Dissolve 50 g. in 100 ml. of water. 

Standard Silver Nitrate Solution —Dissolve 5.789 g. of AgNOs in water and dilute 
to 1 1. One ml. is equivalent to 0.001 g. of Ni. 

Standard Potassium Cyanide SfolttfioTi—Dissolve 5 g. of KCN in water and add 
5 g. of KOH to preserve the solution. Dilute to 1000 ml. with water. Standardize as 
directed below. 

Procedure—Dissolve 1 g. of sample in 20 ml. of concentrated HCl. Oxidize with 10 
ml. of HNOa (sp.gr. 1.13). Boil off fumes and evaporate to 15 ml. If silicon is high 
dissolve in 20 ml. of concentrated HCl and 2 ml. of HF. Evaporate to dryness and 
bake. Take up with HCl and oxidize with HNO, as directed above. Cool, add 50 ml. 
of the citric-sulphuric acid solution and dilute to 250 ml. Then add NH 4 OH until the 
solution is just alkaline to litmus paper. Cool and add dropwise with constant stirring 
enough NH 4 OH to give a distinct odor of ammonia. This excess of ammonia is 
important. Too little will give high results, too much will give low results. Add 
1 ml. of the KI solution and stir. Then add exactly 5 ml. of the standard AgNOt 
solution from a burette. A pale yellow cloud of Agl will form. Titrate with the 
standard KCN solution, while stirring constantly, until the solution Just becomes 
clear. Finally, titrate back with the standard AgNOs until a faint but distinct cloud 
of Agl is again formed. Calculate the total ml. of AgNOs used to ml. of KCN, Sub¬ 
tract this from the total ml. of KCN used. This difference, multiplied by the value 
of the KCN in terms of nickel gives the percentage of nickel in the sample. 

Caution —^The KCN changes with age. Hence, the theoretical titer is based on 
the AgNOs, and the solutions must be compared daily as follows: Treat a nickel 
steel standard free of cobalt as directed above. Add the nickel equivalent of the 
AgNOs used to the nickel value of the standard, and divide the sum by the ml. of 
cyanide solution used to find the nickel value of 1 ml. of the cyanide. 

Slight modifications in the procedure as outlined above permit titration and 
determination of the nickel photometrically. The exact procedure will depend some¬ 
what upon the type of photometric apparatus employed. 

III. Color ilfef/iod—Applicable only to steels containing less than 0.10% nickel. 

Procedure—Transfer 1.2 g. of drillings to a 400-ml. Erlenmeyer fiask and dissolve 

in 60 ml. HNO3 (1.13 sp. gr.). When nearly in solution add 15 ml. ammonium per¬ 
sulphate solution (22.5%) to destroy carbides, and cool as soon as the persulphate 
is decomposed. 

Add a little water to cool somewhat, then add 20 ml. of NH^OH and 3 ml. of 1% 
KCN solution. Mix by whirling the fiask, and add 15 ml. of NH 4 OH. Dilute to 
exactly 300 ml. in a volumetric flask, immediately filter off 50 ml. of the solution 
and transfer it to a 150-ml. Erlenmeyer flask. 

To this solution add 3 ml. of a nearly saturated solution of dimethylglyoxime; 
whirl and add 5 ml. of sodium hypochlorite. Mix well and allow color to develop 
for several minutes. Transfer to a colorimeter or comparing tubes and determine 
the per cent nickel by comparison with a standard prepared a^ follows: 
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The Standard for Comparison^Add a measured amount of the standard nickel 
solution to a 50 ml. graduate and dilute to 50 ml. with water, adding 3 ml. of 
glyoxime and 5 ml. of sodiiun hypochlorite solution. 

The Standard Nickel SoZufion—Mix 2550 ml. HgO, 850 ml. HNO, and add 1050 ml. 
NH«OH. Add 1.9 g. KCN dissolved in 100 ml. H^O, then 100 ml. of a solution of 
nickelous nitrate containing 0.336 of nickelous nitrate. Immediately add 850 ml. 
NH 4 OH and dilute the whole to 17,000 ml. 

One ml. of this solution is equivalent to 0.002% nickel when compared with a 
1 . 2 -g. sample of the unknown solution. 

Determination of Molybdenum—Molybdenum may be determined gravimet- 
rically, volumetrically, or colorimetrically. In the absence of interfering elements, 
the last method does not require a preliminary separation of the molybdenum, but 
is applicable only to steels containing small amounts. Hence, only the first two 
methods are used in the analysis of complex steels, and both involve a separation 
of molybdenum as sulphide. For molybdenum under 1%, the alpha-benzoinoxlme 
method as developed by H. B. Knowles*^ is used. 

The following procedure is applicable to the largest number of the different 
t 3 ^es of steel. 

Weight of Sample—The weight of sample used is varied from 1-5 g. according 
to the probable percentage of molybdenum present, to give 20-30 mg. of molybdenum. 

Procedure—In the absence of tungsten transfer the sample to a 600 ml. beaker 
or flask and dissolve in 100 ml. of dilute HsSOi (1:5) by heating gently until action 
ceases. Add 20 ml. of a 25% solution of ammonium persulphate and boil for 8-10 min. 

In the presence of tungsten, dissolve the sample in 100 ml. of dilute HCl (1:1) 
and oxidize by adding HNOa dropwise, or by adding 20 ml. of dilute HNO3 (1:1). 
Boil gently until the tungstic acid becomes a bright yellow, then either dilute to 
150 ml. or evaporate just to dryness, take up in 10 ml. of HCl and add 50 ml. of 
water. Heat to boiling. Alter and wash residue with dilute HCl (1:9). Reserve the 
residue. At this point some prefer to add 15 ml. of H2SO4 to the filtrate, evaporate 
to fumes, take up in 100 ml. of H2O and Alter off any additional residue, on a small 
Alter, which is washed with 1 % HsS04, this precipitate being combined with the 
previous one. If the original solution was evaporated just to dryness, this step may 
not be necessary. 

To recover molybdenum from the residue, fuse with sodium carbonate and take 
up in water and Alter, or dissolve the residue on the Alter with hot 5% solution of 
NaOH. In either case wash the paper with hot water, and once or twice with a 
little dilute HsS04. Add 5 g. of tartaric acid to the Altrate or solution, then neutral¬ 
ize with HCl or H 2 SO 4 , adding an excess of 3 ml. of the former or 5 ml. of the latter. 
Heat to boAlng and pass H 2 S for 10 min. Filter, wash with dilute acid (1%) sat¬ 
urated with H 2 S and reserve to add to the main portion of the molybdenum sul¬ 
phide obtained as directed below. 

The solution containing the bulk of the molybdenum may be treated by either 
of the following procedures: 

(a) . Add 5 g. of tartaric acid, neutralize with ammonia, make just acid with 
H8S04 and add 5 ml. excess for each 100 ml. of solution. Heat to boiling, pass H 2 S 
for 30 min., dilute with an equal volume of hot water, continue to pass gas for 5 
min. and digest at OO^’C. for 1 hr. 

(b) . To the oxidized solution add ammonia until a slight precipitate of 
Fe(OH)a persists. Dissolve with a few drops of concentrated HCl and add 3 ml. 
excess. Bring the solution to a boil and pass HaS gas through it. If the HaS pro¬ 
duces a deep red color, add more HCl, not over 1 ml. at a time, until the precipitate 
settles out readily. If the solution is too acid, the IjEaS will not completely pre¬ 
cipitate the molybdenum and the Altrate wUl be colored blue. In this case start 
the determination anew. 

Separate the precipitate of sulphur and molybdenum sulphide by Altering 
through a close paper and wash with 1% H 2 SO 4 or HCl saturated with HaS. 

If there is any doubt about the completeness of the precipitation of the molybde¬ 
num, boU to expel HaS and reduce the volume to about 300 ml. Add 20 ml. of 
persulphate solution, boil for 10 min. and again pass HaS for 15 min. FAter and 
wash as before. Transfer precipitates to a sUica or porcelain crucible and ignite 
slowly and carefully to constant weight at a temperature not over 525®C. Complete 
the determination by either of the following methods: 

(a). To the crucible add 10 ml. of HCl (1:1) and digest until dissolved. Wash 
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Into a beaker and dilute to 50 ml. with HcO. Boil. Now add a 5% solution of 
until there are 2 drops in excess, using either litmus paper or phenol- 
phthalein Indicator. Filter, wash with hot water, burn off as before in the same 
crucible, cool, and weigh. Subtract the weight of impurities from the first weigh, 
and calculate difference to per cent Mo, using the factor MoiMoOs = 0.667. 

(b) . Leach in 30 ml. of NaOH (4% sol.) for 30 min. on warm part of hot plate. 
Filter (suction, paper pulp) and wash free of NaOH, using phenolphthaleln as Indi¬ 
cator. Acidify with acetic acid, heat to the boiling point, and add sufficient lead 
acetate (4% sol.) to completely precipitate the molybdenum. Filter, preferably by 
suction, using paper pulp, and wash well with hot water. Burn off the paper slowly 
in front of the muffle (max. temp. 600®C.) and weigh as lead molybdate. 

PbMo04 X 0.2616 X 100 

—-- = % Mo 

weight of sample 

(c) . Presence of Arsenic, Vanadium, and Tin—Volumetric Method —^Destroy 
paper and oxidize the sulphide by digesting with HNO* and H 2 SO 4 (5 ml.) untU the 
solution is clear and light colored. Evaporate and fume to expel all HNOs. Cool, 
dilute to 60 ml., add 0.01 g. of Fe2(S04)8, then NH 4 OH until first appearance of red¬ 
dish tint dispelled by stirring, and heat the yellow solution to boiling. Heat 76 ml. 
dilute NH 4 OH nearly to boiling in a 250 ml. beaker, and pour the solution into It, 
stirring constantly. Add paper pulp, filter, wash with hot water, and reserve the 
filtrate. Dissolve the precipitate with hot H 2 SO 4 (1:4), using as little acid as pos¬ 
sible, then nearly neutralize, pour into NH 4 OH, filter into reserved filtrate and wash 
with hot water as before. Neutralize the combined filtrates with dilute H 2 SO 4 (1:1) 
and add an excess of 5 ml. for each 100 ml. of solution. Heat to boiling, add 
KMn04 solution until decidedly pink, and pass through a Jones reductor, collecting 
the reduced solution beneath a solution of ferric sulphate (0.1-0.2 g.) and phos¬ 
phoric add (6 ml.). Titrate with 0.03 N KMn04 solution, subtract blank, and cal¬ 
culate to per cent molybdenum. One ml. of 0.03 N KMhOa solution = 0.00096 g. of Mo. 

Alpha-Bemoinoodme Method—Absence of Tungsten —^Transfer 1 to 3 g. of sam¬ 
ple to a 600-ml. beaker and dissolve in 60 ml. of HdS04 (1:16). Heat and add HNOa 
dropwise to the decomposition of carbides and the oxidation of iron and molybdenum. 
To remove SiO, add a few drops of HF, and then 10 ml. of boric acid solution (4%). 
Boil, filter, if necessary, dilute to 100 ml., and reduce with FeS04 (about 0.5 g.) at 
room temperature. Cool to 6®C. and add 10 ml. of 2% alpha-benzoinoxime in 
ethyl alcohol, and 5 ml. additional for each 0.01 g. Mo present. While stirring, add 
bromine water to tint the solution, then add 6 ml. more of the alpha-benzoinoxime 
solution. Cool the beaker for 10 minutes longer stirring occasionally, add paper pulp, 
and filter rapidly. Refilter any of the first filtrate that may not be clear. Wash 
with 200 ml. of a cold, freshly prepared mixture containing 10 ml. of the alpha- 
benzoinoxime solution and 2 ml. of H 9 SO 4 . Transfer to a platinum crucible, cau¬ 
tiously dry, char the paper, and finally ignite to constant weight at 500-525‘^C. 
Digest with 6 ml. of NH 4 OH, filter, wash with 1% NH 4 OH, and ignite in the original 
crucible. Subtract the second weight from the first to find the weight of MoO,, 
which multiplied by 0.667 gives the weight of Mo in the sample. To find per cent 
Mo, multiply the weight by 100 and divide by the weight of sample used. 

Determination of Cobalt—There are several methods for the determination of 
cobalt. One of the methods recommended is that of Hoffman, in which the major 
portion of the iron is separated with ether, while the remaining iron and the 
copper are separated with cupferron, and the cobalt finally precipitated with alpha 
nitroso-beta-napthol. However, the following method is still generally used for 
high alloy steels, such as high speed steel. The method is based on separation of 
cobalt from Fe, Cr, W, and V, with zinc oxide and the subsequent precipitation of 
the cobalt with alpha nitroso-beta-naphthol in HOI solution, in which nickel remains 
soluble. The procedure is as follows: 

Procedure—Weigh 2 g. of the sample into a 400 ml. beaker, dissolve in 50 ml. of 
concentrated hydrochloric acid and boil to the absence of fumes. When solution 
is complete, oxidize the iron with about 10 ml. of concentrated nitric acid and boil 
to the absence of fumes. Cool the solution and add ammonia slowly while stirring 
until the precipitate of iron hydroxide formed dissolves with difficulty. Cool to 
room temperature and wash into a 600 ml. volumetric fiask. Add slowly, with con¬ 
stant agitation of the fiask, an emulsion of zinc oxide until an excess is present. 
As this point is approached the solution becomes milky and a slight amount in 



704 


METHODS FOR THE CHEMICAL ANALYSIS OP STEEL 


excess produces a heavy voluminous brown precipitate. Dilute to the mark with 
water and empty into a 600 ml. beaker. Mix thoroughly by stirring. Let the pre¬ 
cipitate settle and decant 250 ml. of the solution through a dry 12.5 cm. filter paper 
into a 250 ml. volumetric fiask. When 250 ml.» representing 1 g., have been filtered, 
this solution is transferred to a 400 ml. beaker and 5 ml. of concentrated hydro¬ 
chloric acid are added. The solution is heated to near the boiling point, and the 
cobalt precipitated with alpha nltroso-beta-naphthol. Just before the solution is 
ready to precipitate dissolve 2 g. of alpha nitroso-beta-naphthol in 25 ml. of con¬ 
centrated acetic acid. Heat the reagent gently and add it to the hot hydrochloric 
acid solution containing the cobalt. The cobalt is precipitated as a red compound. 
A portion of the excess reagent also precipitates. Two g. of alpha nitroso-beta- 
naphthol will precipitate 0.05 g. or 5.0% cobalt. If the percentage of cobalt is low, 
use a correspondingly smaller amount of the reagent. 

Hold near the boiling point for 15 min., let settle and filter on an 11 cm. ash¬ 
less filter paper, using paper pulp. The last portion of the precipitate and reagent 
is removed from the sides of the beaker with difficulty. Wash the precipitate 5 
times alternately with hot dilute hydrochloric acid ( 1 : 1 ) and hot water and finally 
5 times with hot water. If accuracy is not a requirement in the work, ignite in a 
weighted silica or porcelain crucible at a low temperature imtil the paper is gone, 
then at a high temperature for 30 min. Cool and weigh. The increase in weight 
is cobalt oxide, Co, 04 , contaminated with a small amount of iron. 

Therefore, in accurate work purify the precipitate before or after igniting as 
follows: Transfer the precipitate to a 250-ml. beaker and dissolve it in a mixture 
of 15 ml. HGl and 5 ml. HNO|, boiling the solution down to a volume of 5 ml. Note 
the color of the concentrated solution, which will be of an intense green if 1 or 2 mg. 
of cobalt are present. To eliminate every trace of HNO 3 , add 25 ml. of HCl, and 
repeat the evaporation. Dilute the solution to 50 ml. and add dilute ammonia (1:1) 
dropwise to the precipitation of the small amount of iron. Dissolve the precipitate 
by adding 1 or 2 drops of dilute HCl (1:1), and reprecipitate by adding 1 or 2 ml. 
of a 50% solution of ammonium acetate and boiling. Filter and wash with 10 ml. 
of a hot faintly ammoniacal solution of ammonium acetate. Redissolve and repeat 
the precipitation. Wash as before, ignite, weigh, and subtract this weight from the 
weight of Impure CO 3 O 4 . 

Weight of purified cobalt oxide, CO 3 O 4 X 0.7343 X 100 = % cobalt. 

The Ignited oxide does not have the exact formula C03O4. If the weight of 
oxide is appreciable, it is, therefore, advisable to change the oxide to metallic cobalt 
by repeated ignition in hydrogen in a Rose-form crucible until the weight is constant. 

Determination of Titanium—^Titanium is determined by several different meth¬ 
ods. The following is applicable to high chromium steels such as the stainless steels, 
and other alloy steels, containing no vanadium or tungsten. 

Cupferron Method—Absence of W and Y—In the absence of copper, transfer 
0.5-1 g. to a 200 ml. beaker and add 100 ml. of 10 % H9SO4 and heat until all action 
appears to have ceased. Cool the solution to lO'^C., add a little ashless paper pulp» 
and precipitate the titanium by adding dropwise a freshly prepared 6 % solution 
of cupferron (ammoniiun nitrosophenylhydroxylamine, CeHB(NO) ONH4) , stirring 
constantly until the precipitate assumes a reddish brown color. Fill the tip of an 
11 cm. filter paper with paper pulp, filter the solution and wash filter and precipi¬ 
tate 10-12 times with cold 5% H3SO4. Transfer the filter and precipitate to a 50 ml. 
platinum crucible and ignite at a temperature no higher than sufficient to destroy 
the carbon of the filter paper. Cool and add to the crucible about 1 g. of potassium 
pyrosulphate, fuse gently and dissolve the melt in 50 ml. of dilute H2SO4 (1:4). Cool 
the solution to room temperature and determine titanium colorimetrically as directed 
below. 

In the presence of much copper, dissolve sample as above, then filter on a 
9 cm. paper containing some ashless paper pulp, and wash paper and residue well 
with 10% H 0 SO 4 . Cool the filtrate to 10*’C. and precipitate with cupferron as directed 
above. Transfer the filter paper containing the residue insoluble in HaSO« to the 
original beaker. Add 25 ml. of dilute HNOs (sp.gr. 1.135) and heat gently to 
dissolve copper. Add about 50 ml. of hot H2O, neutralize with ammonia, add a slight 
excess, and heat to boiling. Filter and wash well with hot H 20 . Ignite the paper 
and residue at a low temperature Just sufficient to burn off the carbon and add 
the ignited residue to the ignited cupferron precipitate, then fuse the combined 
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residues with potassium pyrosulphate, dissolve in dilute H^SO* (1:4) and detennine 
titanium as directed below. 

solution, which should not contain more than 0.005 g. of titanium 
p.5% on a 1 g. sample, or 1% on a 0.5 g. sample) to a color comparison tube. Add 
5 m. of 3% hydrogen peroxide (“dioxygen”) and mix thoroughly. To another C5om- 
pa^on tube add 45 ml. of cold 10% H 2 SO 4 , 5 ml. of the same hychrogen peroxide 
solution, and then add from an accurate burette measured amounts of standard 
titanium sulphate solution (1 ml. = 0.0005 g. of Ti), n^ng after each addition, 
jmtil the color of the standard is slightly less Intense than the solution. Dilute 
the standard to the same volume as the unknown and mix. After preliminary com¬ 
parison add titanium sulphate solution to the standard, adding, at the same time, 
an equal volume of 10% H 2 SO 4 solution to the unknown, and mixing after each 
addition, until the colors match exactly. To find the per cent titanium in the sample, 
multiply the niunber of ml. of standard titanium sulphate solution used by 0.05 and 
divide by the weight of sample taken. 

Procedure for High Titanium—Over 1 %—^Treat 1 g. of the sample for the sep¬ 
aration of titanium with cupferron as directed above. Ignite the precipitate in a 
100 ml. platinum dish at a temperature Just sufficient to bum the paper completely. 
Cool, add 15 ml. of dUute H 2 SO 4 (1:1), and 10 ml. of hydrofluoric acid (48%), then 
evaporate in an air bath to fumes. Rinse down the wall of the dish with cold 
water and again evaporate to fumes to expel any trace of HP. Add 50 ml. of water 
and Alter if a residue remains. Wash with hot water and reserve the filtrate. 
Ignite the residue at low temperature in a platinum crucible and fuse with a little 
potassium pyrosulphate. Take up in dilute H 2 SO 4 (1:4), add a slight excess of 
ammonia, and heat to boiling. Filter, if there is a precipitate, and wash with 
hot water. Dissolve the precipitate with a little hot dilute H2SO4 and add to 
the reserved filtrate. 

Add to the solution containing all the titanium 1 g. of tartaric acid, make 
slightly ammoniacal, neutralize with dilute H 2 SO 4 and add an excess of 2 ml, of 
the concentrated acid for each 100 ml. of solution. Saturate the solution with 
HsS and separate any precipitate by filtering and washing thoroughly with 
HsS water containing about 1% of H2S04 and 1% of tartaric acid. Discard the 
precipitate. Now add to the solution ammonium hydroxide until there is an excess 
of 2 ml. and pass H 2 S for 5 min. Stir in some ashless paper pulp and filter. Wa^ 
the precipitate well with ammonium sulphide containing about 1% ammonium tar¬ 
trate and discard. Boil the filtrate to the complete expulsion of HzS. Adjust . 
volume of the solution to 150 ml. and add 30 ml. of dilute H 9 SO 4 (1:1). Cool to 
lO^C., add some paper pulp, and precipitate titanium with cupferron as directed 
above, adding the cupferron until there is an excess as indicated by the formation 
of a snow white precipitate which rapidly disappears. Filter, wash 12-15 times 
with cold 5% H2S04, and then 5 times with 5% ammonium hydroxide. Transfer 
the paper and precipitate to a platinum crucible and gradually Ignite to between 
1050 and llOO^’C. Cool in a desiccator and weigh. Multiply the weight of the 
TiOs thus found by 59.95 and divide by the weight of sample taken to find the 
percentage of titanium. 

To check the results fuse with potassium p 3 n:osulphate, take up in dilute H2SO4 
(6%), and proceed by one of the following methods: 

(a) Pass the solution through a Jones reductor into a solution of ferric sulphate 
and phosphoric acid, and titrate with 0.05 N KMnOi solution. Make a blank deter¬ 
mination in the same way and correct. One ml. of 0.05 N KMn04 = 0.002395 g. 
of T. The presence of Fe, Cb, Cr, Mo, U, V, W, or nitrates gives high results. 

(b) Aliquot the solution and determine titanium in a suitable portion colori- 
metrically. If results do not check, test for other elements such as zirconium and 
correct the titanium gravimetric result. 

Determination of Total Aluminum—Aluminum is determined in various ways, 
usually as the oxide or the phosphate, or by titrating the quinolate. and the pro¬ 
cedure up to the final precipitation must be modified not only for different kinds 
and types of steels, but also according to the final precipitation. When the final 
precipitation is to be made with 8-hydroxyquinoline, the procedure of Bright and 
Fowler*® is recommended, though many prefer to make the preliminary separations 
in other ways than with sodium bicarbonate and sodium hydroxide. For example, 
the following is recommended for steels containing high percentages of nickel and 
aluminum: 
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Dissolve 0.5 g. or 1 g. of the sample, according to the aluminum present, with 
dilute HCl (1:1). Filter, wash with water, ignite, and reserve the residue. Oxidize 
the filtrate with HNO,, evaporate, add HCIO 4 and continue the evaporation to 
fumes, adding a ml. of HF from time to time as required to volatilize all the silica. 
Dilute to 200 ml., add ammonia until the solution is almost neutral, and electrolyze 
over a mercury cathode until the solution is free of iron. In the meantime volatilize 
the silica in the reserved residue, ignite gently, fuse with acid sodium sulphate, 
dissolve, and add to the electrolyzed solution. Precipitate the aluminum in the 
combined solutions with 8 -hydroxyquinoline, and determine the aluminum either 
gravimetrically or volumetrically as directed by Bright and Fowler. 

The best of the older and more tedious methods are given below, the first 
being applicable to carbon and alloy steels containing Al, Cr, V, Mo, and Nl, and the 
second to any aluminum bearing steel, including those containing tungsten. Neither 
method is designed for the determination of small percentages, such as of Al 
and AlsOs in Carbon steels. 

Ether’-Carbonate-Sodium Peroxide Separations Followed by Precipitation with 
Ammonia—Dissolve 2 g. sample in 50 ml. of HCl (1:1). Oxidize with 10 ml. of con¬ 
centrated HNOt and evaporate to a paste. Add 5 ml. of concentrated HCl, and 
again evaporate to a paste. Take up with 5 ml. of concentrated HCl, and rinse 
wall of beaker with 20 ml. of water. Transfer the solution to a separatory funnel, 
using not more than 10 ml. of water to rinse the beaker. In a separate room or in 
a space remote from open flames or anything heated to redness or to a glowing tem¬ 
perature add 60 ml. of ether to the funnel. Cool and shake well, keeping the 
solution cold. Let settle 1 min. Draw off into another separatory funnel the 
bottom or acid layer, which contains the Al, Cr, V, Ni, most of the P, and a little 
of the Pe. Discard the top or ether layer. To this second separatory funnel add 
60 ml. of ether, cool, shake and cool as before. Draw off the bottom layer into a 
400 ml. beaker. Avoiding open flames, evaporate the dissolved ether under a well- 
ventilated hood, then evaporate to a paste. Take up with 5 ml. of HCl (1:1), 
oxidize with 1 ml. of HNOa and dilute with cold water to 200 ml. Add NasCOt, 
imtil the solution is near the neutral point. Then neutralize with NatOs and add 3 g. 
in excess. Add 5 g. more of NazCOs, boil for 2 min., and let settle. Filter into an 800 
ml. beaker, washing with a hot 5% solution of Na 2 COs. Dissolve the precipitate in 10 
ml. of HCl. Dilute to 100 ml. with water. Again add Na202, filter and wash as before. 
Combine the filtrates, which now contain the Al and Cr. To this filtrate add dilute 
HCl (1:1) cautiously until a cloudiness appears. Heat to the boiling point, and add 
HCl (1:4), until a drop of the solution shows a brown ring on ''Instantaneous" tu¬ 
meric paper, after 2 seconds. Add a little paper pulp and let the precipitate settle. 
Filter and wash with hot 5% NHiNOs solution. To the filtrate add ammonia until 
alkaline to methyl red, boil, filter and wash to recover any Al(OH)s not precipitated. 
Dissolve the precipitate on both papers with 15 ml. of hot HCl (1:1). Add 10 ml. of 
perchloric acid, evaporate to fumes and fume 10 min. Cool and add 50 ml. of cold 
water. Filter and wash with hot water containing a little HCl, keeping the volume 
under 100 ml. To the solution, add 3 drops excess NH 4 OH. Heat to boiling and let 
precipitate settle. Filter and wash well with hot 5% NHiNOs. Ignite carefully 
in a weighed platinum crucible, using a low flame until the paper is all burned. 
Then cover and ignite for 5 min. or to a constant weight at 1000®C. or higher. 
Weigh as AlsOs,52.914% of which is aluminum. Divide product by 2 to find per cent Al. 

Bicarbonate and Sodium Hydroxide Separations Followed by Precipitation of Al 
as Hydrate or Phosphate^-The sample is dissolved in dilute H 2 SO 4 (1:9), and both 
the weight of sample and amount of acid used are varied according to the probable 
percentage of aluminum present. The acid used equals 10 ml., plus 10 ml. addi- 
' tional for each g. of sample. Thus, for carbon steels and alloy steels containing 
very little aluminum, 10 g. are dissolved in 110 ml. of the acid, while 2 g. is used 
for aluminum steels containing up to 1%, and solution is effected with 30 ml. of 
acid. To compensate for errors due to reagehts and glassware, it is well to start 
a blank using ferrous ammonium sulphate equivalent to 2 g. of Fe, and dis¬ 
solve in a minimum amount of HaO containing 10 ml. of the acid. 

Procedure—Transfer the sample to a 500 ml. Erlenmeyer flask, add the add, 
cover, and heat gently. Nearly all of any arsenic present should escape as AsHs. 
When action ceases add 200 ml. of boiling HaO, and heat to boiling. Add 8% 
solution of NaHCOa from a burette imtil a faint precipitate appears, then add 4 



METHODS FOR THE CHEMICAL ANALYSIS OP STEEL 


707 


ml. more. Let settle, filter and wash rapidly with hot H2O, discarding the filtrate, 
unless desired for Mn. 

The insoluble matter on the filter paper contains all the Al, Cr, Tl, and ^ 
In the steel, and may contain in addition all the Ce, Cu, P, Sn, U, V, and W 
contaminated with more or less ferric iron, and Co, Ni, and Si, if present. 

In the absence of tungsten and much chromium or vanadium, dissolve the 
precipitate with 20 ml. of hot HCl (1:8) and wash paper with hot HaO, collecting 
solution and washings in a 400 ml. beaker. Ignite the paper at low temperature 
in an open porcelain crucible, brush into a platinum crucible, fuse with KaSiOr or 
NaHS04, and dissolve the melt in the reserved solution. 

In the presence of tungsten or much chromium or vanadium, sluice the bicar¬ 
bonate precipitate into a beaker. Reserve paper and dissolve precipitate in ^16 
ml. of HCl and oxidize carbides and tungsten by adding 5-7 ml. of HNOs dropwro 
to the hot solution. If a yellow residue remains indicating timgsten, dilute, 
filter, and wash with hot HaO, reserving the filtrate. Transfer paper to a beaker, 
dissolve the timgstic acid with a minimum of NILOH, boil to expel excess, dilute, 
macerate paper, filter, wash with hot water and discard the filtrate. Place all 
the filter papers in a platinum crucible. Ignite Just until paper is burned, fuse 
with KaSaOt, and dissolve the melt in the reserved filtrate. 

Note: If Referred, the Pe and Mo and a part of the As, P. and Sn may be separated by 
an ether extraction as in the preceding method, and the filtrates containing the Al and Cr treated 
as directed below. 

To the tungsten-free acid solution add SO2 water (2 ml. or more) and boil 
to reduce any chromic acid, then add HNOs (2 or 3 ml.) and boil to oxidize iron. 
Add NaOH solution to the first appearance of the slightest precipitate, then pour 
into 80 ml. of a 5% solution of NaOH, stirring constantly. Boil 5 min., settle, 
filter and wash with X% NaOH. If aluminum is high, dissolve the precipitate 
with HCl, reprecipitate with NaOH, and combine the filtrates. Discard the precipi¬ 
tate, which contains the Pe, Cr, Cu, Ti, and Zr or use for determining Cr, Tl, or Zr 
and treat the filtrafe, which contains the Al, P, V, and part or all of any tin present, 


as follows: 

Neutralize the filtrate or filtrates with HCl, add 5 ml. in excess, and evaporate 
to 250 ml., when the precipitate that forms on adding HCl should have oeen 
dissolved. Unless tin is known to be absent, pass HS into the hot solution, filter 
and wash with H-S water containing a few drops of HCl. Discard any p^ipi- 
tate, boil the filtrate to expel HaS, and determine Al by either of the followii^ 

< methods: the first being preferable only in the absence of vanadium and in steels 
of low phosphorus content. . , 

(a) Add 3 or 4 drops of methyl red indicator solution, then dilute ammonia 

slowly, with constant stirring, until the color changes from red to yellow. Boil 1 
min. If the color changes to red, add ammonia until it changes to yellow again, 
boil 30 sec., let settle, filter and wash with hot water. If Al ^ redissol^ 

with HCl, add paper pulp and reprecipitate as before. Ignite both filters at low 
temperature in a weighed platinum crucible. Moisten with dilute H^Oi, add 3 or 
4 ml. of HP, evaporate and ignite to constant weight at 1000®C. or 

this weight less any blank found as AlsOs 4- PaO. -f V^Ob. Pi»e with N^SOi or 
KsS'Ot, dissolve melt in HaO, and divide into two equal parts. I^termirw P in one 
part, vanadium in the other, multiply results by 2, calculate to P2O5 and VaOj and 
subtract the sum from the Impure AlaO». Multiply thte difference by 52.914 and 
divide by the weight of sample to find the per cent Al in the steel. 

(b) To the acid solution from the HaS separation of Sn, add 0.5 g. (NHOjHPa, 
2 or 3 drops of methyl red Indicator, ammonia until the solution is distinctly 
yeSow Sd^diluteS (1:20) until it just turns red again. Add Paper p^p, heat 
to SiM and add 20 ml. of a 20% solution of ammonium acetate. Boil 5 min., 
tet sStle (to mtn -2 filter and wash free of chlorides with hot 5% NILNO.. 
w v^adium irhigh dissolve with HCl, dilute to 250 ml. and reprecipitate. Ignite 

to constant weight at 1000»0.. and weigh as AlPO.. 
found, multiply by 22.11 and divide by the weight of sample 

used to find the per cent Al. 

Determination of Selenium-Selenium may be determined with fair accuracy In 
seveS wTbut the following are generally u^ by the ^ufwtun^ of steels 
SS^g ^lenium. The procedure, with permissible variations, is as follows: 
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Transfer 5-10 g. of the sample to a 600 ml. Erlenmeyer flask or a covered 400 
ml. beaker. Add 50-60 ml. of a mixture of equal parts of concentrated HCl and 
HNOs. If the Initial reaction is violent, cool in running water. When solution Is 
complete treat by either of the following methods: 

(a) Add 35 ml. of perchloric acid (70%) and evaporate rapidly until red 
chromic acid crystals separate or imtil perchloric acid vapors begin to condense 
near the top of the beaker or flask. Cool slowly, cautiously add 100 ml. of cold 
water, and agitate until separated salts are dissolved. To remove silica, cool. Alter 
through a close paper, and wash with warm dilute HCl (1:1) and warm water to 
a volume between 150 and 175 ml. Add HCl equal to 70>% of the solution, follow 
with 100 ml. of H20 freshly saturated with SO 2 , warm to 65°C. and allow to 
stand 3 hr. at this temperature. Cool to below lO^’C., and separate the selenium 
as directed below. 

(b) Evaporate the mixed acid solution to dryness on a water bath. Do not 
bake. Add 10 ml. of HCl (1:1) and 20 ml. of cold water, stir, and digest on the 
water bath till salts have dissolved. Filter through a close paper, wash 2 or 3 
times with dilute HCl (1:1) and Anally with water until free of chlorides. Discard 
the residue and dilute flltrate and washings to about 150 ml. with cold water. 
Add concentrated HCl equal to 70% of the volume of the solution (about 100 ml.) 
and pass a current of washed SOa gas through the solution at the x^te of about 
2 small bubbles per sec., holding the temperature at 20-25°C. (room temperature) 
and stirring frequently to granulate the selenium. After all the selenium has been 
precipitated and the solution saturated with SO 2 , allow the precipitate to settle 
for 1 hr., then filter as directed below. 

As a filter for collecting and weighing the selenium, prepare a Gooch crucible 
with thoroughly purified and washed asbestos of the amphibole variety, which 
has been dried and ignited at a temperature of 700°C., or higher. After the filter 
has been prepared, dry, ignite at 700<’C, cool and weigh. Wash with water, dry at 
SO^'C., and reweigh to check loss on ignition. Filter the solution contaixiing the 
selenium through the crucible, washing the selenium upon the filter with warm 
dilute HCl (1:1). Then wash free of acid with warm water, 2 or 3 times with 
ethyl alcohol (95%), and once with ether. Dry the crucible in an air bath at 85-90^0. 
and weigh. Record the gain in weight as **impure selenium.*’ To check the purity, 
ignite to constant weight at a temperature no higher than necessary to volatilize 
6 e (690**C.), cool and weigh. If this weight is within 1 mg. of the ignited weight 
of the empt^ crucible, and the asbestos mat shows no marked discoloration, consider 
the selenium pure. Otherwise substract the ignited weight of the crucible after 
volatilizing the selenium and record the difference as pure selenium. Divide the 
weight of pure selenium by the weight of sample taken to find the per cent selenium. 

Determination of Columbium and Tantalum-—The Umpire method recommended 
by the Bureau of Standards provides for the determination of coliunbium, tantalum, 
titanium and zirconium on the same sample. For details of this method, see 
‘‘Chemical Analysis of Iron and Steel,** by Limdell, Hoffman and Bright, John Wiley 
and Sons, New York. Most manufacturers of steels alloyed with these elements use 
the method of T. R. Cimningham which, with some minor modifications introduced 
by others, is carried out as follows: 

Procedure—Transfer 2 g. to a 400 ml. beaker, treat with 30 ml. of HCl at 
60-70®C., and, when all action has ceased, evaporate to a paste (approximately 15 
ml.). Add 200 ml. of warm water (some prefer a 5% solution of HCl), stir, add 30 
ml. of freshly prepared HaSOs, and boil 10 min. Without delay, stir in a little 
ashless paper pulp, and filter through an 11 cm. paper carrying a light bedding of 
the pulp. Wash 12-15 times with warm dilute HCl (1;20) and discard filtrate and 
washings. 

Transfer the filter and residue to a 50 ml. platinum crucible, and ignite grad¬ 
ually to a dull red until the paper is completely burned. Add 5-10 ml. of perchloric 
acid (60%) and 10-15 ml. of hydrofluoric acid (48%), evaporate the HF in an 
air bath and finally heat on a sand bath until copious fumes of perchloric acid are 
evolved. Rinse the wall of the crucible with 5 ml. of H20, and repeat evaporation 
and fuming to expel all the HF. Transfer the contents of the crucible to a 250 
ml. beaker with 100 ml, of dilute HCl (1:20), add 20 ml. of the H*S03 (saturated 
solution of SO 2 ), and boil 5-10 min. Filter and wash as before, transfer paper and 
residue to a weighed 50 ml. platinum crucible, heat gradually till the carbon is 
burned, and ignite to constant weight at 1000-1050‘’C., cooling in a desiccator. If the 
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white in color and titanium Is known to be absent, consider 
it CbsOs + and treat for the titration of columbium as described below. If 

the res^e discolored, fuse with 1-2 g. of KaS^Or, dissolve the melt in 100 ml. of 
mute HCl (1-20), and repeat the hydrolysis with HsSOs, filter, ignite and weigh as 
before. Weigh as CbsOs 4 - TasOs (+ TlOa if titanium is present). 

Fuse the mixed oxides with 15 times their weight of KsSsOt. When the fusion is 
clear, cool somewhat, add 5 ml. of H 2 SO 4 (sp.gr. 1.84), and heat on a hot plate 
until complete solution is effected. Transfer the solution to a dry 250 ml. beaker, 
and rinse the crucible with 15 ml. of H 0 SO 4 . Add 1 g. of'succlnic acid, then 10 ml. 
of a saturated solution of succinic acid, stir and dilute to 100 ml. If titanium is 
absmt, 10 ml. of H2SO4 may be added to the crucible, which is rinsed with 30 ml. 
of the acid, and the whole diluted to 200 ml. 

Unless tltanimn is known to be absent, add an excess of KMnOi solution (2.5%) 
and 5 ml. of a 3% solution of HsOa. If a straw to amber color develops, determine 
titanium colorimetrically, reserving all the solution. In the positive absence of 
tltanixun, this step is omitted. 

The columbium in the solution is determined as follows: Prepare a Jones re- 
ductor with a zinc column at least 15 in. long. Wash 20-mesh zinc with water, 
then with dilute ( 2 %) H2SO4, and amalgamate for 30-40 seconds by immersion in 
0.5% solution of mercuric chloride. This zinc is good for 5-10 determinations, nans- 
fer the amalgamated zinc to the reductor, wash thoroughly with water, once with 
10% sulphuric acid, and keep zinc covered with water. Mounb the reductor in a 
1 1. suction flask containing 25 ml. of ferric sulphate-phosphoric acid mixture 
(100 g. Fes(S04)a + 150 ml. of 85% HaP04 per 1.), so that the tip of the reductor 
is immersed in the mixture, and arrange to apply gentle suction as required. 

Heat 150 ml. of a 20% solution of sulphuric acid to 70°C., and the solution con¬ 
taining the columbium to 60*0.^ Open the stopcocks and, without allowing the zinc 
at the top of the reductor to go dry at any time, pass in succession 100 ml. of the 
warm 20% HfiS04 solution, the solution containing the columbium, 50 ml. of the 
warm dilute acid, and 100 ml. of hot water, closing the stopcock with the water 
Just covering the top of the zinc. Without delay transfer the solution in the suction 
flask to an 800 ml. beaker, and titrate with 0.05 N KMn04, which has been stand¬ 
ardized against Bureau of Standards sodium oxalate. Now run a blank through 
the reductor and titrate in the same way, substituting 100 ml. (or 200 ml.) of 20 % 
H2SO4 solution for the solution containing the columbium. Subtract this blank 
from the KMn 04 solution used to titrate Cb and Ti and calculate the per cent Cb 
and the per cent Ta in the sample as follows: 

1 ml. of 0.05 N KMn04 = 0.002333 g. Of Cb, or 0.002395 g. of Ti. 

Divide the weight of titanium found in the color test by 0.002395 to find the 
equivalent ml. of KMn 04 solution and subtract to find the ml. of KMn 04 used in 
titrating the columbium. Multiply this difference by 0.002333 to find the weight of 
columbium in the sample, which multiplied by 100 and divided by 2 (wt. of sample) 
gives the per cent columbium. Then multiply the weight of columbium by 1.4296 
to find the equivalent weight of CbaOs, and the weight of any titanium by 1.668 
to find the Ti 02 . Subtract the sum of these products from the weight of the mixed 
oxides to find the weight of TaaO# in the sample. Finally, multiply the weight of 
TasOe by 81.94 and divide by 2 to find the per cent Ta in the sample. 


Determination of Tin-Tin in steel is determined either volumetrically or gravi- 
metrically, the former being generally restricted to routine or control analyses of 
steels in production. More refined methods are available but not practicable for 

use in production. ^ ^ 

Volumetric Method for Control Purposes—(Copper Absent or Low;—This method 
is not applicable to steels containing more than the usual amount of residual copper. 

Special Solutions Required: 

Potassium lodate (0.1 n;—D issolve 3.57 g. of KIO, and 20.0 g. of KI in 1 liter 
of water 

starch Solution—Mtx 1 g. of wheat starch with a little water and add to 100 ml. 
of honing water. Boil 1 minute, cool, and decant the clearer liquid for use. Prepare 
a new solution every 3 to 5 days as required. 

Potassium Iodide Solution, f 0 %—Dissolve 10 g. of KI in 100 ml. H.O. 

Standard Potassium lodate Solution 0.01 N—Dissolve 0.357 g. of Bao, and 
20 g of KI in about 200 ml. of water, add 0.4 g. of KOH and dilute to 1000 ml. 
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The solution is standardized and the tin factor established by treating known solu¬ 
tions of pure tin with tin-free iron or steel as directed in the procedure below. 
Each ml. of this solution is equivalent to approximately 0.0058% tin on a 10 g. 
sample. 

Procedure—Either take the HCl solution from an evolution sulphur determina¬ 
tion or transfer 10 g. of the sample to a 500-ml. Florence flask, add 100 ml. of HCl, 
insert a funnel trap, and heat almost to boiling until solution is effected. In either 
case, start a blank using approximately the same voliune of water and unneutralized 
acid. As soon as the cuttings have dissolved cool rapidly to room temperature and 
add 5 to 10 ml. of the 0.1 N potassium iodate solution, according to the per cent tin 
expected, adding 10 ml. for 0.1% tin or more and 5 ml. for tin under 0.1%. After 
5 minutes, add 2.5 g. of aluminum in granular form (20 mesh). As soon as the 
altuninum has dissolved, heat to boiling and boil gently 20 minutes. Cool the solution 
rapidly, add 10 ml. of a 10% solution of KI, 5 ml. of the fresh starch solution, and 
titrate to a selected end point with the standard potassium iodate solution. From 
the number of ml. of the iodate solution used subtract the blank, and multiply the 
difference by the tin factor to And the per cent tin. 

Gravimetric Method —^This method is applicable'to carbon steels either copper- 
free or containing copper and in addition all other elements ordinarily occurring as 
residuals in the steel. 

Caution—Care must be observed to avoid heating any of the solutions obtained 
in the following procedure above 100®C. 

Procedure—Dissolve 5 g. of the sample in 100 ml. of dilute HCl (1:1), heating 
gently to hasten solution. As soon as the cuttings have dissolved, add 5 g. of KClOi, 
continue heating until the odor of chlorine has disappeared, add 50 ml. of H,0, 
and maintain the temperature of the solution at 100®C. for 30 minutes. Filter, wash 
the filter and residue with hot water, dilute the filtrate to 400 ml., and pass a 
rapid stream of washed H^S through the solution for 1 hr. Let the precipitate 
settle, preferably for 8 to 10 hr. Then filter and wash the filter and residue free of 
ferrous iron with HaS water containing 1% HCl by volume. Transfer the filter and 
contents to a porcelain crucible and ignite at a low temperature until the paper 
is completely consxuned. Brush the ignited residue into a 250-ml. beaker, add 50 ml. 
of a mixture of equal parts by volume of HCl and HNO*, and heat gently for 1 hr. 
or longer. Dilute slightly, filter, and wash thoroughly with hot water. Transfer the 
filter and contents to a weighed platinum crucible, ignite at a low temperature, and 
weigh. Add 5 drops of H 2 SO 4 and 5 ml. of HF. Evaporate to dryness on a sand bath 
or in an air bath, and slowly ignite to a temperature of OSO-OOO^C. Cool, weigh, 
and compare with the weight before the HF-H 2 SO 4 treatment. From the last weight 
subtract the weight of the crucible, and calculate the difference to per cent tin. 

Weight of residue x 0.7876 

-- = % tin in the sample. 

5 X 100 

Determination of Zirconium—Transfer 2-5 g. of sample to a 250-ml. beaker, add 
30 ml. of HCl -f 15 ml. additional for each g. of sample, and heat gently until the 
cuttings have dissolved. Dilute to 150 ml., cool to 20°C., add slowly and with con¬ 
stant stirring 2 g. of cupferron dissolved hi 35 ml. of cold water or sufficient to 
impart a reddish brown color to the precipitate. Add paper pulp, filter, and wash 
with cold dilute HCl (1:9). Ignite the residue and fuse with K 2 S 2 O 7 . Dissolve in 
100 ml. of dilute HaS 04 (1:9), filter, and wash with some of the same acid. Add 2 ml. 
of H3O3 (30%) to the filtrate and 25 ml. of an 8% solution of (NH4), HPO4. 
Stir and allow to stand several hours on a sand bath at about 65®C. Add paper 
pulp and filter, washing thoroughly with a 5% solution of (NH 4 )N 03 . Transfer to 
a weighed platinum crucible, dry, char, and ignite at 1050°C. for 15 minutes. Cool 
and weigh as impure ZrPjOt. Fuse with K 2 S 3 O 7 , dissolve in 40 ml. of dilute H 3 SO« 
(1:9) containing 5 ml. of H 2 O 2 (3%). If titanium is present determine it colori- 
metrically, calculate it to TI 2 P 3 O., deduct from .the weight of ZrEjO^, and calculate 
the difference to per cent zirconium. 

Determination of Lead—Of the several ways for determining lead in steel, the 
sulphide-molybdate method is selected as one of the most rapid and simplest pro¬ 
cedures of widest application. Neither molybdenum nor many of the other elements 
occurring in steel interfere. For the determination of lead in complex alloy steels, 
the procedure given below may have to be modified by Introduction of other steps. 

Procedure—For lead between 0.10 and 0.30%, dissolve 5 g. of the sample in 
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100 ml. Of dUute hydrochloric acid (1:1) contained in a 600 ml. beaker. For lead 
under 0.10%, use 10 g., and for lead over 0.40%, 2 or 2.5 g. 

Boil and rapidly evaporate until iron salts crystallize, but do not bake. Add 
300 ml. of boiling water, stir until all the salts have di^olved, and pass a stream of 
hydrogen sulphide through the solution for at least 5 minutes, but preferably until 
the solution has cooled to room temperatme. Filter and wash the beaker and 
precipitate once with 1% HCl solution saturated with H;3. 

Place a 250 ml. beaker under the funnel and dissolve the precipitate on the 
paper with warm dilute HCl (1:1). Moisten ttie paper once or twice with hot dilute 
nitric acid (sp. gr. 150) and wash four or five times with hot water. Dissolve 2 g. 
of tartaric acid in the acid solution of lead chloride, neutralize with ammonia and 
add an excess of 5 ml. 

Heat the ammoniacal solution to boiling, and add 10 ml. of a 5% solution of 
ammonium molybdate. Permit the precipitate to settle, then collect it, preferably, 
upon a weighed close (No. 4) glass frit filtering tube or crucible. Wash the filter 
and precipitate free of soluble salts, dry at to constant weight, cool to room 

temperature in the balance case, and weigh. Record the increase in weight of 
the filter as PbMo 04 . 

If the PbMo 04 is collected upon a paper filter, wash with hot water containing 
a little ammonium nitrate, dry, ignite gradually with free access of air to a tem¬ 
perature no higher than necessary to bum off the paper, and weigh at room temper¬ 
ature. Rapid ignition at a high temperature may reduce the salt and volatilize part 
of the lead and molybdenum. 

Multiply the weight of PbMo 04 by 56.43, and divide by the weight of sample 
used to find the per cent lead. 
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Methods for the Determination of Oxygen, Nitrogen, and 
Hydrogen in Ferrous Materials^ 


Greneral— The determination of oxygen, nitrogen, and hydrogen in ferrous 
materials is difficult, because the total amoimt to be determined is frequently a 
matter of only a few thousandths of one per cent by weight, and is further compli¬ 
cated by the variety of forms and combinations of the three gaseous elements that 
compri^ the small total. Oxygen exists in steel chiefly as discrete particles (inclu¬ 
sions) consisting of oxides and silicates of iron, manganese, aluminum, and the 
alloying elements, the distribution of oxygen among these combinations varying 
with the composition of the steel and with the refining and deoxidation practice. 
Small amounts of oxygen also may exist in solid solution in the iron and in the 
form of gaseous compounds, chiefly CO, in small blow holes or fissures. Nitrogen 
occurs chiefly in the combined form (nitrides of the metallic elements) but small 
amounts may be present in solid solution and perhaps as elementar gas. Hydrogen 
seldom is present in amounts as great as 0.001% and it is not definitely known 
whether hydrogen exists in solid solution or combined as metallic hydrides. 

In such a situation it is natural that the methods of analysis differ widely in 
basic principles and in intent. In the determination of oxygen, for example, some 
method are intended for the isolation and separate determination of individual 
oxides whereas others yield a single value for total oxygen without attempting to 
determine its distribution among the various combinations that are present. Be¬ 
cause of this diversity in aims and basic principles it has been difficult to establish 
the accuracy of the different methods. Attempts to do this by comparison of the 
results obtained from the same materials by different methods of analysis are of 
little value imless each method yields concordant results in the hands of different 
analysts, so that the results are representative of the method rather than of the 
technique and procedure of the individual analyst. The data of the recent co-oper¬ 
ative study of methods for the determination of oxygen in steel* showed that most 
of the methods require further refinement and development in order that different 
analysts using the same method may obtain results in satisfactory agreement. 

At the present time the choice of an analytical method, to use in attacking 
a problem of gases in metals, depends upon the item that is considered to be of 
most importance, whether it be the total gas content or the content of one or more 
of the individual compounds. Complete information regarding the total gas content 
and the distribution of this total among the various combinations is difficult to 
obtain and usually requires determinations by several methods of analysis. 

Individual methods for the quantitative determination of oxygen, nitrogen and 
hydrogen in ferrous materials are described in the ensuing paragraphs. Methods 
that yield qualitative rather than quantitative data, for example microscopic and 
petrographic methods, are not Included in this report. 

Methods for the Determination of Oxygen and Oxides—^Most of the work on 
the determination of oxygen and oxides has been concerned with samples of solid 
metal but some attempts have been made to determine the oxygen content of liquid 
steel. Herty* suggested killing a spoon sample of molten steel with an excess of 
metallic aluminum. Subsequent determination of AlgO, in the solidifled spoon sam¬ 
ple furnishes a measure of the oxygen content of the liquid steel but sufficient data 
are not available to evaluate the accuracy of this method. Difficulty in sampling 
may be encountered because of segregation of the AljO, in the solidifled spoon sam¬ 
ple and it is difficult to avoid some oxidation of aluminum by oxygen from other 
sources than the oxides dissolved in the molten iron. 

The determination of the amount and composition of the gases evolved during 
the solidiflcation of molten steel also has received attention. In the method of Hare, 
Peterson, and Soler* the sample of liquid metal is collected and allowed to solidify 
in an evacuated steel tube. Determinations of the oxygen evolved as CO during 
solidiflcation of the sample were found to be in good agreement with determina¬ 
tions of oxygen by Herty’s method. A similar procedure was described by Wtister 
and Piwowarsky.* 

Methods for the quantitative determination of oxygen and oxides in solid steel 
fall into two groups: (a) reduction methods and (b) residue methods. The first 


^Prepared by the Subcommittee on Gases in Metals. The membership of the subcommittee was 
as follows:—J. O. Thompson, Chairman; J. Chlpman, C. M. Johnson, B. M. Larsen, D. W. Murphy, 
M. A. Schell, F. W. Scott, and F. M. Walters. Jr. 
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group includes the vacuum fusion and hydrogen reduction methods which depend 
upon the action of carbon or hydrogen at elevated temperatures to reduce the oxide 
consti^ents of the steel, with subsequent determination of the gaseous products of 
the reduction reactions. The second group includes the iodine, electrolytic, chlorine, 
mercuric chloride, and acid residue methods which depend upon the removal of the 
metalUc constituents, beca,use of their greater chemical activity or solubility, leaving 
a residue from which various compounds can be isolated and determined. 

Vacuum Fusion Method*—The vacuum fusion or hot extraction method for 
determining total oxygen in irons and steels consists of melting a sample in a pre¬ 
viously degassed carbon crucible in a highly evacuated furnace in which the pres¬ 
sure is maintained at about 0.001 mm. of mercury or less. The method is bas^ on 
the fact that at suflaciently high temperatures all the oxygen containing compoimds 
in the sample are reduced by carbon and converted into gaseous oxides of carbon. 
The gases evolved during the reaction are pumped off and analyzed, and the quan¬ 
tities of carbon oxides are used to calculate the amount of oxygen in the sample. 
Since the temperature used in the determination of oxygen is sufficiently high to 
decompose any nitrides that may be present, nitrogen may be determined on the 
same sample if a suitable method is used for the analysis of the gases. 

The method has developed fairly rapidly since its inception. The early investi¬ 
gations in this field were attempts to melt the sample in refractory crucibles, but 
Oberhoffer and Hessenbruch* showed that it was necessary to carry out the reduc¬ 
tion in graphite because of the error introduced by the reduction of the refractory 
crucible itself. Jordan and Eckman* were the first to apply the high frequency 
induction method of heating, and also used a gravimetric method of analysis. 
Hessenbruch and Oberhofferi introduced a method of inserting the sample without 
the necessity of breaking the vacuum. 

Since the amount of oxygen in some steels is quite small, it is important that 
the ‘‘blank** correction for gases evolved from the crucible and furnace itself be 
low. Most of the “blank** gas originates in the crucible itself or at contacts between 
the hot crucible and any oxide refractories which may be present in the furnace for 
purposes of thermal insulation. The blank may be reduced to small proportions 
by proper furnace design and by preparation of the crucible by prolonged heating 
in vacuum at a temperature 300 to 500°C. hotter than that at which the analysis is 
conducted. 

There are three methods of heating the crucible in use today. The first, and 
oldest, is the graphite spiral resistor furnace; the second is the high frequency 
induction furnace which was introduced by Jordan and Eckman* in 1925; the third 
is the graphite tube furnace recently described by Thanheiser.® Descriptions of 
modern installations using each of the three methods will be found in the literature 
cited, references 8-17 inclusive. 

The general method of conducting the analysis is as follows: Weighed samples, 
which must be solid pieces rather than drillings, are placed in the holder at the top 
of the furnace. The crucible is set up, the furnace closed, and pumps put into 
operation. The crucible is now brought to a temperature as high as the construc¬ 
tion of the apparatus permits, representative figures from several laboratories 
ranging from 1750-2100®C. After heating for a half hour to two hours the tem¬ 
perature is dropped to that required for the analysis, 1550-1700 ®C. The pressure 
and rate of evolution of gas from the crucible are determined and used in comput¬ 
ing the “blank**. 

The sample is dropped into the crucible and heating and pumping are con¬ 
tinued until the pressure has returned to its former value; the time required here 
Is from five minutes to two hours, depending upon details of construction and the 
type of steel analyzed. 

The gases evolved may be pumped up to atmospheric pressure and transferred 
to an apparatus of the Orsat type for analysis or they may be analyzed by one 
of the simplified low pressure absorption methods described in several of the 
appended references. 

The three chief sources of error in the vacuum fusion method are spattering 
of metal from the crucible, absorption of the gases by films of volatile metals which 
may form in the cooler parts of the furnaces, and incomplete reduction of refrac¬ 
tory oxides. Trouble encountered in spattering may be overcome by melting sam¬ 
ples with high oxygen content slowly under reduced temperature. 

Hessenbruch and Oberhoffer’ noted deposits of manganese and aluminum on the 
walls of the furnace, and attributed low recoveries of oxygen from samples contain¬ 
ing high percentages of these elements to the absorption of CO by the finely divided 
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metallic deposit. Vacher and Jordan* reported the maximum allowable amounts 
of manganese and aluminum in the samples to be 0.24 and 0.05%, respectively, but 
ErlcsOn and Benedicks'* who were the first to use wide, short connections between 
furnace and pump, placed the limits for manganese and aluminum at 3 and 2%, 
respectively. No limits for these elements can be accurately placed since the degree 
of their influence seems to be a function of the particular furnace in question. The 
influence of these elements is responsible for the move toward higher speed pumps 
and short, wide connections, since swift removal of the gases seems to cut down 
this effect by removing the gases before an appreciable film is formed. Other active 
volatile metals, such as calcium and barium, though rarely present, act in the same 
way. Thus, the calcium contained in ferrosilicon prevents the determination of 
oxygen in that alloy. 

It has been shown repeatedly that at temperatures over 1550*^0. all of the com¬ 
mon oxides are completely reduced provided they are in a fine state of subdivision, 
such as the normal oxide inclusions in steel. When larger lumps of oxide are present, 
reduction is slow and in certain cases this constitutes a serious source of error. 

The method has been applied to many types of plain carbon and alloy steels. 
It has found its greatest usefulness in the study of steel making methods rather 
than as a means of inspection of the finished product. 

Fractional Vacuum-Fusion Method—Of the various methods now employed for 
the determination of oxides and gases in ferrous materials the fractional vacuum 
fusion method yields the most Information, for the time involved. The technique 
and apparatus employed in this method of hot extraction, and the results obtained 
have been described by Reeve,'* and amplified by Hoyt and Scheil.'* The method is 
applicable to the study of such materials as rimming, semirimming, and killed 
carbon steels, certain alloy steels, and cast iron. 

The apparatus employed for the fractional method is essentially that used for 
the "total” oxygen method. The gases from each temperature fraction are collected 
at atmospheric pressure and analyzed separately by the usual methods of gas 
analysis. An Improvement recently reported by Motok** is extension of the height 
of the furnace to prevent condensation of metallic tin vapors on the window. This 
allows more than one analysis to be made without breaking the vacuum in the 
furnace. 

The procedure is essentially as follows: The graphite crucible is outgassed at 
a high temperature to give a low blank correction which is as essential to the 
accuracy of this method as it is to that of the "total” oxygen method. After out- 
gassing, the temperature is lowered to about 1550**0. and the amount of tin neces¬ 
sary to completely fuse the ferrous sample is dropped. The tin is allowed to degas 
before the temperature is lowered to 1000®C. and the base pressure determined. 
The weighed sample of ferrous material is then dropped into the bath of tin-carbon 
and the oxides PeO, MnO, SiOa, and Al^Os (and the gases nitrogen and hydrogen), 
are separated by a series of temperature fractions at 1050, 1170, 1320, and 1570*’C. 

The hypothesis concerning fractionation is that since simple oxides such as 
PeO, MnO, and SiOj will react with carbon at progressively Increasing temperatures 
to give up their o^^gen, then these oxides will react similarly when present as com¬ 
plex oxides or silicates in ferrous materials. It is likewise assumed that during 
the time of fractionation, the various oxides retain their own individuality, and that 
there is no displacement of equilibria to produce interaction between the oxides 
themselves or with metals such as Pe, Si, and A1 which may be present in the 
sample. 

One of the most important sources of error in vacuum fusion methods is the 
Interference from metallic vapors of manganese or aluminum, which are distilled 
from the molten sample, and which react with carbon monoxide and lead to low 
recoveries of oxygen. The removal of the evolved gases at high speeds, the avoid¬ 
ance of drastic cooling of the furnace tube,** and the use of a fresh graphite cru¬ 
cible* for each determination on high manganese or alxuninum killed steels have 
helped to give normal oxygen determinations for such samples. Furthermore, it has 
been found'* that the presence of tin assists in the recovery of oxygen from a high 
manganese steel. About half of the tin used in this method volatilizes during frac¬ 
tionation and presumably alloys with the metal vapors and lowers their reactivity 
with CO. 

The chief advantage of the fractional vacuum fusion method as compared to 
the "total” oxygen determination is that knowledge of the distribution of the oxygen 
content of ferrous materials is obtained. This method allows the separate deter¬ 
mination of specific oxides such as PeO, MnO. SiO., and A1,0|. Other oxides such 
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vanadium, and titanium have been found to react at specific 
temperatures and in some instances have been separately determined. The total 
of the separately determined oxides is within the limits for total oxygen as deter¬ 
mined by the vacuum fusion method.* 

The principal disadvantage of the fractional method, aside from the original 
cost of the equipment, is the length of time consumed in a determination. The 
separation of PeO and MnO requires close temperature control and frequent care¬ 
ful pressure readings. Samples high in PeO, especially .when the PeO Inclusions 
are massive, require longer dissociation periods, but, on the average, each fraction 
requires about 30 min. Observation of the time required to complete dissociation of 
the oxides at the different fraction temperatures may be advantageous at times 
because it gives the operator an indication of the particle size. The time required 
to analyze the gases from each fraction in a Type A—Orsat apparatus is between 
20 and 30 min. 

The following recommendations are offered, for efficient operation of the frac¬ 
tional method: (a) The sample size should be as large as possible to secure greater 
accuracy, the sample weight depending on the deoxidation treatment of the steel. 
For well deoxidized steel at least 50 g. of sample is desirable, (b) Substantially all 
blank gases, for all four fractions, should be eliminated by previous high tempera¬ 
ture degassing and the use of a beryllla refractory shield around the graphite 
crucible, (c) C. P. stick tin with negligible gas content should be used. The amount 
of tin should be sufficient to completely fuse the ferrous material at lOOO-lOOO^'C. 

Uncertainties of the fractional method for oxygen are as follows: (a) Repro¬ 
ducibility of results by different operators. Insufficient data are at hand to Justify 
a statement. Check results on the same type of equipment by the same operator 
have been reported (Reeve, Scheil, Motok). (b) Completeness with which the 
oxygen from each fraction is extracted. Undoubtedly there is some slight over¬ 
lapping. However, the results obtained by this method, both for PeO and MnO, 
are more in keeping with the melting practice and the inclusion content than 
are those of any other method.* There is some uncertainty regarding the complete 
reduction of alumina, (c) Error introduced by the upsetting of the equilibria. The 
equations 

2PeO + SI = SiOa + 2Pe 
2MnO + Si = SiOa + 2Mn 
3PeO + 2A1 = AlaOa + 3Pe 
3MnO + 2A1 = AlaOs + 3Mn 

represent possible reactions but sufficient data are not available to determine the 
importance of these possible equilibria displacements. However, the remarks under 
item (b) of this paragraph also apply here. 

Hydrogen Reduction Method—This method Involves the passage of pure 
hydrogen over the sample heated to 1100-1200*’C. for some selected period (usually 
between 1 and 2% hr.), the HjO, CO, and COa being collected from the exit gases 
and their corresponding oxygen contents measured. General details of apparatus 
and method as used by various laboratories may be foimd in references 21-24 in¬ 
clusive. Current procedures differ mainly in (a) form of sample and container, 
(b) method of heating, (c) elimination of surface oxygen, and (d) method of meas¬ 
uring CO and CO, in the exit gases. 

The sample may be in lump form (10-20 g.) and melted, together with anti¬ 
mony”* ” or antimony and tin, in a refractory boat in a horizontal tube furnace. 
There is evidence” that under these conditions, the true blank error is difficult to 
estimate because part of it (resulting from reduction of oxides in the containing 
boat or furnace tube) occurs only when the metal sample is present. The alter¬ 
native method” is to use inductive heating and a sample* of thin millings in a 
degassed metal bucket suspended in a quartz bulb. Very low and accurately known 
blanks may be obtained, but the method brings its added complication in the sur¬ 
face oxygen on the thin millings. This surface oxygen, plus adsorbed oxygen or 
HsO on the container and bulb surface is removed by heating all these parts in a 
resistance furnace at about 600*’C., which lengthens the time for analysis and may 
cause the loss of a small portion of the contained oxygen in certain high oxygen 
samples. However, this latter method probably is more accurate and reproducible. 


*In sampling rolled steel products of various forms, care should be taken that the pieces or 
chips used represent the average cross section perpendicular to the rolling direction, since such 
samples are often quite variable over this cross sectional area. This precaution should be common 
to all methods. 
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In the exit gases the percentage of the total oxygen present as HsO varies from 
about 80-90% for low carbon samples, such as electrolytic iron or “low metalloid" 
steel, down to only 5-10% for medium and high carbon steels, the remainder being 
CO and COj which thus comprise the bulk of the oxygen from most steel samples. 
The HflO portion is always collected in a P^Os weighing tube, but the CO and CO. 
portions are collected either by (a) oxidizing the CO to COs with a hot solution of 
iodine pentoxide and collecting CO,**- “ or (b) by reducing both the CO and CO, to 
CH 4 and H,0 over a reduced nickel catalyst"*" and collecting the HjO in a second 
PaOg tube. A number of other methods of course are possible" but the foregoing 
are favored in present practice. As to the accuracy of the iodine pentoxide method, 
the available data are really not adequate; the oxidation of CH« which is nearly 
always present is one possible source of error in this method. The catalytic reduc¬ 
tion method appears to give accurate results under optimum conditions. The nickel 
catalyst, in order to be active enough to give quantitative conversion to HjO, must 
be reduced at such a low temperature that some residual nickel oxide is apparently 
always present. In addition to periodic checks on its activity, it must also be heated 
occasionally to 60 or 80® above its operating temperature (250-270®C.) for 6-10 hr. 
with hydrogen flowing, to maintain the desired accuracy. 

Certain evidence" indicates that in ordinary steels, in addition to a fairly rapid 
recovery of dissolved oxygen and PeO, there is a much slower reduction of SiOj, 
MnO, and Cr,Os and possibly also of AI 2 O 3 , TiOa and other oxides when present in 
very flne particles. With 1.5-2.5 hr. of heating at 1100-1200®C., between 70 and 95% 
of the values obtained therefore represent dissolved and FeO oxygen, an absolute 
separation of the various forms of oxygen being impossible. Also, to obtain the 
most accurately comparable values, the conditions of time and temperature of re¬ 
duction should be held constant for any group of samples. 

Recent studies* show that we are still unable to give a reliable opinion as to the 
absolute accuracy of this, or indeed of any of the other methods for oxygen analysis 
in ordinary steels. Under optimum conditions it has been found" to give reproduci¬ 
ble results to within 0 . 002 % O* and has been useful in comparing samples made 
under similar conditions of manufacture. With some exceptions, the values obtained 
have not been found to be informative when different types of steel are compared 
as to oxygen contents. It would be especially doubtful to compare values on high 
silicon or chromium steels with carbon or low alloy steels. In general, however, the 
method can be used for nearly all types of low and high alloy steel, pure iron, and 
cast iron as well as nickel. The method can also be used for copper with a lower 
reduction temperature of around 950-1000®C. 

The method requires between 2% and 5 hr. for a single analysis. Skillful tech¬ 
nique and a vacuum tight train are essential. 

Iodine Method—When a sample of steel is treated with a suitable solution of 
iodine, the iron, silicon and manganese are dissolved and a residue of carbonaceous 
material (carbides in certain cases) and unattacked oxides remains. 

In the procedure described by Cunningham and Price," a sample weighing from 
5-10 g. is treated at 3®-5®C. in a stoppered flask with an aqueous solution of iodine 
in ferrous iodide. After the sample has completely dissolved the solution is Altered 
and the insoluble residue is thoroughly washed to remove ferrous iodide, iodine, and 
other contaminants. The residue is then ignited, weighed and fused with sodium 
carbonate. The fusion is dissolved in hydrochloric acid and the SiO,, AlaO„ MnO, 
and PeO contents of the solution are determined by the usual procedures of chemi¬ 
cal analysis. It is claimed that sulphides and nitrides are decomposed by the ferrous 
iodide treatment and that the procedure is applicable to the analysis of plain carbon 
and manganese steels. Carbides of certain elements, for example chromium and 
vanadium, are not decomposed by the ferrous iodide treatment and, if present, lead 
to erroneous results in the determination of the oxide' content of the residue. 

In the procedure described by Rooney, Stevenson, and Ralne," the sample is 
treated with a solution of iodine in anhydrous methyl alcohol. Rather elaborate 
precautions are necessary to exclude moisture and oxygen from the solvent and 
containers while the steel is dissolving and dufing filtration of the resulting solu¬ 
tion. After flltration and washing the residue is subjected to the usual procedure of 
chemical analysis for the determination of SfOs, FeO, AljO,, and MnO. Small 
amounts of Cr,0„ ZrOa, and TiOa are sometimes foimd in the residues from plain 
carbon steels but these were probably present in the steel as carbides. The pro¬ 
cedure suffers from interference by the presence of alloying elements of the carbide 
forming type and further work remains to be done to determine the role of sul¬ 
phides and phosphides. 
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nnrf I?®® ^ solutloH of lodinc in absolute ethyl alcohol 

ana subsequent filtration through an ultra filter. 

iodine method are the relatively low operation 
individual oxides in the residue. On the other hand, 
nomJSfpofiH analyst must be highly skilled in the difficult and 

hP fnrth^^r I?® effect Of Carbides, sulphides and phosphides should 

co-operative analysis showed that the aqueous 
hands of a skilled operator is accurate for the analysis of 
steels and of some silicon killed steels but that low recoveries of 
QJl? oxides are obtained from other silicon killed steels and from rimming 
in the results obtained by different operators using 
the iodine method, particularly for the determination of FeO, is not yet attainable. 

Electrolytic Method—^The principle of the electrolytic method of oxide extraction 
is the same as the chemical solution method in that the metallic constituents are 
separated from the nonmetallics, and the oxides are determined in the residue. 
The sample is the anode of the cell, and the electrolyte should decompose all non¬ 
metallics except the oxides. 


The study of methods for Electrolytic extraction of oxides started with the pub¬ 
lication, in 1929, of a paper by C. H. Herly, Jr.“ concerning the theoretical aspects 
of obtaining the oxide residue from steel by electrolysis. Most of the research has 
been to find a suitable electrolyte, which must be neutral, have no solubility for 
MnO and manganese silicates or alumlnates, and have an anion whose decomposi¬ 
tion potential is lower than that of oxygen. This latter qualification is important 
as any formation of oxygen at the anode will cause serious contamination of the 
oxide residue. Also the anion must completely decompose other nonmetallics. Of 
all the anions considered, iodine has the greatest possibility of successful application. 

Fitterer** in 1931 described an electrolytic method for the analysis of both oxides 
and sulphides using a solution of ferrous sulphate and sodium chloride for the elec¬ 
trolyte. Iron oxide could not be determined because of the voluminous precipitate 
of iron hydroxide during the electrolysis. Recent work by this method, on silicon 
treated carbon steels shows that the oxide residue contains silicic acid and car¬ 
bides. Also the heat treatment of the sample affects the results. 

In 1932, Treje and Benedicks*® proposed the use of an electrolyte of sodium 
citrate and potassium bromide for oxide and sulphide extraction. This method was 
to be used on low carbon steel or iron as carbides were not decomposed. Apparently 
the sulphides were not quantitatively recovered and the residue contained silicic 
acid, metallics and carbides. Since the electrolyte increased in acidity during the 
electrolysis, only a small sample could be extracted before serious attack upon the 
oxide residue began. 

In 1933, Styri*‘ described the use of an acid electrolyte for the extraction of 
oxides and sulphides. He found that the residue contained sulphides and carbides 
and some metallics. With the proper control of acidity, and heat treatment of the 
specimen to bring the carbon into solution, the method offered some promise for 
sulphides, silica, and alumina. 

In 1932, Scott** described an electrolytic method, with a magnesium iodide 
electrolyte, which combined the desirable features of the iodine solution method 
with those of electrolytic extraction. Using slags taken from “rimming” steel ingots, 
that were rich in manganous oxides and manganese-rich silicates, he determined 
that the recovery of the manganese compounds was high; over 80% for pure man¬ 
ganous oxides and 100% for silicon treated steels. Subsequent work demonstrated 
that all sulphides, phosphides, and carbides were completely decomposed, and with 
proper treatment of the residue, no contamination resulted from silicic acid. 

Magnesium iodide as an electrolyte has many desirable properties. It is highly 
ionized, with resulting high conductivity. A fresh solution has a pH value of 8.5 
which drops to approximately 5.3 after 200 hr. electrolysis. No oxygen is evolved 
at the anode as iodine has a decomposition potential considerably lower than 
oxygen Hydrogen is evolved at the cathode, and magnesium is precipitated as the 
hydroxide, necessitating the addition of more magnesium iodide at Intervals of 
100-200 hr. The plating properties of the solution are good, and metallic iron and 
manganese are plated out, keeping their concentration low in the electrolyte. 

High carbon steels and irons may be extracted with as great accuracy as low 
or medium carbon steels. If the specimen is difficult to decompose iodine plates out 
on the sample, combining the electrolytic effect with the solution principle by in¬ 
creasing the iodine concentration near the sample. The resulting rate of reaction 
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is slower, but the completeness of the reaction is unimpaired. In a recent paper** 
Hare and Soler reported that the method is applicable not only to all carbon steels 
but to nickel steels, low molybdenum, and certain low chromium steels. Joseph** 
described the application of the method to the determination of oxides in basic 
pig iron. Nearly 900 samples were extracted and analyzed over a period of about 
9 months, with two men operating 12 cells. 

The treatment and washing of the residue is of utmost importance after the 
extraction, and before the analysis. A complete description of the washing and an 
outline of the analsrtical procedure has been published in the paper by Joseph.** 
As carbon has the property of absorbing large quantities of salts, complete washing 
can only be accomplished by digesting the residue in the described manner, and 
thorough washing. These comments on the importance of complete washing and 
proper selection of analytical procedure apply to all residue methods. 

Chlorine Method-—If a sample of steel is heated at moderately elevated tem¬ 
perature in a stream of purified chlorine, the metallic constituents are converted 
to chlorides which are largely volatile imder these conditions. The oxide constitu¬ 
ents are not attacked by the chlorine and may be determined by suitable means in 
the residue from the chlorination treatment. 

Procedures for the chlorine method have been described recently by Dickens,** 
Meissner,** Wasmuht,*^ Ellinger and Fucke,** and Colbeck, Craven, and Murray.** 
Chlorination temperatmes as low as SOO^'C. have been recommended on the groimds 
that some of the oxides are attacked by chlorine at higher temperatures, and have 
been criticized because of the difficulty of complete elimination of metallic constitu¬ 
ents. Wasmuht reported that chlorination at temperatures of at least 500°C. was 
necessary for chromium, tungsten, and other alloy steels. Sufficient data are not yet 
available to define either the accuracy or the reproducibility of results by the 
chlorine method. It has been suggested that sulphides and phosphides probably 
do not interfere with the operation of the chlorine method, as they do in the iodine 
method. 

Mercuric Chloride Method—In the mercuric chloride method, the sample is 
subjected to the action of an aqueous solution of mercuric chloride, 120 g. per liter. 
In the absence of air the reaction proceeds as follows: 

Fe + 2 HgOla = FeCl, + 2 HgCl 

Metallic iron thus goes into solution as ferrous chloride whereas FeO and MnO 
remain in the insoluble residue, from which they may be isolated or determined 
by suitable means. The determination of SiO, and A1,0, is not attempted. The 
method was proposed by Maurer in 1909 and has been recently described in detail 
by Maurer, Klinger and Fucke.** 

Compounds of manganese and iron with phosphorus, sulphur, and nitrogen are 
not decomposed quantitatively. The presence in the insoluble residue of these 
compounds, or of metallic particles from incomplete decomposition of the sample, 
leads to high results for FeO and MnO. The limited number of determinations by 
the mercuric chloride method, that were reported in the cooperative analysis, showed 
that satisfactory results usually were obtained for MnO but that the results for 
FeO were consistently high. These data indicate that Incomplete solution of the 
sample, resulting in the presence of metallic particles in the residue, is perhaps a 
more serious somce of error thah the presence of phosphide and sulphide com¬ 
pounds. 

Nitric Acid Method—This method was developed by Dickenson** and was 
thoroughly investigated by Herty and his associates.** The method depends upon 
the solubility of metallic constituents and the relative insolubility of oxides, par¬ 
ticularly alumina, in approximately 10% nitric acid. 

Accurate results for AlsO, are obtained by this method but the determination 
of SiOs is less satisfactory. There are two principal sources of error in the latter 
determination: (a) High results may be obtained because of the presence in the 
residue of hydrated silicic acid, formed during the solution of metallic silicides, and 
(b) Low results for SiO^ may be caused by partial solubility of some of the silicates 
that occur in steel, particularly the less siliceous silicates. 

FeO and MnO are quite'soluble in dilute nitric acid and, therefore, are not de¬ 
terminable by this method. 

Hydrochloric Acid Method—The use of dilute hydrochloric acid to effect the 
separation of metallic and nonmetallic constituents of steel was recommended by 
Kichline** for the determination of alumina. Additional data on the determination 
of silica as well as alumina were reported by Thompson and Acken.** 
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The hydrochloric acid method yields accurate results for AlaOi but determina¬ 
tions of SiOa are less satisfactory. In the latter determination the chief sources 
f presence of hydrated silicic acid in the residue and the partial 

solubility of certain silicates. The method Is not applicable for the determination of 
PeO and MnO. The hydrochloric acid method resembles the nitric acid method in 
basic principles and in results obtained, but is preferable on the grounds of speed 
and simplicity of operation. 

Methods for the Determination of Nitrogen—^Nitrogen exists in ferrous materials 
chiefly in the form of metallic nitrides; the amounts of nitrogen that exist in solid 
solution or in the free state usually are of minor importance. In simple steels the 
nitrogen is present chiefly as iron nitride, but in m^em steels, particularly alloy 
steels, other nitrides may be present in appreciable amounts. 

Two procedures are in common use for the determination of nitrogen, the 
vacuum fusion and solution distillation procedures, and the results obtained by the 
two methods are usually in excellent agreement. Other methods that have been 
proposed for the determination of nitrogen include combustion in oxygen and 
fusion with sodium peroxide in a vacuum. In both methods nitrogen is recovered 
from the gaseous products of the reaction. The combustion method was described 
by Sawyer;" the method of fusion with sodium peroxide was proposed by K31nger," 

In the vacuum fusion procedure, the conditions that produce reduction of the 
oxides likewise bring about decomposition of the nitrides, with liberation of ele¬ 
mental nitrogen which is collected and subsequently determined as the residual 
gas after absorption of carbon oxides and water vapor. All of the nitrides present in 
simple steels are readily decomposed, but Thompson and Hamilton" observed that 
the nitrides present in a nitriding steel (1.3 Or, 0.16 Mo, 1.06 Al) were decomposed 
slowly. 

As a result of his extended study of the fractional vacuum fusion method, 
Schell believes that nitrides as well as oxides are fractionated by this procediure. 
This suggests that the various nitrogen fractions represent different combinations 
of nitrogen with other elements in the steel, although the nitrogen compoimds may 
be present to some extent in solution or combination with the respective oxides 
and are released only when the oxides are reduced. 

The solution distillation method for the determination of nitrogen depends upon 
the fact that when a steel sample, in the form of drillings or millings, is dissolved 
in hydrochloric acid the nitrogen of the metallic nitrides is converted to ammonium 
salts. If the solution is then made alkaline and boiled, these salts are decomposed 
with the liberation of ammonia. Determination of the amount of ammonia distilled 
from the solution furnishes a measure of the nitride nitrogen present in the steel 
sample. The procedure was originated by Allen," in 1880. Jordan and Swindells" 
traced the development of the method and introduced improvements in the deter¬ 
mination of the distilled ammonia and in the use of block tin in place of glass 
condensers to make the blank correction smaller and more uniform. Scott" advo¬ 
cated the use of the iodide-iodate reaction, to avoid difficulty in the titration of 
the distilled ammonia. 

In the early work with the solution distillation method it was assumed that all 
metallic nitrides were decomposed either by the hydrochloric acid or by the subse¬ 
quent action of the sodium hydroxide solution. This assumption was permissible 
for simple steels, but it was now evident that modern alloy steels contain nitrides 
that are not decomposed by the simple Allen procedure. Johnson" reported that 
the nitrides of V, Ti, Cb, and Zr were not completely decomposed in the ordinary 
procedure of solution in hydrochloric acid but were decomposed by a‘boiling mixture 
of perchloric and concentrated sulphuric acids. Subsequent work has shown that a 
combination of perchloric and hydrochloric acids is equally efficient. 

The procedure now in use in Johnson’s laboratory, for the determination of 
nitrogen in chromium metal, ferrochromiiun, chromium-nickel-molybdenum carbide 
steels, and plain carbon steels is, briefly, as follows: 

The size of the sample, drillings or fine powder, varies from 1-6 g. or more 
depending on the nitrogen content. Place the weighed sample in a 600 ml. 
beaker, add 60 ml. of 1:1 HOI, cover, and digest on a hot plate, but do not boil. 
After solution of the sample is complete and evolution of hydrogen has ceased, boil 
the solution to reduce its volume to about 35 ml. Remove from the hot plate, add 
60 ml. of 60% O. P. perchloric acid. Heat to heavy fumes of HCIO4 and continue 
f iimTing until the volume is reduced to about 20 ml. AUow beaker and contents to 
cool, add 200 ml. H^O, boll 20 min. to dissolve all salts and allow to cool. 

Subsequent steps in the determination are as described in detail in the article 
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previously cited ” The solution is transferred to a Kjeldahl flask, made alkaline,, 
and boiled. The evolved ammonia is collected in a known volume of standard acid.. 
Titration with standard NaOH, using alizarine for an indicator, furnishes a measure 
of the amount of NH«OH in the distillate and hence of the amoimt of nitrogen in 
the steel sample. 

The accuracy of the HCI-HCIO4 procedure has been demonstrated by comparison 
with results obtained by the vacuum fusion method and by an acid solution method 
in which sulphuric acid was used instead of the HCI-HCIO4 solvent. For many steels 
the results of all three procedures are in excellent agreement; for some materials, for 
example high carbon ferrochromlum, the solution distillation methods yielded some¬ 
what higher values for nitrogen than were indicated by a vacuum fusion determina¬ 
tion. The HCI-HCIO4 treatment is definitely preferable to the H,S 04 procedure for 
the analysis of steels that contain Insoluble carbides. 

Methods for the Determination of Hydogen—^The vacuum fusion procedure is 
generally employed for the determination of the small amounts (usually less than 
0 .001%) of hydrogen that exists in ferrous materials. 

In the vacuum fusion procedure, which was described in detail in the section 
devoted to the determination of oxygen, the hydrogen present in the sample is 
liberated together with nitrogen, from decomposition of the nitrides, and carbon mon¬ 
oxide from reduction of the oxides. The carbon monoxide and hydrogen are oxi¬ 
dized to CO, and HaO respectively and the oxidized gases are absorbed separately. 
The gain in weight of the absorbent for H 2 O, or the decrease in volume or pressure 
of the gas mixture as a result of the absorption of H,0 vapor, furnishes a measure 
of the amount of HaO and hence of the amount of hydrogen evolved from the 
sample. 

Schell has observed that hydrogen as well as nitrogen and oxygen is fraction¬ 
ated in the fractional vacuum fusion procedure and the total of the hydrogen frac¬ 
tions is usually higher than that obtained in the nonfractional procedure. As yet no 
satisfactory explanation of these observations has been offered but it has been sug¬ 
gested that the presence of tin may favor the evolution of hydrogen, perhaps by 
decreasing its solubility in the steel. Kdrber and Ploum** considered that the hydro¬ 
gen evolved in a vacuum extraction at 400®C. was diffusible hydrogen whereas the 
hydrogen evolved at higher temperatures was present in the steel in a combined 
form. In general, steels charged with hydrogen evolved appreciable quantities of 
gas at 400'’C. and smaller amounts at higher temperatures whereas normal steels, 
not specially charged with hydrogen, evolved little or no gas at 400^C. but did 
evolve hydrogen when heated to approximately 1000”C. This evidence indicates the 
existence of metal hydrides in steel. 
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Etching Reagents for Microscopic Examination of 
Steels and Irons* 

^ (Only reagents of high analytical purity should be used.) 

I. General Reagents for Irons and Steels (Carbon, Low and Medium AUoy Ste^) 

Etching 

No. Reagent Composition Uses Remarks 

1. Nitric aeld Nitric acid, 8p.gr. In carbon steels (1) to Etching rate is increased, 

(Nital) 1.42 .1.S ml. darken pearlite and selectivity decreased, with 

Ethyl or methyl give contrast between increasing percentages of 

alcohol, 95% or pearlite colonies; (2) to HNOa. Reagent 2 (picric 

absolute .100 ml. reveal ferrite boundar- acid) usually superior. 4% 

(also amyl alcohol) ies; (3) to differentiate in amyl alcohol useful for 

ferrite from martensite, grain boundary and con> 
tract of low carbon mate¬ 
rials. Etching time, a few 
seconds to a minute. 

2. Picric acid Picric acid. 4 g. For all grades of car- Superior to reagent No. 1 

(Plcral) Ethyl or methyl bon steels (1) annealed, except for those specific 

alcohol, 95% or (2) normalized, (3) uses listed thereunder. 

absolute.100 ml. quenched, (4) quenched More dilute solutions oc- 

(Use absolute alcohol and tempered, (5) caslonally useful. Does not 
only when acid contains spheroidlzed, (6) aus- reveal ferrate grain boun- 
10% moisture or more.) tempered. > For all low daries as readily as No. l. 

alloy steels attacked by Etching time a few seconds 
this reagent. to a minute or more. See 

Reference 2. 

3. Hydroehlorle Hydrochloric acid. 5 ml. For revealing the aus- Best results are obtained 

and picric acids Picric acid. 1 g. tenite grain size in when the martensite is 

Ethyl or methyl quenched, and quenched tempered for 15 min. at 

alcohol, 95% or and tempered, steels. 400-475‘’F. 

absolute.100 ml. 

4. Chromic acid Chromic acid..... 10 g. For various structures Used electrolytically, the 

Water.100 ml. except grain boundaries specimen as anode, the 

of ferrite. Attacks cem- cathode stainless steel or 

entite very rapidly, platinum, %-l in. apart; 

austenite less rapidly, 6 volts usually used. Time 

ferrite and iron phos- of etching 30-90 sec. de- 

phide very slowly if at pending on specimen. M. 

all. Baeyertz, Trans., A.S.M., 

1937, V. 25, p. 1185. 

5. Heat tinting Heat only. Pearlite first to pass Clean, dry polished spec- 

through a given color, imen heated face upon hot 

followed by ferrite; plate to 400-700**F. Time 

cementite less affected, and temperature both have 

iron phosphide still decided effects. Bath of 

less. Especially useful sand or molten metal may 

for cast irons. be used. See Reference 1. 


II, General Reagents for Alloy Steels (Stainless and High Speed Steels) 

Etching 

No. Reagent Composition Uses Remarks 

6. Ferric chloride Ferric chloride... 5 g. 

and hydro- Hydrochloric acid. 50 ml. Structure of austenitic 

chloric acid Water.100 ml. nickel steels. 

7. Aqua Regia Hydrochloric acid. 75 ml. Structure of stainless Mixture should stand 24 

Nitric acid.25 ml. steel. hr. before using; used full 

strength for rapid work, 
but requires careful hand¬ 
ling. 

2. Chrome Regia Hydrochloric acid. 25 ml. Heat treated 18-8 Activity is controlled by 

Chromic acid, 10% stainless steels. amount of chromic acid, 

water solution.. .5-50 ml. 

9. Ferric chloride Saturated solution of Xer- Structure of stainless Use full strength, 

and nitric acid ric chloride in hydro- steel. 

chloric acid, to which a 
little nitric acid is added. 

(Continued) 

*Prepared by the Subcommittee on Etching Solutions for Iron and Steel. The membership of 
the subcommittee was as follows: a. T. Williams, Chairman; Miss M. Baeyertz, O. F. Comstock, 
O. E. Harder, L. F. Lottler, Miss M. Norton, H. 8. Rawdon, J. R. VUeUa. 

The assistance of Mr. A. L. Sanford is also acknowledged. 
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StchlDg 

NO. Reagent Composition Uses 


Remarks 


10. Mixed acids In A. Nitric acid.lo ml. 

glycerol Hydrochloric 

acid .20-30 ml. 

Glycerol.20-30 ml. 


Structure of Iron- 
chromlum base alloys, 
high speed steels, and 
austenitic manganese 
steel. Etches nickel- 
chromium alloys satis¬ 
factorily. 


11. Oxalic acid 


B. Nitric acid.... 10 ml. 

Hydrofluoric acid. 20 ml. 
Glycerol .20-40 ml. 

C. Nitric acid_10 ml. 

Hydrochloric acid. 20 ml. 

Glycerol .20 ml. 

Hydrogen peroxide 10 ml. 


Oxalic acid.10 g. ' 

Water.100 ml. 


Structure of high sili¬ 
con alloys of the Dur- 
Iron type. 

For etching Iron- 
chromium nickel, iron- 
chromium manganese, 
and all other austenitic 
iron-chromium base al¬ 
loys. 

For austenitic stainless 
steels and high nickel 
alloys. Carbides and 
general structure re¬ 
vealed depending on 
etching time. 


12. Mixed acids and Hydrochloric acid. 30 ml. 

cupric chloride Nitric acid. 10 ml 

Saturate with cupric 
chloride and let stand 
20-30 min. before use. 


IS. Nitric and Nitric acid.30 ml. 

acetic acids Acetic acid.20 ml. 


14. Hydrochloric Hydrochloric acid. 10 ml. 

and nitric acids Nitric acid. 3 ml. 

in alcohol Methyl alcohol_100 ml. 


15. Ferricyanlde Potassium 

solution ferricyanlde .30 g. 

Potassium 

hydroxide.30 g. 

Water .60 ml. 


16. Cupric sulphate Cupric sulphate... 4 g. 

Hydrochloric acid. 20 ml. 

Water . 20 ml. 

3. Hydrochloric Hydrochloric acid. 5 ml. 

and picric Picric acid. 1 g* 

acids Ethyl or methyl 

alcohol, 95% or 
absolute.... 100 mf. 


For stainless alloys and 
others high in nickel or 
cooait. 


For stainless alloys and 
others high in nickel or 
cobalt. 

To reveal the grain size 
of quenched, or 
quenched and tempered 
high speed steel. 

To distinguish between 
ferrite and sigma phase 
in iron - chromium, 
iron - chromium-nickel, 
iron - chromium-man¬ 
ganese and related 
alloys. Colors sigma 
phase light blue, ferrite 
yellow. 

Structure of stainless 
steels. • 

For etching many steels 
of the iron-chromium, 
iron - chromium-nickel, 
and iron- chromium - 
manganese types._ 


Warm specimen in water 
before etching. For best 
results use method of al¬ 
ternate polishing and etch¬ 
ing. If given suflicient time, 
wUl etch totally austenitic 
alloys, but better results 
are obtained by using re¬ 
agent 10-0. 

Amount of glycerol may be 
varied to suit metal. 


Amount of hydrochloric 
acid may be varied if re¬ 
agent acts too rapidly or 
slowly. For best results 
employ method of alternate 
polishing and etching. 

Used electrolytically, the 
specimen as anode, the 
cathode stainless steel or 
platinum, about 1 in. apart; 
6 volts usually used. Pre¬ 
cipitated carbides in stain¬ 
less steels may be revealed 
in 10-15 sec., the general 
structure in about 1 min. 
For study of carbides, 
1.5-3 volts may be used, 
thus increasing the etching 
time and improving con¬ 
trol of etch. 

Apply by swabbing. 


Apply by swabbing. 

Etch 2-10 min. Snyder and 
Graff, Metal Progress, 1938. 
V. 33, p. 377. 

Must be fresh. Use boiling. 
Burgess and F o r g e n g, 
A.I.M.E. Tech. Pub., April 
1938. 


Marble’s reagent. 


Reference 2. 


III. Phosphorus Segregation, Phosphides, and Strain Lines 


No. Reagent Composition Uses 


17. Ouoric chloride A. Cupric chloride 1 g. For showing segrega- 
Magnesium tlon of phosphorus or 

chloride . 4 g. other elements in solid 

Hydrochloric acid 1 ml. solution; copper tends 

\7ater .20 ml. to deposit first on areas 

Alcohol, absolute.. 100ml. lowest in phosphorus. 

B. Cupric chloride 6 g. To reveal strain lines 
Hydrochloric acid. 40 ml. and their microstruc- 

Water .30 ml. ture, and precipitation 

Ethyl alcohol.25 ml. hardening in steel. 

(Continued) 


Remarks 


Dissolve salts in least pos¬ 
sible quantity of hot water. 
Etch for about 1 min. re- 
pealing if necessary. 
Stead’s reagent. 

May be used cold. Etching 
time, about 10 sec. Fry’s 
reagent. 
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Etching 

No. Reagent Composition Uses Remarks 


18. Sodium piorattf Sodium plcrate... l g. Shows difference be- Use boiling. Etching time 

neutral Water .100 ml. tween phosphides and 20 min. 

(Wash salt well with al- cementlte; Iron phos- 

cohol to remove excess phide attacked, cem- 

acid or alkali) entlte unattacked. 

19. Chromic acid Chromic acid. 8g. Distinguishes between Etch first in picric acid 

and heat tint- Water .100 ml. Iron phosphide and (No. 2) then for 1 min. in 

ing Followed by heat tinting, cementlte in phosphide chromic acid; heat tint by 

eutectic of cast Iron; heating face upon hot 

iron phosphide is col- plate at about 600**F. for 

ored darker. 1 min. 


IV. Structure and Depth of Case of Nitrided Steels 


Etching 

No. Reagent Composition 


20. Cupric sulphate Cupric sulphate.. 1.25 g. 

and cupric Cupric chloride. .2.50 g. 

chloride Magnesium 

chloride .10 g. 

Hydrochloric acid. 2 ml. 

Water .100 ml. 

Dilute above solution to 
1000 ml. with 95% ethyl 
alcohol. 


21. Picric and 
nitric acids 


1. Nitric acid 
(Nital) 


4% picric acid 

(No. 2).10 parts 

4% nitric acid 

(No. 1). 1 part 

Nitric acid. 2 mL 

Ethyl or methyl 
alcohol, 95% or 
absolute .100 ml. 


16. Cupric sulphate Cupric sulphate... 4 g. 

Hydrochloric acid. 20 ml. 
Water .20 ml. 


Uses 

' ' r '■ " 

For showing total depth, 
structure, and various 
zones of nitrided 
chromium - vanadium 
steels and Nltralloy. 


For depth of case and 
structure of Nltralloy. 


For structure and depth 
of case of nitrided 
steels. 

Total depth of nitrided 
case. 


Remarks 


Proportions must be ac¬ 
curate. Etch by immersion 
to avoid confusing edge 
effects. 


Best results are obtained 
when the specimen is an¬ 
nealed in lead at 1475*F. 
before etching. 


Marble’s reagent. 


V. Carbides, Nitrides, Tungstides, and Their Differentiation 


Etching 

No. Reagent Composition 


Remarks 


22. Sodium picrata, 
alkaline 


23. Hydrogen 
peroxide and 
sodium 
hydroxide 


24. Ferricyanida 
solution 


Picric acid. 2 g. 

Sodium 

hydroxide .25 g. 

Water .100 ml. 


Hydrogen 

peroxide . 10 ml. 

Sodium hydroxide 
10% solution in 
water.20 ml. 


A. Potassium 


ferricyanlde.1-4 g. 

Potassium 

hydroxide . 10 g. 

Water .100 ml. 


Colors cementlte, but 
not carbides high in 
chromium; in tungsten 
steels, iron tungstide 
(FcnW) and iron tung¬ 
sten carbide (Fe 4 W 2 C) 
are colored more rapid¬ 
ly than cementlte, but 
tungsten carbide is un¬ 
affected; attacks sul¬ 
phides. Delineates grain 
boundaries in hyper- 
eutectoid steels in slow¬ 
ly cooled condition. 
Attacks and darkens 
iron tungstide in car¬ 
bon-free iron tungsten 
alloys. When carbon is 
present this solution 
darkens the compound 
(FeW+WO?) in propor¬ 
tion to the amount of 
carbide present; tung¬ 
sten carbide is dark¬ 
ened. 

Differentiates between 
carbides and nitrides; 
cementlte is blackened, 
pearllte turned brown, 
and massive nitrides 
remain unchanged. 


^Confinueii; 


U.*;e boiling, 5-10 min., or 
preferably, electrolytlcally 
at room temperature; for 
the latter, specimen is 
anode, cathode is plat¬ 
inum or stainless steel; 
with 6 volts, about 40 sec. 
is usually sufficient. 


Must be fresh. Etching 
time 10-12 min. 


Must be freshly made; etch 
16 min. in boiling solution. 
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Etching 

No. Reagent Composition 


Uses 


Remarks 


24. 


25. 


4. 


11 . 


(Continued) B. Potassium 


terricyanlde . 10 g. 

Potassium 

hydroxide. 10 g. 

Water .100 ml. 


Sodium cyanide Sodium cyanide... 10 g. 

Water . 90 ml. 


Darkens carbide con¬ 
taining chromium* car¬ 
bides and tungstides in 
tungsten and high speed 
steels. At room temper¬ 
ature colors ternary 
carbides (FesWsO or 
PeaWaO) in a few* sec¬ 
onds. iron tungstide 
(FeaWa) in several min¬ 
utes* and barely colors 
cementite. 

Darkens catbides with¬ 
out attacking austenite 
or grain boundaries. 


Chromic acid Chromic acid. 10 g. Attacks carbides in 

Water .100 mL stainless steels very 

rapidly* austenite less 
rapidly* and ferrite very 
slowly if at all. For 
various structure of 
stainless steels. 

Oxalic acid Oxalic acid. 10 g. To reveal carbides in 

Water .100 mL stainless steels. 


May be used cold* but pref¬ 
erably hot* should be 
freshly made, etching time 
5-10 min. Murakami’s re¬ 
agent. 


Used electrolytlcally* the 
specimen as anode* cathode* 
similar material* about 1 
in. apart; 6 volts (not less 
than 5). Etching time 6 
min. or more. W.B.Arne88* 
Trans. A.S.M.* 1936* v. 24* 
p. 701. 

See solution No. 4 in Sec¬ 
tion Z. 


See No. 11 in Section n. If 
strongly etched general 
structure Is revealed; 
therefore for study of car¬ 
bides reduced voltage is 
used for etching* giving 
better control of etch. 


References 

The following general references should be consulted when more elaborate dis¬ 
cussion is required. 

>T, Berglund, Metallographers’ Handbook of Etching. Isaac Pitman & Sons* New York* 1931. 
V. R. Vllella* Metallographlc Technique for Steel* A.S.M., 1938. 

A. Portevin and P. Bastlen. R^actlfs d’Attaque M6tallographlque, Paris, 1937. 
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Macro Etching of Iron and Steel* 


Part I 

General—Macro etching of iron and steel consists of subjecting the metal to the 
action of a reagent in order to bring out the structure for visual Inspection. Macro 
etching implies, to many people, merely routine inspection; however, as shown in 
the tabulation below,^macro etching is widely used for many purposes. 

Preparation of Sample—The preparation of the surface of the test specimen 
is governed by the intensity of the action of the reagent employed. Weak etching 
solutions require polished surfaces. Those solutions of a strength to produce a deep 
attack do not require as much care in sample preparation. 

Unless otherwise noted, the samples should be in a soft condition. When, how¬ 
ever, hardened material is to be etched, great care should be exercised so that the 
metal is not affected by the heat of grinding or cutting. 

The surface required for each reagent is 
designated under the heading “Remarks” by 
the letters A, B, or C. Type A represents a 
saw cut or machined surface; B average 
groimd surface; and C, polished surface. 
When using Type A surface, consideration 
must be given to the type of steel. For the 
higher carbon steels and for tool steels in 
general a cleanly sawed disc will produce 
very good results. On the very soft steels, a 
machined surface not too coarsely cut or a 
sawed surface, rough ground to remove all 
traces of flowed metal is desirable. 

The compilation of etching solutions for 
macro etching that follows has been largely 
taken from Berglund's “Metallographers* 
Handbook of Etching.” In making this compilation, an effort has been made to list 
the reagents imder an alphabetical arrangement of the purposes for which the 



Fig. 1—Section of embrittled boiler drum. 
Stched In hydrochloric acid. 



Fig. 2—A longitudinal section showing flow lines. 


reagents are intended. Different conditions will be revealed in the same steel 
by etching with different solutions, and it is well to be familiar with each in order 
to correctly interpret the results. 


*Prepared by the Subcommittee on Macro etching. The membership of the subcommittee was 
as follows: M. W. Dalrymple, Chairman; R. L. Dowdell, Adam Steever, O. V. Luerssen, J. H. Hig¬ 
gins, and M. O. Yatsevltch. 
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Solutions for Macro Etching 


Purpose 

Compbsition Remarks 

Uses 


Blowholes . 10% sulphuric acid In Use cold on large sections Shows blowholes, poros- 

water. for 24 hr. Surface B. Ity. pipe, and inclu¬ 

sions. 


Blowholes 


Carburized 
case .... 
Contrast . 


Cracks 


Cracks 


Cracks 


Cracks 


Cracks 


Decarburlza- 
tion . 

Defects . 

Defects . 

Defects . 

Dendrites . 

Dendrites . 

Dendritic 

pattern . 

Dendritic 
pattern . 

Etch, universal... 

Fiber . 

Plow lines. 

Plow lines. 

Qhost lines. 


50% hydrochloric acid in 
water. 


6% solution of nitric acid 
in alcohol. 

1 part iodine; 2 parts 
potassium Iodide; and 
10 parts water. 

57o solution of nitric acid 
in alcohol. 

Hydrochloric acid. 


Use at 160-175*P. for Va 
hr. Surface A. 

Etch at room tempera¬ 
ture. Surface B. 

Use at room temperature. 
Surface B. 

Etch at room tempera¬ 
ture. Etches within Va 
hr. Surface B. 

Apply cold with swab. 


50% hydrochloric acid in Use at 160-175“F. for Va 
water. hr. Surface B. 


Kerosene and whiting 
test. 


120 g. copper ammonium 
chloride; 50 cc. concen¬ 
trated hydrochloric 
acid, 1000 cc. water. 

5% nitric acid in alcohol. 


Wash surface with kero¬ 
sene. Wipe off. Paint 
with thin mixture of 
whiting and water. Let 
dry. Kerosene in 
cracks, if present, will 
discolor whiting. Sur¬ 
face B. 

Etch first with a neu¬ 
tral solution to remove 
machine marks. Use 
cold for 20 min. to Va 
hr. Surface B. 

Etch at room tempera¬ 
ture. Surface C. 


10% sulphuric acid in use cold on large sec- 
water, tions for 24 hr. Sur¬ 

face B. 

50 % hydrochloric acid in use at 160-175“P. fw Vb 
water. hr. Surface A or B. 


2 parts concentrated sul¬ 
phuric acid: 1 part con¬ 
centrated hydrochloric 
acid, 3 parts water. 

2 parts concentrated sul¬ 
phuric acid, 1 part con¬ 
centrated hydrochloric 
acid; 3 parts water. 

50% hydrochloric acid in 
water. 

25% sulphuric acid in 
water. 

40 g. ferric chloride; 3 g. 
cupric chloride; 40 cc. 
hydrochloric acid; 500 
cc. water. 

500 cc. hydrochloric acid; 
70 cc. sulphuric acid; 
180 cc. water. 

10-20% solution of am¬ 
monium persulphate in 
water. 

25% sulphuric acid in 
water. 

50% hydrochloric acid in 
water. 

10-20% solution of am¬ 
monium persulphate in 
water. 


Use at 160-175*P. for 
least Va hr. Surface 


at 

A. 


ftt. 160-175T. for 


at 

A. 


Use at 1 60-175" F for at 
least V 2 hr. Surface A. 

Use cold, 8-16 hr. Sur¬ 
face B. 

Etch first with 10% nitric 
acid. Surface B. 


Use at 160-175*F. for 1-2 
hr. Surface A. 

Swab on freshly made 
solution for V 2 min. 
Surface B. 

Use cold, 8-16 hr. Sur¬ 
face B. 

Use at 160-175“P. Surface 
A. 

Swab on freshly made 
solution for V 2 min. 
Surface C 


Shows blowholes, poros¬ 
ity, pipe, and inclu¬ 
sions. 

Shows depth of carbur¬ 
ized case. 

Produces contrast for 
photographing. 

Detects fatigue, service, 
hardening and grinding 
cracks. 

Detects embrittlement 
cracks in steam boiler 
drum. (See Fig. 1.) 

Detects fatigue, service, 
hardening, grinding, 
and internal cracks. If 
hardened, material 
should be softened 
prior to etching. 

Detects fatigue, service, 
hardening ^nd grinding 
cracks. 


Produces a strong relief 
effect. Shows up den¬ 
drites and may indicate 
cracks. 

The decarburized areas 
will be light. Area not 
decarburized dark. 

Shows porosity, pipe, 
blowholes, and Inclu¬ 
sions. 

Shows porosity, pipe, 
blowholes, and inclu¬ 
sions. 

Shows general structure 
and defects. 


Shows general dendritic 
structure and defects. 


Shows general dendritic 
structure and defects. 

Shows dendritic pattern 
and flow lines. 

Shows dendritic pattern 
or structure. 


Good universal etch. 


Shows fiber and grain 
contrast. 

Shows flow lines and 
dendritic pattern. 
Shows flow lines. 

Shows ghost lines. 
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Purpose Composition Remarks Uses 


Grain 10-20% solution ammon- Swab on freshly made Shows grain contrast and 

contrast . ium persulphate in solution for 1-2 min. fiber. 

water. Surface B. 

Grain 1.5 g. cupric chloride; 30 Polish specimen care- Shows good grain con- 

eontrast . cc. hydrochloric acid; fully. Surface C. trast. 

95 cc. water; 30 cc. 
ethyl alcohol. 

Grain size. 10-20% solution ammon- Swab on freshly made Shows grain size espa- 

ium persulphate in solution for 1-2 min. dally in low carbon 

water. Surface B. steels, wrought iron. 

and welded sections. 

Hardness 5% nitric acid in alcohol. Etch at room tempera- Shows depth of hardness 

penetration ..•. ture on smooth ground penetration of heat 

surface. Surface B. treated samples. 

Hardness 50% hydrochloric acid in Use at 160-175"F. for Shows depth of harden- 


penetratlon .... water. about 15-60 sec. To ing, especially carbon 

preserve surface after steels; produces dls- 

etching, scrub In run- tinct contrast between 

Bing water, dip In weak martensitic and troost- 

NH 4 OH, dip in solution Itlo zones, 
of soluble cutting oil. 
dry with a rag and 
compressed air. Surface 
B or C. 

Heterogenity .... 50% hydrochloric acid in Immerse specimen in Shows heterogenity in 

water. solution at 160-179*F. general. 

from V&-1 hr. BurfaceA. 

Heterogenity .... Undiluted hydrochloric Use hot (312*F.) Bur- Shows heterogenity in 

acid. face A. 8 - 8 . 6 % nickel steels. 

Impurities in 1 g. cupric chloride; 0.5 g. Etch only well polished Plates out copper on fer- 

ferrite. stannous chloride: 30 g. surface which has been rite containing impurl- 

ferrie chloride; 30 ec. thoroughly dried. Bur- ties. Gives a good even 

hydrochloric acid; 600 face O. etch, 

cc. distilled water; 600 
cc. ethyl alcohol. 

intemal cracks... 50% hydrochlorie acid in U^e at 160-175*F. for % Shows internal cracks or 


water. hr. or longer. Surface thermal checks. 

B. 

Inclusions . 10% sulphuric acid in Use cold on large sections Shows Inclusions, poros- 

water. for 24 hr. Surface B. ity, pipe, and blow¬ 

holes. 

Inclusions . 10-20% sulphuric acid In Use at 160-175*F. Bur- Etches sulphide incln- 

water. face B. slons. 

Inclusions . 50% hydrochloric acid in Use at 160-175*F. Bur- Etches sulphide Inclu- 

water. face B. sions. 

Pipe and 10% sulphuric acid In Use cold on large sec- Shows pipe, porosity. 

porosity . water. tions for 24 hr. Bur- blowholes, and inclu- 

face B. sions. 

Pipe and 50% hydrochlorie acid in Use at 160-176*F. Bur- Shows pipe, porosity, 

porosity . water. face B. blowholes, and Inclu¬ 

sions 

Rail sections. 9 parts hydrochloric acid; Use at 160-175*F. for 2 Use for etching rail see- 

3 parts sulphuric; 1 hr. Surface A. tions. 

part water. 

Segregation . 3% solution picric acid Etch at room tempera- Shows segregation. 

in ethyl alcohol. ture for 4-5 hr. Sur¬ 

face B. 

Segregation . 1 g. picric acid: 1 drop Use hot. Surface B. Shows segregation. 

concentrated hydro- 
chloric acid in 25 cc. 
alcohol. 

Segregation ..... 10-15% solution of nitric Etch at room tempera- Shows heavy segregation, 

acid in water or alco- ture. Surface B. 
hoi. 

Segregation . 6 % solution nitric acid in Etches within % hr. Sur- Shows segregation in low 

water or alcohol. face ds black when carbon, low chromium. 

etched. Surface B. nickel steels. 

Segregation . 2-10% solution nitric acid Etch first with weak acid Shows segregation in in- 

in water. to remove machine got sections and large 

marks and then in- pieces, 
crease concentration 
for structure. Surface 
B. 
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Segregation .... 50% hydrochloric acid in Use at 160-176®P. Surface 

water, A. 


Segregation . 1 g. cupric chloride; 0.6 

g. picric acid; 1.6-2.6 
cc. hydrochloric acid; 

10 cc. water; 100 cc. 
ethyl alcohol. 

Segregation, 2% nitric acid in alcohol. 

carbide . For high speed steel. 

use 6% nitric acid in 
alcohol. 

Segregation, 1 part copper ammonium, 

carbon and chloride, 12 parts 

phosphorus_ water. 


Segregation, 0.57<» solution picric acid 

phosphorus_ in water. 

Segregation, 30 g. ferric chloride; 100 

phosphorus .... g. hydrochloric acid; 1 

g. cupric chloride; 0.6 
g. stannous chloride; 

1000 cc. water. 

Segregation, 10 g. cupric chloride; 40 

phosphorus .... g. magnesium chloride; 

20 cc.hydrochloric acid; 
1000 cc. ethyl alcohol 
(Steads No. 1 reagent.) 

Segregation. 5 g. cupric chloride; 4g 

phosphorus .... magnesium chloride; 1 

cc. hydrochloric acid; 

20 cc. water; 100 eo. al¬ 
cohol. (Steads No. 2.) 

Segregation, 4 g. cupric chloride; 20 

phosphorus .... cc, hydrochloric acid; 

40 cc. water; 20 cc. 

ethyl alcohol. 

Segregation, 1.5 g. cupric chloride; 5 

phosphorus .... g. nickel nitrate crys¬ 

tals; 6 g. ferric chlor¬ 
ide; 12 cc. water. 

Segregation, Soak ordinary sensitized 

sulphur. photographic silver 

bromide paper in a 2% 
solution of sulphuric 
acid in water. Apply 
emulsion side of paper 
to smooth ground, clean 
sample for a min. or 
two. Rinse paper, fix in 
hypo, wash thoroughly. 


Segregation, sul- 10-20% sulphuric acid in 
phlde inclusions water. 

Soft spots. 5% nitric acid in alcohol. 

Soft spots. 50% hydrochloric acid in 

water. 

Strains . 90 g. cupric chloride; 120 

cc. hydrochloric acid; 
100 cc. water. 


Strains.. 6 g. cupric chloride; 6 g 

ferric chloride; 10 cc. 
hydrochloric acid; 100 
cc. ethyl alcohol. 


May be used for electro¬ 
lytic etching. Surface 


Use cold on a polished, 
longitudinal section. 
For high speed steel, 
etch until matrix is 
darkened. Surface C. 

Immerse finely ground, 
clean sample in solu¬ 
tion for 1 min.; wash 
with water, and rub off 
copper. Surface C. 

Etch at room tempera¬ 
ture until staining oc¬ 
curs. Surface C. 

Polish as for microscopic 
work, use etch cold fbr 
10 sec. to 2 min. Sur¬ 
face C. 

Dissolve salts in small 
amount of hot water, 
then add alcohol. Apply 
solution to polished 
surface drop by drop. 
Surface C. 

Etch for 1 min. Surface 
C 


Polish specimen carefully. 
Surface C. 


Immerse specimen for 90 
sec. or more. Surface 
C. 

The brown pattern 
formed on the paper 
indicates the relative 
distribution of sul¬ 
phides. The darker and 
heavier the marks, the 
more sulphur is in¬ 
dicated to be present. 
Surface B. Best results 
are obtained only on 
first or second prints 
made from a surface. 

Use at 160-175®P. Sur¬ 
face A. 

Etch at room tempera¬ 
ture. Surface B. 

Use cold on ground sur¬ 
face. Surface B. 

Copper does not precipi¬ 
tate with this etch. 
Heat specimen to 400- 
475®P. for % hr., then 
etch ground surface for 
1-3 min. Rub with 
powdered cupric chlor¬ 
ide, then rinse with 
alcohol. Surface B. 

Heat specimen to 400®F. 
and immerse ground 
surface. Surface B. 


Shows segregation in in¬ 
got sections and large 
pieces. 

Shows segregation. 


To detect carbide segre¬ 
gations, particularly In 
high speed steels. 


Shows phosphorus and 
carbon segregation. 


Uneven staining repre¬ 
sents phosphorus seg¬ 
regation. 

Shows phosphorus segre¬ 
gation. 


Areas not coated by cop¬ 
per show phosphorus 
segregation. 


Shows phosphorus segre¬ 
gation. 


Shows phosphorus segre¬ 
gation 


Shows phosphorus segre¬ 
gation. 


Shows the distribution of 
sulphur. 


Etches sulphide inclu¬ 
sions. 

Nondestructive test for 
hardened tools. 

Shows soft spots. 


Shows strain lines. 


Shows strain lines. 
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Purpose 

Composition 

Remarks 

Uses 


Strauss 


3% cupric sulphate; 10% 
sulphuric acid; 87% 
distilled water. 


Specimen ^ x 1 x 4 in. is 
sensitized by actual 
welding, or artincially 
by heating to 900-1300* 
F. (generally 1250*F.). 
Immersed in the boil¬ 
ing cupric sulphate 
solution for 72 hr. 
Specimen is then bent 
180* around in. pin. 
Cracking indicates dis¬ 
integration has taken 
place due to migration 
of carbides to grain 
boundaries. Surface B. 
(120* fine emery.) 


To measure Intergranular 
corrosion of 18-8 cor¬ 
rosion resisting steel. 


Structure. 

... 25% nitric acid In water. 

Etch at room tempera¬ 
ture. Surface B. 

Shows general structure. 

Structure. 

... 50% hydrochloric acid in 

water. 

Use at 160-175*P. for at 
least Ml hr. Surface A. 

Shows general structure 
and defects. 

Structure. 

... 2 parts concentrated sul¬ 

phuric acid; 1 part 
concentrated hydro¬ 
chloric acid; 3 parts 
water. 

Use at 160-175“F. for at 
least Mi hr. Surface A. 

Shows general structure 
and defects. 

Thermal 
cracks. 

50% hydrochloric acid in 
... water. 

Use at 160-175*F. for 

hr. or longer. Surface 

Shows thermal checks or 
internal cracks. 


Weld exam* 
ination .. 


50% hydrochloric acid in 
water. 


B. 

When testing large sec¬ 
tions, the acid may be 
added by building a 
dam with paraffin wax 
around the part to be 
tested. Surface A. 


For testing the soundness 
of welds. 


The balance of the section on macro etching has been divided into several parts, each dealing 
somewhat in detail with some of the more important applications of macro etching. 

Part n 

Recommended Practice for a Standard Macro Etch Test for Routine 
Inspection of Iron and Steel 

General—^The macro etch test reveals readily and quickly many of the char¬ 
acteristics of steel, but in some instances, further examination by standard testing 
methods is required to evaluate them properly. The knowledge that a piece of 
steel is dendritic or contains metallic and nonmetallic segregates is not sufficient 
evidence in itself on which to base definite conclusions of the properties of the 
steel. There is real value in the macro etch test when used to separate materials 
which are obviously defective from those which are not. It is easily made, but 
requires experience and judgment to interpret the results. 

Preparation of Sample—When it is desired to reveal the surface defects, such 
as seams, laps, and grinding checks, preparation of the sample is frequently unneces¬ 
sary. If oil or grease is on the surface, it should be removed. Scale on the surface 
of the material will be removed by the acid, so that the surface defects will become 
visible, but in order to reveal the internal structure or defects, a section must be 
prepared by cutting through the metal at a point where Inspection is desired. For 
best results, the samples to be etched should be in a soft condition. 

The surface finish of the specimen depends on the etching solution used. A 
machined surface is recommended as the standard surface finish in this practice. 
A ground and polished surface is not necessary and in many instances a fairly 
smooth sawed cut is satisfactory. This latter statement is true for the higher carbon 
steels and for tool steels in general. On the veiry soft steels, a machined surface not 
too coarsely cut or a sawed surface, rough ground to remove all traces of flowed 
metal is desirable. 

Etching Solution—A solution of one part commercial hydrochloric acid and one 
part water is recommended. This solution has the advantage that it can be heated 
without change in concentration. The fumes of this mixture are corrosive so that 
the work is best done under a hood. (A solution consisting of 38% hydrochloric 
acid, 12% sulphuric acid, and 50% water is finding some use and shows nromising 
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results. It can be used in the same manner as the recommended hydrochloric acid 
solution. The apparent advantages appear to be a more sharply defined etched pat¬ 
tern and less susceptibility to rusting.) 

It is not necessary to throw away the acid after each test, but for the best 
results a fresh solution should be used for each test. 

For containers pyrex glass, porcelain dishes, or corrosion resisting metals can 
be used. Satisfactory results have been obtained with hydrochloric acid and par¬ 
ticularly with sulphuric acid using a lead lined iron pan or wooden tank provided 
care is exercised in the application of heat. It is felt, however, that a wooden tank 
is the least satisfactory type of container and its use should be avoided if possible. 
For heating the solution the method which gives the best temperature control diould 
be preferred. 

Temperature of Acid—-A temperature of IBCP. is recommended. This tempera¬ 
ture gives a vigorous reaction and does not evaporate the solution too rapidJ^. If 
the temperature rises much above ITS^P.. the etching solution tends to lose its 
selectivity and a reaction with the entire surface occurs rather than at Just the 
localized points of attack as is desired. On the other hand, a solution temperature 
below leo^F. will usually unnecessarily prolong the etchl^ operation with little 
gain resTilting. The temperature should be determined with a good thermometer. 

It is recommended to first clean the specimens and then heat them in hot water 
to the same temperature as the acid. The specimens are then transferred to the 
acid bath, which has first been heated to the proper temperature. By so doing it 
is much easier to control the time element than if the specimens are put into cold 
acid and brought up to temperature with the solution, and also it is easier to 
duplicate conditions time after time. 

Time of Etching—The time of etching will depend upon the type of steel to be 
etched. It is extremely important that the time be accurately determined. If the 
steel is not etched long enough, the sample will not give all of the information 
desired; if it is etched too long, some of the more delicate details will be masked 
by the general destruction of the surface. 

When the specimens are in a soft condition, the etching periods given in Table 
I have been found to give good average results. 

Table I 

Recommended Etching Time for Various Steels 


Steels 


Time in 
Min. 

Steels 


Time In 
Min. 

1010 

1015 

Xiei5 

1020 

X1020 

1025 

X1026 

1030 

1035 

1040 

X1040 

1045 

X1045 

1050 

X1050 

1055 

X1055 

1060 

1065 

X1065 

1070 

1075 

1080 

1085 

Carbon Steels 

.. IS 

S140 

X3140 


. 45 
. 45 


.. 15 

3145 


45 


.. 15 

3150 


. 46 


.. 16 

3315 


45 


.. 16 

3220 


. 46 


.. 30 

3230 


. 45 


.. 30 

3240 


45 


.. 30 

3245 


45 


.. 30 

3250 


. 45 


.. 30 

3312 


. 60 


.. 30 

3325 


. 60 


.. 45 

3335 


. 60 


45 

3340 


. 60 


.. 45 

3415 


. 45 


.. 45 

3435 


. 45 


.. 45 

3450 


45 


.. 45 


S,A,E, Tungsten Steels 



.. 45 




.. 45 

71360 

,. 45 


.. 46 

71660 


>. 45 


.. 45 

7260 


. . 45 


.. 45 




.. 45 

F! A IS. Rilintyn.-mMn.nnn.np.Rp. RIppIr 


.. 45 

9255 

9260 


30 

1090 


.. 45 


30 

1095 

4 

K 

3115 

3120 

3125 

3130 

3136 


.. 45 



SAS. Nickel-Chromium Steels 

. 45 

X1314 

SA.E, Free Cutting Steels 

30 


... 46 

X1316 , 


30 


... 45 

X1330 


. 30 


... 45 

X1335 , 


30 


... 46 

X1340 . 


. 30 






(Continued) 
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Recommended Etdiing Time for Various Steels—Cont. 



Time in 

Time In 

Steels 

Min. Steels 

Min. 


SAJB. Manganese Steels 


S.A.E. Chromium Steels 


T1330 . 30 

T1336 . 30 

T1340 . 30 

T134i . 30 

T1360 . 30 


5.A.E. Nickel SteeU 


3016 

2116 

3316 

2330 

2330 

2335 

2340 

2346 

2360 

2616 


30 

30 

30 

30 

30 

30 

30 

30 

30 

30 


S,A£. Molybdenum Steels 


4130 

X4130 

4136 

4140 

4160 

4340 

4346 

4616 

4620 

4640 

4816 

4820 


46 

45 

46 
45 
45 
45 

45 

46 
01 
40 
46 
46 


6120 . 30 

5140 . 30 

5150 . 30 

62100 . 46 


5.A.E. Chromium-Vanadium Steels 


6115 . 46 

6120 . 46 

6126. 45 

6130 .... 46 

6135 . 46 

6140 . 46 

6145 . 46 

6150 . 46 

6195 . 46 


Stainless Iron and Steel 


Chromium type . 30 

Cr-Nl type . 45 

Free Machining 

Chromium type . 30 

Cr-Nl type . 20 

Tool Steels 

Carbon and Carbon-Vanadium. 30 

Manganese oil hardening. 20 

Fast Finishing . 45 

Tungsten hot die steel. 45 

Chromium hot-working die. 46 

Hlgh-Carbon-High-Chromium . 46 

High Speed . 45 


Washing and Preserving Specimens—^After the sample is etched» it i^uld be 
removed from the hot acid and washed under runnixig water, and the ‘‘smut” 
deposited on the specimen :diould be removed by scrubbing with a stiff brush. Live 
steam is also an excellent method of washing etched work. The piece is first 
thoroughly rinsed and placed imder the live steam nozzle. This results in rapid 
and complete drying with freedom from rust. For drying the specimen after wash¬ 
ing, it can be blotted with a cloth or paper towel or dried with a blower. 

As a simple means of avoiding rusting temporarily, the specimen may be rinsed 
in water to remove the acid, dipped in ammonia and washed in hot water. For 
longer preservation, after the specimen has been dried, it should be covered with 
a thin coat of transparent lacquer, or a film of oil which may be applied with the 
palm of the hand. 

Rusting may be delayed temporarily and mild rusting may be removed by the 
application to a dried sample of a solution of 50-50 syrup of phosphoric acid to 
which a little sugar has been added. The excess solution applied may be blotted 
up with a cloth or paper towels. Caution is recommended in the use of this solution 
as it will roughen the hands and disintegrate cloth, if allowed to remain in contact 
an extended time. 

Interpretation of Results—The results obtained on properly etched samples are 
of great value if correctly interpreted. Surface seams, internal cracks, and pipe are 
easily recognized. It is the improper Interpretation of the evidences of segregation 
and dendritic structures as revealed by deep etching that furnishes the greatest 
possibility of expensive errors and the needless rejection of material. It is not true, 
moreover, that every pit developed indicates the occurrence of an inclusion, since 
pitting may also occur as a result of add attack around carbide particles. 

Cracks frotn Efc/iinp—Hardened or otherwise highly stressed steels should be 
sufficiently tempered before etching to prevent cracking, since otherwise sound steel 
may cru.ck in the etching solution and thus lead to false conclusions (Fig. 10, 
page 655). 

Grinding Cracks—Grinding cracks can be easily distinguished by the standard 
macro etch test and are usual^ identified by a pattern of some symmetry (Fig. 25, 
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it Is emphasized that hardened pieces should be softened prior 

CracA»—^urface cracks as revealed by deep etching usually foUow 
result from improper handling during heating, forging, 
rolling, or during cooltog from the finishing temperature. With heat treated material, 
sur^e cracks may be caused by improper treatment, by improper grinding after 
hardening, or by service stresses. 

Seams in rolled material are of varying depth and usually extend in 
a stra^ht path parallel to the direction of rolling. With forged material, seams 
generally follow the ^ntour of the forging and the flow of the metal. The most 
detrimental result of the presence of seams is their tendency to start fatigue failures, 
or to o]?en up into deep hardening cracks if the metal is heat treated. This detri- 
mental enect is avoided if, in the manufacturing operations, the surface is 
to a sufiBicient depth to remove the seams. 

^ comparatively smooth surface or 
wim a nigniy rough or pitted surface, depending upon variables in manufacture, 
and com^sition. Therefore, a highly roughened surface is not necessarily detri¬ 
mental (^g. 11, page 655). It has been foimd that smoother surfaces can be 
obtained by add^ several drops of organic Inhibitor, namely, triamylamine, to the 
hot etching ^lution. Inclusions are then attacked in preference to the metal, thereby 
eliminating the general roughness and consequently producing better patterns. 

Irre^arity in pitting may usually be attributed to one or more of the defects 
given below. Certain manganese, oil hardening types are more readily attacked by 
the acid and are often decidedly roughened without in any way being defective. 

Center Porosity —^Porosity may be the result of an actual discontinuity within 
the metal, in which case it is probably more proper to classify the defect as a pipe. 
Usually, however, the porosity is of such a nature that it is not visible until the 
specimen has been subjected to the etch. This condition can be found in widely 
varying degrees and the question of whether the steel should or should not be used 
is one of experienced Judgment (Fig. 12, page 655). 

Pipes and Burste-^Pipes are internal cavities formed during ingot solidification 
and carried through the various manufacturing processes to the finished product. 
Pipe is invariably associated with segregated impurities which are deeply attacked 
by the etching reagent. Cavities in the center not associated with deeply attacked 
impurities are often mistaken for pipe but such cavities can usually be traced to 
bursts caused from improper handling of the steel during forging or rolling. Either 
of these defects should be visible after deep etching, and can generally be dis¬ 
tinguished from each other by the degree of sponginess surrounding the defect. 
Piped material usually shows considerably more sponginess than burst material (See 
Fig. 13 and 14, page 655). 

Unsound 5teel—Numerous blow holes and nonmetalllc inclusions visible as the 
result of the deep etch are usually indicative of both gases and oxides being dis¬ 
tributed throughout the steel at the time casting (Pig. 15, page 655). 

Nonmetallic Inclusions and Metallic Segregates—NomnetaUic inclusions usually 
appear as pits and must not be confused with pits occurring from the etching out of 
metallic segregates. When nonmetallic inclusions are suspected in highly alloyed 
steels which may contain metallic segregates, a comparison should be made of 
an annealed specimen and a hardened specimen etched alike. If the etching pits 
are the result of nonmetallic inclusions, they will appear similarly in both the 
annealed and hardened specimens; if they are the result of a metallic segregate 
they will differ. 

Segregations are revealed by the severity of the acid attack on the affected areas. 
The segregations may occur at the center and be so deeply attacked after etching 
that they may appear as a pipe, or the segregation may be grouped in some fairly 
regular form about the center, depending on the shape of the ingot and the mechani¬ 
cal work that has been done upon it. 

Segregation as revealed by macro etching is not always an indication of defective 
material. The segregation revealed by macro etching can be identified by e xamining 
a polished specimen under the microscope to determine if it is metallic segregation, 
crystalline arrangement, or a concentration of impurities. The microscopic identifi¬ 
cation of segregation may also be supplemented by chemical means; such as analysis 
of center drillings for carbon, phosphorus and sulphur, or by analysis of inclusions 
after chemical extraction of same. 

Internal Cracks—Internal cracks, sometimes called flakes, cooling cracks, or 
thermal checks, can be detected by the macro etch test and their identity can be 
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verified by a fracture test of a hardened specimen on which they are revealed as 
brightly crystalline spots. These cracks are an actual discontinuity in the metal 
and, depending on their nature and distribution, may make the steel unfit for use 
unless they are removed by further hot reduction (Fig. 16, page 655). , 

Dendritic Paffern—E^hing often reveals a dendritic structure which is the 
result of the crystallization characteristics of the ingot. Dendritic patterns are 
detected even in steel that has been subjected to repeated mechanical reduction. 
It has not been proven that dendritic patterns are associated with service failures, 
provided the material has been subjected to sufficient mechanical working and 
provided the segregation accompanying the dendritic formation is not in the form 
of nonmetallic inclusions which are incapable of dispersion. 

In the formation of dendrite crystals, .the intercrystalline material contains 
minute metallic segregations which are largely diffused into the crystals. However, 
when nonmetallic inclusions are thus segregated, they are incapable of diffusion. 
The use of the microscope is suggested in such cases to supplement the macro exami¬ 
nation (Fig. 17, page 655). 

Pattern Effect—Pattern effect is almost wholly the result of the crystallization 
of the ingot and generally results from that part of the bar which was the columnar 
structure of the ingot etching differently from that part which was the granular 
structure of the ingot. Should the steel contain considerable sulphide and silicate 
inclusions, then the area of contact between the columnar structure and the granular 
structure may be particularly noticeable. In the absence of large amounts of sul¬ 
phides and silicates, the pattern effect probably is of no serious consequence (See 
Fig. 18, page 656). 

Grain Size—While the deep etch test is of no definite value in determining 
grain size, nevertheless the manner in which many specimens etch may indicate 
something of the grain size. Generally the larger the grain, the coarser will be the 
appearance of the etched surface (Fig. 19, page 656). 

Decarburization and Carburization —Generally the areas which have been either 
decarburized or carburized will etch differently from the remainder of the specimen, 
chief difference usually being one of color. Decarburized parts will appear lighter in 
color and carburized parts darker (Fig. 20 and 21, page 656). 

If the section to be examined is small enough, it can be given a polished finish 
and then cold etched, say from 5 to 30 seconds, in nital (3% HNO,—^97% ethyl 
alcohol). This will generally result in excellent contrast and if the polish is good 
enough, the same sample can be examined microscopically as well as visually. 


Part III 

Etching to Determine Penetration of Hardness and Soft Spots—^There is a con¬ 
trast in color, after etching, between the hardened (case) and the unhardened 
(core) sections of a heat treated section of shallow hardening steel. Use of this 
characteristic is quite valuable in determining the depth to which a sample has 
hardened. 

To properly show up the penetration of hardness, the sample should have a 
finish equivalent to that produced by polishing with #00 emery cloth, or finer. The 
sample can then be etched either in Ifiot or in cold acid. If hot acid, the groimd 
sample is dipped from 15-60 seconds ih solution of 50% hydrochloric acid in water 
at 160-175*'F. If it is desired to etch cold, the ground sample is etched from 5-10 
minutes in a cold solution 10% nitric acid in water. On a polished surface, nital 
produces excellent results. After either method of etching, the sample should be 
thoroughly washed in warm water with a cloth or sponge, and then dried with an 
air blast. If it is desired to preserve the etched surface of the specimen, the pro¬ 
cedure for this, as suggested in Part II, should be followed (Fig. 21, page 656). 

Soft spots which so often result when hardening carbon or low alloy tool steels 
can generally be distinguished by either of the above mentioned macro etching 
methods. The soft spots invariably etch in relief and are not so dark in color as the 
harder surroimding areas (Fig. 24, page 658). 

Part IV 

Etching to Reveal Flow Lines—A longitudinal section when subjected to macro 
etching will show, to a greater or less degree, fiow lines due to the elongation of 
structural constituents. These fiow lines indicate the directions in which the steel 
was worked during rolling or forging and do not signify defective material (Fig. 2). 
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The longitudinal face on which it is desired to develop the flow linw 
have a smooth surface, either machined or groimd. The etching procedure is 
out in 60% hydrochloric acid in water at 160-175®P. in the same manner as outlmed 
in Part 11. The length of time required to develop flow lines is a variable, therefore 
it is necessary to inspect the piece from time to time while it is etching In order 
to determine when the etch has progressed far enough. 

Occasionally a piece will be encountered on which it is difficult to develop flow 
lines. A suggested aid is to paint the etched surface of. the piece with India ink, 
and then when dry to lightly rub the inked surface with fine emery cloth. This 
removes the ink from the high portions of the surface and leaves the ‘‘valleys 
blackened, thus providing the necessary contrast needed to show up flow lines. 

Etched surfaces showing flow lines can be preserved in the same manner as 
other etched surfaces as noted in Part n. 
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The Significance and Interpretation of Nonmetallic 
Inclusions in Steel"^ 

Introdactloii—The inclusions under discussion are the solid, nonmetallic particles 
present in steel. Gas bubbles and separated carbides are not included. The solid 
inclusions are primarily oxides, silicates, and sulphides. Some nitrides are Included 
in this category. Few, if any, inclusions are pure chemical compounds, practicaUy 
all are complex mixtures. 

Source of Inclusions—Inclusions may come from the solid products of necessary 
reactions of the refining process, this type being **naturar’ inclusions, and normally 
are quite small, since they are the ones that have not floated out while the steel 
was still molten or were precipitated during freezing. Accidental or adventitious 
Inclusions are produced by such things as slag mechanically entangled in pouring, 
eroded nozzle material, pieces of runner bricks, or molding sand. These inclusions 
get into the steel so late that they do not have time to escape before the steel 
solidifies. The natural inclusions may be present as a separate phase in the melt at 
high temperatures, or may be thrown out of solution from the melt because of 
changing equilibrium conditions and solubility as the temperature falls and the steel 
freezes. 

Effect of Inclusions in Steel—All steel contains some inclusions. Some steels 
contain many, and among these, the predominant inclusions may be of different 
types. 

Since an absolutely clean steel is commercially unattainable, one must use steel 
with some Inclusion content. Free machining steels with a large content of inclu¬ 
sions of a selected type (mostly sulphides) fill an extremely important place. It is 
probable that such steels have lowered endurance values and some designers frown 
on the use of free machining steels for parts to carry load involving impact or 
repeated stress. It is true, nevertheless, that some types of high sulphur steel have 
been used successfully in numerous applications where service conditions are severe, 
as for example, rifle barrels and certain auto parts. 

Moore' states that dirty steel is unreliable. Moore and Kommers’ made endurance 
tests on annealed screw stock. Some specimens withstood 60 million cycles at 
28,000-29,000 psi., but one broke after some 3 million cycles at 25,000 psi. 

McAdam,* Mathews,^ and Haigh’’ comment on low endurance values due to inclu¬ 
sions. It is evident that an inclusion of such shape, nature, and orientation to the 
applied stress that it will act as an important stress-raiser, analogous to a surface 
notch, may have a harmful effect, especially in dynamic loading. 

Jolmson* made endurance tests on aircraft engine steels and found the values 
to vary inversely with the inclusion count. The small well scattered inclusions had 
a negligible effect whereas the long stringer type were potent in lowering endurance 
values. 

In static tests the effect of inclusions depends especially on the orientation of 
the inclusion and the applied stress. A rounded inclusion in cast steel does not have 
a directional effect on ductility, but elongated ones in wrought steel may cause the 
transverse ductility to fall markedly below the longitudinal ductility, though the 
tensile and yield strengths are practically imaffected. Wrought iron, with its slag 
stringers, is a notable example of a metal with directional properties caused by 
Inclusions. 

Effect on Mechanical Properties—That inclusions never exert any harmful effect 
on mechanical properties is a thesis that could not be defended. It is often extremely 
dlfllcult, however, to establish that inclusions are harmful. For example, the Joint 
Committee on Effect of Sulphur and Phosphorus in SteeP carried out exhaustive 
tensile, shear Impact, and endurance tests on rivet steely with S varying from 
0.03-0.18% and hence, in the higher S steels, with copious inclusions of the MnS 
type. The sum total of all these tests was that the properties of rivet steels were 
practically unaffected by the inclusion content, except in respect to notch bar 
impact values. These were, of course, soft plastic steels in which redistribution of 


^Prepared by the Subcommittee on the Significance and Interpretation of Nonmetallic Inclu¬ 
sions. The membership of the subcommittee was as follows: Clyde B. Williams, Chairman; C. H. 
Herty, Jr., John Chlpman, D. J. McAdam, Jr., MerrlU Schell, C. B. Sims, B. C. Smith, 8. P. Urban, 
A. L. Boegehold, H. W. Graham. J. B. Johnson, L. A. Lannlng, B. M. Larsen, O. C. Rlegel, Frank 
Scott, F. N. Speller, Haakon Styri. 
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stress takes place readily. This may account for the minor effect of the MnS 
inclusions. 

The distribution of inclusions may profoundly Influence their effect on the 
mechanical properties of steel. This has been clearly demonstrated for cast steel 
by Sims* and Lillieqvist who showed that sulphide inclusions when present as widely 
separated globules had a minimum effect on ductility and notch bar Impact values, 
but when they are strung out in the primary grain boundaries as films or eutectic 
formations, they may drastically lower these properties. 

Certain Types of Inclusions May Be Beneflcial--It is generally considered that 
a steel to which aluminum has been added for purposes of grain size control contains 
AlaOa inclusions or complex inclusions largely made up of AlgOs, even though we 
cannot see them under a microscope. Whether one wishes to consider AlgOi or 
residual A1 as the primary cause of inhibition of grain growth, few will dispute that 
AlaOt is present. In this case, however, it is almost certainly the submicroscopic and 
not the visible particles which restrict the grain growth. Bain* commented on 
the exaggerated grain growth and propensity toward hardening cracks of very pure 
Fe-C alloys and remarked that where it is necessary to handle such material com¬ 
mercially, one would have to add judiciously selected nonmetallic material to make 
it fit for service. On the other hand, clumps of Al^Oi visible to the unaided eye are 
known to be deleterious to tool life in machining and to dies in wire drawing. 

Nonmetallic particles of sufficient niunber and of submicroscopic size may have 
a marked strengthening effect on mechanical properties, but, especially if the 
matrix is ductile and if the particles are rounded, the same materials agglomerated 
to the size of the smaller inclusions that we can see under the microscope, have 
much less effect. This is evident in the difference in properties of two precipitation¬ 
hardening alloys, one of which is fully hardened and the other over aged so that 
the hardening particles were agglomerated. 

Inclusion Rating Charts—For any particular service, between the unattainable 
lower limit of a steel with no inclusions at all and the upper limit of a steel so 
dirty as to be admittedly unsuitable, there is some not welj defined region that 
divides the acceptable steels from the imacceptable. For a long time, producers and 
users have attempted to precisely define this region, and to And methods for defl- 
nitely specifying the limiting content, size, type, and distribution of permissible 
Inclusions. 

These attempts usually take the form of ''inclusion” charts or numerical ratings 
derived from the charts, showing unetched micrographs with characteristic inclu¬ 
sions as to size, shape and frequency of occurrence. The specimen, selected from a 
predetermined position in the bar or billet, is rated by the comparison with the 
chart. There is no unanimity in the standard charts, each large purchaser is likely 
to have his own, and each steel mill may, in addition, have its own chart. However, 
the charts do not vary enough to make it important which particular one should 
be adopted when the time comes to standardize some more official method of rating. 

The difficulty in the use of any chart lies, not in telling what standard micro¬ 
graph or micrographs match the inclusions in the specimen being examined, but in 
knowing that the specimen is a representative sample. A large number of sections 
must be examined in order to establish on a statistical basis what the correct rating 
of the steel may be. Apparent uniformity in the specimens examined, moreover, does 
not prove that the steel does not have some large or segregated inclusions in some 
other part of the heat. With sufficient patience almost any one who wished to 
reject a lot of steel could And some single field under the microscope containing 
sufficient inclusions to appear to justify a claim that the steel was not of proper 
quality, although this field might represent only the minutest area of the whole lot 
of steel under consideration. 

By their very nature, Inclusions are not homogeneously distributed through the 
steel, so that random sampling may entirely fail to appraise the steel as a whole. 

Chance plays an important part in the distribution of inclusions, and likewise 
in the location of an inclusion at a point of crucial stress in an actual structure. 
For example, it is by no means uncommon, in examining a rotating beam endurance 
specimen which has shown normal life, to find a few hundredths of an inch away 
from the most highly stressed area of the surface, an inclusion which, had it lain 
in that most highly stressed area, would have led to early failure, but because it was 
not situated at the imfavorable location, did no harm whatever. Likewise, large 
inclusions elongated in the direction of the stress often have an insignificant effect. 

Poor fillets, tools marks, key ways, stamped numbers, accidental scratches and 
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rfmiiftr imposed stress-raisers, cause a thousand failures to one that is properly 
ascribable to a stress-raising inclusion in the metal itself. Yet, in some uses, such 
as automotive and aircraft ordnance, and in pressure vessel applications, it is 
^hhnportant to eliminate the possibility of the one failure due to an inclusion. 

One would expect a dose correlation between inclusion content and perfor¬ 
mance in hard, highly stressed balls, rollers, and races of antifriction bearings. 
Steels containing large Inclusions, visible to the naked eye on a polished surface, 
have been found to be subject to flaking and spalling, and many fatigue failures 
in large roller bearings have been definitely shown to have their origin in slag 
stringers so large that they must have been of accidental or adventitious origin. 
Little definite relation has been found between bearing life and presence of the 
normal indusions of microscopic size. The opinion is held by some bearing manufac¬ 
turers, nevertheless, that even small inclusions are harmful in very hard steels. 

It is chiefiy in the case of impact or repeated stress that the accidental stress¬ 
raising' inclusion is to be feared in otherwise satisfactory material. The problems 
(tf directional ductility in deep drawing, cold bending, flanging and similar opera¬ 
tions where breakage might occur in fabrication are easily handled by transverse 
bend and tensile tests in standard mechanical testing, and the inclusion problem 
is not of direct importance from the point of view of such fabrication. Inclusions 
might be the last straw to render material otherwise somewhat lacking in suitability 
obvioudy unsuitable, but will seldom Indeed be a major cause. Steel for quenching 
may be more prone to quenching cracks because of Inclusions, but this again is 
seldom a major cause of trouble, other factors usually being far more potent. 

From the point of view of mechanical failure inclusions met in ordinary com¬ 
mercial steels may be said to have practically no deleterious effect in parts made of 
ductile material, subjected to static stress. Under applied stress such material is de¬ 
formed plastically at the apex of the stress-raiser, the stress is redistributed, and 
nottfing further happens. As the matrix becomes harder, through increase in carbon 
or alloy content, and still more markedly when hardened by excessive cold work or 
by quenching, followed by only a limited toughening by tempering, as in spring steel, 
the effect of an imposed stress-raiser is more marked, even in static loading, and still 
more marked in impact or under repeated stress. The effect of a stress-raising 
inclusion is analogous to that of an imposed stress-raiser. Hence, Inclusions may be 
expected to have little effect in soft steels under static load, as in structural steel 
for buildings, but an important effect in very hard steels under dynamic loading. 

To impose the same inclusion ratings on reinforcing bar and on airplane con¬ 
necting rods would be poor engineering. Yet it is difficult for the engineer to 
determine the proper inclusion rating for an automobile gear steel, and wide differ¬ 
ences of opinion exist. 

Inclusions May Be Detrimental in Welds—In this case again it is the gross 
Inclusions that are most feared. Slag reaction products have very little time to 
rise in the short time the weld metal is fluid. Welding rods coated with, or contain¬ 
ing, materials that produce a blanket of reducing gas to exclude oxygen and nitrogen 
of the air, and others that produce very fluid slags with the oxygen contained in 
the air that reaches the weld, as well as processes of welding under layer of fluid 
slag, are employed to avoid weld defects arising from inclusions. These large in¬ 
clusions are generally detectable by radiography so that specific inspection methods 
are available through which to trace down and eliminate the causes of trouble. 

The suitability of steel for welding and for use in welding rods may be afleclei 
by gas evolution resulting from reaction of carbon with oxygen in oxide or silicate 
Inclusions, which gas may cause splatter. Inclusions of MnS are reported to exhibit 
profound effects at the temperatures used in welding. Direct tests are, of course, 
available to handle such problems. 

There are cases in which there is no fear of inclusions directly on the score of 
strength, but where they may nevertheless injure the suitability of steel. Objects 
that are given a high polish may have poor appearance due to the presence of 
large inclusions in the polished surface. In some instances embedded particles of the 
polishing medium have been mistaken for inclusions. Metal plated on a surface 
carrying Inclusions may not adhere at the locations of the inclusions. Direct tests 
as to the specific effect may be applied in such cases. 

The Effect of Inclusions on Corrosion Is in Dispute—It is alleged for wrought 
iron that the inclusions improve the corrosion resistance while in stainless steel they 
have been termed definitely harmful. There is not enough difference in the cor¬ 
rosion rate of wrought iron and mild steel to warrant the conclusion that the 
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presence of inclusions has any effect. As far as the great toniiage of steel is con¬ 
cerned, corrosion resistance is a secondary factor and inclusions cannot change its 
order of magnitude. 

Sulphide inclusions on polished surfaces are sometimes thought to tend to 
localize corrosive attack. Most other inclusions are so resistant to solution by 
water that they appear quite inert in respect to either atmospheric or submerged 
corrosion. On the whole, normal variations in the corrosive environment have far 
more influence than variations in inclusion content. 

The effect of Inclusions on machinability and tool life is not very clear. Very 
clean steels, by the usual inclusion rating, may behave worse than a very dirty stedl 
and the free cutting steels intentionally carry large amounts of sulphide, selenlde 
or other relatively soft inclusions. It is not yet deflnitely settled as to whether 
these inclusions have a direct or corollary effect on machinability, and the speed at 
which such steels can be cut is not necessarily in the order of the amount of visible 
inclusions pre'sent. It may well be that inclusions of submicroscopic size have as 
much effect on machinability as larger ones. Steels so finished as to contain any 
free AlsOi are not considered ideal for good tool life. Very large inclusions, even of 
softer materials, may cause the tool tip to chip. 

Here again, specific tests, made under service conditions are better criteria than 
any ordinary inclusion rating. 


General Considerations—Considering the inclusion problem as a whole, the very 
large, accidental inclusions of the type produced by eroded nozzle, runner brick or 
other foreign matter that gets into the steel so late that it is caught instead of 
rising out of the steel, are universally considered detrimental. It is an impossible 
task certainly to detect such an adventitious inclusion, since there might be 
but one in an ingot and every possible sample, other than that right at this In¬ 
clusion. will give no hint of Its presence. Avoidance by scrupulous cleanliness and 
adequate cropping, rather than testing, must be the remedy for such cases. 

In general, any inclusion larger than the size corresponding to 0.01 inch diameter 
before the steel is worked, may be suspected of being adventitious. 

The smaller natural inclusions tend to be more uniformly distributed through 
the steel, but segregation occurs during freezing, and this segregation is affected by 
many variables so that there is little assurance that a sample from any one location 
in the ingot will tell deflnitely the inclusion content at other locations. 

The necessity for systematic sampling in making inclusion counts under the 
microscope has been stressed by Epstein.*® A random sample on a bar whose loca¬ 
tion in the ingot is not known stands little chance of appraising all the steel from 
that ingot and still less, all from that heat. 

Prom the point of view of mechanical properties of steel containing inclusions, 
one is interested in the composition and nature, shape and distribution of the in¬ 
clusions. This phase of the subject is discussed in other sections of the Handbook 


and may be referred to for details. 

Inasmuch as the methods for determination of the inclusion rating of a steel 
are so difficult and time consuming, and generally so unreliable (because of defects 
in the methods and especially because of difficulties in sampling) it is liot remark¬ 
able that few clear-cut conclusions can be drawn as to the exact effect of in¬ 
clusions It is plain that the most dangerous inclusions are the large ones that get 
in by accident, and that determination as to whether such inclusions exist in a 
given lot of steel is a difficult if not an impossible matter. The ejperience of in¬ 
dustry. however, has indicated that within certain broad qualitative limits more 
consistent and uniform performance may be expected in dyn^lc service from thcwe 
steels which contain a minimum of nonmetallic inclusions. This conclusion has led 
to a great amount of study and effort to produce cleaner steels and there is xw 
doubt that this work has resulted in a lower average inclusion content for high 


see^s certain that nonmetallic inclusions have their greatest significance for 
the steel nlant metallurgist, because they so often furnish excellent circumstantial 
evidence for the diagnosis of pathological conditions. This phas^of course, is more 
concerned with identification and distribution than with quantity and inamuch m 
its ramifications lead deeply into the field of process metallurgy, it is outside the 


province of this article. » . . . • . . 

In regard to serviceability, the deleterious effect of the microscopic, normal In¬ 
clusions of carefully made steel has probably been over ^phasiz^. Some ^ 
users of steel for dynamic service consider the test for mlcrocleanllness the least 


740 


NONMETALLIC INCLUSIONS IN STEEL 


significant of all the tests used for acceptance of steel. While it is true that in¬ 
clusions have been identified as the direct or contributory cause of some failures, 
in most failures in service it is wise to look for other plausible causes for trouble, 
before worrying about the probable effect of an occasional inclusion. 
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Identification of Inclusions in Steel by the Use of 
Reflected Polarized Light* 

Introduction—The use of reflected polarized light is a comparatively new tool 
in metallography. Transmitted polarized light has been used for some time to 
determine strain in transparent substances (photoelasticity). The use of polariz^ 
light to determine the constituents of mineralogical thin sections is wefl known 
and in technological practice. The science of mineralogy has thus far described 
261 minerals as opaque, of which 93 are shown by the microscope to be either 
mixtures of minerals or doubtful species.* The use of a polarizing microscope Is 
no longer conflned to the field of petrography. Due to the pioneer work of Dr. 
Emile Chamot, the polarizing microscope is now used to advantage in the field of 
chemical microscopy.* Slag investigations have been carried out and the mineral 
composition determined with the aid of the polarizing microscope.*** ** Research 
workers in various branches of science have given testimony to the possibilities 
of investigation with this tool. Although the use of polarized light was recom¬ 
mended for the study of opaque substances as early as 1909 by Kdnigsberger * it has 
not been used in metallography until quite recently. A few treatises have appeared 
from time to time dealing with reflected polarized light in the study of opaque ores 
and metals (See references 6-18). 

The use of reflected polarized light to identify opaque substances has not been 
as outstanding as the effects obtained with transparent materials. Until quite 
recently all of the polarizing microscopes for reflected light did not fumidi truly 
linear but slightly elliptically polarized light in the plane of the object.'^ The amount 
of this elliptical polarization was small but in some cases was sufficient to produce 
abnormal extinction effects. In recent years the vertical illuminator has been much 
improved in the homogenization of the field for observations between crossed nicols 
and improvements in this direcion are being continued.** * 

Diuring the past six to seven years efforts have been made by various investiga¬ 
tors to apply polarized light to metallography, as a further means of identifying 
inclusions, structural components and phases. In the development of what is 
practically a new branch of science, it is not surprising that the results obtained 
by earlier investigators were not always in agreement. The Investigations that have 
been reported show the utility of polarized light in the study of nonmetalllc inclu¬ 
sions (See references 19-31). 

During the evolution of this new tool, for metallographic investigation, research 
workers have realized that certain limitations must be placed upon its use in order 
to arrive at the correct interpretation of the results given. In order that the in¬ 
vestigator shall not obtain an erroneous identification of the inclusions to be studied, 
he should have in mind these limitations before attempting to make full use of 
reflected polarized light. He should also realize that this method, of itself, is 
often not conclusive and therefore should be used with the aid of other methods 
of identification such as etching. The nature of the optical phenomena observed 
is dependent, to a significant extent, on the design of the optical system. 

Polishing the Inclusions for Microscopic Examination—The preparation of the 
sample for the study of inclusions is of great importance to the success of the 
examination. There are several good methods of preparing the surface, and any 
method of polishing which gives the following results should be entirely satisfac¬ 
tory: (1) A smooth and level metal surface; (2) retention of Inclusions; and (3) a 
satisfactory polish on the surface of the inclusions, free from scratches, distorted 
surface layers, and films. 

The sample for examination of inclusions may be mounted in bakellte or hard 
resin to facilitate hand polishing or automatic polishing of small specimens. The 
usual preliminary polishing steps are employed, such as coarse grinding and fine 
grinding on the metallographic dry papers No. 1, 0, 00 and 000. Frequently, used 
000 paper rubbed over with paraffin or graphite is employed. The use of graphite 
is cautioned against, at least for inexperienced polishers, as this practice frequently 
leads to embedded graphite in the surface layers of metal during polishing. Such 
embedded graphite, after final polishing with alumina or magnesia, may have the 
appearance of an inclusion. 

^Prepared by a subcommittee, the membership of which was as follows: ^Merrill A. Schell, 
Chairman: Mary Baeyertz, and Joseph R. Vllella. 
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The final polishing is carried out on broadcloth laps using levigated alumina 
or magnesia. After final polishing it is important to properly clean and dry the 
prepared surface. Dried water spots produce bright areas under crossed nicols, and 
clumps of the polishing media or dirt tend to sparkle on the otherwise opaque 
polished surface, and may lead to erroneous conclusions. It is not advisable to etch 
^the prepared polished surface before microexamination, with polarized light, be¬ 
cause the surface roughness produced by etching causes scattering reflections which 
are confusing and may lead to grating polarization. Heat tinted specimens should 
not be used since such treatment may cause oxide films on the surface of the 
inclusions. 

Method of Examination—^After proper preparation of the polished surface the 
section is first thoroughly examined \mder ordinary refiected white light to de¬ 
termine the size, shape, color by ordinary refiected light, and distribution of the 
inclusions. The section is then examined with refiected plane polarized light with 
nicols crossed. Two determinations are made, namely, the determination of the 
color by transmitted light and the examination for evidence of anisotropic behavior. 

Path of the Rays in Microscopes for Use With Reflected Plane Polarized Light 
—The examination of incliisions with reflected plane polarized light may be made 
with the usual types of metallurgical microscope, if accessory equipment with which 
to obtain and ai^yze the plane polarized light is added, and certain precautions 
are observed. Some manufacturers now make such equipment in holders especially 
designed to fit into the optical train of microscopes of their own manufacture. 

The usual source of light for a metallurgical microscope is an arc or filament 
lamp. Light «(from either of these sources may be considered as vibrating in all 
directions normal to the light beam. In order to obtain plane polarized light 
(vibrating in one direction only), it is necessary to interpose a polarizer in the light 
beam. The polarizer should be situated between the light source and the field stop 
or aperture stop. The polarizer should always be protected by a heat absorbing glass 
placed between it and the light, in the case of an arc lamp. With small incandescent 
lamps this is not necessary. 

The polarizer, commonly termed “nicol prism,” is so constructed that when a 
beam of unpolarized light is passed into it, the resulting transmitted beam is plane 
polarized. The vibration direction of the light emerging from the polarizer can be 
regulated by rotating the polarizer around the axis of the optical train. The 
polarizer should be rotated until its vibration direction is either perpendicular or 
parallel to the axis of tilting of the reflector in the vertical illuminator and then 
be kept in that position during microscopic observations. If the polarizer deviates 
only a fraction of a degree from this position, elliptical polarization will be intro¬ 
duced. 

From the vertical illuminator, usually a prism of special design, the plane 
polarized light is projected through the objective to the specimen surface from 
which it is reflected into the microscope to the eyepiece which forms the visible 
Image. Before being viewed at the eyepiece, the light refiected from the specimen 
is passed through an analyser. The analyser may be placed between the vertical 
illuminator and the eyepiece or a cap nicol, placed over the eyepiece, may be 
used instead. 

The analyser functions in a similar manner as the polarizer. Thus only plane 
polarized light which vibrates in the direction of the analyser can pass through it. 
When the vibration direction of the analyser is set at 90^ to the vibration direction 
of the polarizer, the nicols are said to be “crossed.” With crossed nicols the plane 
polarized light which passes the polarizer, if reflected unchanged to the analyser, 
cannot pass the analyser and the field of view is dark. If the character of the 
polarization is altered, that is, if the plane polarized' light becomes elliptically 
polarized, or the vibration direction of the polarized light is changed then light 
will pass the analyser. 

Change in the character of polarization and resolution into components of 
the vibration direction of plane polarized light can be caused by reflecting surfaces 
in the optical train, so it is advisable to eliminate them or place them so that the 
minimum effect is obtained. Rotation of the specimen should be obtained by 
rotating the stage on which the specimen is fixed. For this purpose the micro¬ 
scope should be equipped with a rotatable stage, preferably graduated in degrees. 
Cross haired eyepieces, representing planes of vibration of the nicols, are very 
desirable. 
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Brightness, Color, and Surface Anomalies—Brightness or transmitted light color 
may usually be observed in a few inclusions if a number are present and if the 
inclusions are transparent or reasonably translucent. 

The transmitted light is observed because incident plane polarized light is 
refracted into and transmitted through the translucent inclusions and is reflected 
inclusion metal interface, from a crack in the inclusion upon which badr 
reflections can take place, or, in inclusions which contain more than one phase, 
from the phase botmdaries within the inclusion. The light coming out from the 
inclusion is no longer plane polarized as it was before entering the inclusion. 
Random reflections from the inclusion metal interface and other internal interfaces 
cause the character of original plane polarized light to be changed so that light 
passes the analyser. This effect has no connection with anisotropii^ (both isotropic 
and anisotropic substances show it) and particular care should be taken not to 
confuse it with anisotropic behavior. If the nicols are parallel appearance of the 
inclusions is similar to that observed by ordinary reflected light. The general 
illumination from the Incident beam as reflected from the polished metal surface 
is so great that the much weaker transmitted light from the inclusion cannot be 
observed or is seen only indistinctly. This small amount of light from the internal 
reflection through the inclusion may be seen by crossing the analyser nicol, which 
efUciently removes the surface reflected light and if the inclusion is sufficiently 
translucent its transmitted color can be identified provided that the birefringence 
of the inclusion mineral is not high. Under certain conditions of internal reflection 
in minerals of high birefringence, the colors observed with crossed xiicols are inter¬ 
ference colors rather than the transmitted light color of the mineral. If the sub¬ 
stance is translucent the transmitted light color may be complicated, with certain 
anisotropic inclusions, by reason of high absorption for certain wave lengths which 
vary in certain crystallographic directions of crystalline inclusions (reflection 
pleochroism). 

Aside from these confusing effects in certain anisotropic inclusions, the de¬ 
termination of the transmitted light color depends on the following factors: (1) The 
dimensions of the inclusion; (2) the orientation of the reflecting surface with re¬ 
spect to the vibration planes of the nicols; (3) the translucence of the inclusion; 
(4) the method of polishing (freedom from polish film, scratches, and differences hi 
level of different constituents); (5) the crystallographic orientation of any aniso¬ 
tropic crystals in the inclusion from which internal reflection takes place; and (6) the 
numerical aperture and type of objective. 

Thus reflection through a relatively thin layer of a highly translucent sub¬ 
stance from a metal inclusion interface or, in inclusions which contain more than 
one phase, from a highly reflecting phase-translucent phase interface will give the 
maximum reflected light for observation, provided that the reflecting surfaced 
properly placed with respect to the vibration directions of the nicols. The difficul¬ 
ties of determination of the transmitted light color increase markedly as the 
translucence of the inclusions decreases. An objective of high numerical aper¬ 
ture sometimes alters the apparent brightness and color of the inclusion regardless 
of whether it is translucent or opaque. This is probably due to the fact that less of 
the plane polarized light can be reflected unchanged, because of the possibility of 
introducing elliptical polarization caused by objectives used for high magnification. 
The light gathering properties of the high numerical aperture lenses make any 
particular inclusion, only slightly translucent, appear brighter than with lower 
numerical aperture lenses. With opaque inclusions, especially, immersion objec¬ 
tives modify the apparent reflectivity. The apparent reflectivity increases as the 
difference between the refractive index of the inclusion and the refractive index 
of the surrounding material increases. Portevin and Castro* have observed that 
examination under a dry objective generally gives more violet shaded colors than 
an immersion objective does. At times the dimensions of the inclusion and the 
surface polish offer disturbing effects to a proper identification. In certain hard 
inclusions of small dimensions, their surface is not always polished plane and is 
frequently convex. When examined by reflected polarized light, diffraction and 
depolarization phenomena are set up at the edge of the inclusion. Likewise, pits 
and scratches on Isotropic surfaces improperly prepared can produce effects which 
may be mistaken for anisotropic behavior. 

Anisotropic Behavior—Examination of the inclusions by reflected polarized light 
between crossed nicols may enable the investigator to distinguish the isotropic 
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vitreous (no crystal system) and crystalline substances (cubic system) from the 
anisotropic substances (all other crystalline systems). 

Substances showing one index of refraction are called isotropic and regardless 
of their orientation they appear to have no effect upon the light which enters 
^^em, other than single refraction and the absorption giving ri^ to their trans- 
ftnitted light color. Examples of isotropic substances are those which crystallize 
in the cubic system (including most metals), and those which can be classified 
as amorphous (glasses). 

Anisotropic substances exhibit more than one index of refraction, that is, 
anisotropic materials possess the property of resolving the vibrations of light which 
enters them into component vibrations which are plane polarized, but vibrate 
in different planes and travel at different rates through the crystal. The difference 
between the indices of the rays gives the strength of birefringence and is char¬ 
acterized as strong or weak. The identiffcation of anisotropy in Inclusions of weak 
birefringence, that are transparent or translucent, is especially difficult owing to 
the disti^bing effects of internal reflection. Thus, materials of weak birefringence 
appear to behave the same as isotropic ones under reflected plane polarized light 
with nicols crossed. Opaque isotropic inclusions will remain dark in all positions 
when the specimen is rotated in the plane of its polished surface, the reason for 
this being that the plane polarized light suffers no change in its state of polariza¬ 
tion when reflected vertically from any plane surface of the isotropic substance. 
Thus the direction of vibration is unchanged and if the nicols are crossed the 
reflected light will be extinguished by the analyser. 

Anisotropic substances when examined with completely linearly polarized re- 
fleclld light, disturb the condition of the plane polarized light beam reflected 
vertically by their surface. These disturbances may show themselves in two ways. 
Most important of these changes is the resolution into components of the plane 
of vibration. Due to this resolution into components, the reflected light will have 
a component in the vibration direction of the analyser and some light will pass 
through it. Rotation of properly oriented crystals of the anisotropic substance 
will cause the reflected light to vary from extinction to maximum brightness four 
times in 300*’ rotation of the stage, in contrast to opaque isotropic substances which 
remain dark between crossed nicols as during a 360° rotation. Only in the positions 
in which the principal directions of vibration (axes of optical elasticity) of the 
anisotropic surface coincide with the vibration directions of the nicols will there be 
extinction. At these positions there is no resolution into components of the plane of 
vibration of the reflected light. 

The incoming linear polarized light can also be reflected as circular or elliptical 
polarized light, two special cases of the resolution into components, which is pro¬ 
duced because of the birefringence of the material. These are the principal dis¬ 
turbances which cause a change in the nature of the polarized light if brightness 
of the beam has been restored. These two effects can be distinguished from one 
another by means of compensators which can be added between the polarizer and 
analyser. The function of the compensator is to introduce any desired phase differ¬ 
ence into polarized light. A quartz wedge is an example. Thus by means of com¬ 
pensators, polarized light with any amount of ellipticity may be changed to plane 
polarized light which is the only type of polarized light capable of being entirely 
absorbed by the analyser nlcol. 

These disturbances of the plane of vibration can vary in regard to the degree 
to which they can be evidenced so that we observe a strong or a weak birefringence. 

The magnitude of these effects in most cases are rather small, particularly with 
inclusions exhibiting weak birefringence, so that it is of great Importance that the 
incoming polarized light be wholly plane polarized as otherwise any small elliptical 
polarization effect from the inclusion may be missed, and the absence of observable 
anisotropic behavior under crossed nicols will not indicate that the inclusion may 
be actually isotropic. The effects obtained by internal reflection and anisotropic 
behavior are superimposed in translucent anisotropic Inclusion minerals. A thorough 
knowledge of the optical system being used, of the behavior of polarized light and 
also of the optical properties of inclusion minerals is required to interpret micro¬ 
scopic observations. 

Identification Tests for Inclusions—The following scheme of identification con¬ 
tains tables of properties of substances which may be encountered as nonmetalllc 
Inclusions in the examination of steels and irons. It ifiiould be noted that inclusions 
in metals rarely consist of a single pure component and their properties are there- 
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fore ^ikdy to coincide precisely with those of the minerals to which they are 
related. Further, the methods just described for the examination of polished 
metallographlc specimens are sometimes incapable of distinguishing some of their 
optical properties. For more detailed information on the minerals given in the 
tables, and for information on other possible “inclusion minerals,’* the investigator 
is referred to E. S. Dana “Textbook of Mineralogy” edited by W. E. Ford, A. N. 
Winchell Microscopic Characters of Artificial Minerals,” and H. Schneiderhdhn 
and P. Ramdohr “Lehrbuch der Erzmlkroskopie,” v. 2. 

The minerals described however, will help to identify incluiSions on the basis 
of optical character. Certain inclusions derived from refractories occur as minerals 
these tables will help to identify such inclusions which might be 
identified as other substances if the scheme for etching identification tests were 
used alone. 

The tables also include the characteristics, which may be observed by re¬ 
flected plane polarized light with crossed nicols, of inclusions in steels and irons 
similar to the composition of the minerals. 

The properties of the minerals described in the tables (a) to (f) inclusive are 
for minerals of the particular allotropic modification as stated and do not corre¬ 
spond in all cases to the properties of inclusions that may occur in steels and irons 
of quite similar chemical composition. 

For the convenience of the investigator an etching scheme is also included 
to enable the identification of certain opaque oxides frequently encountered as 
well as other isotropic substances which can sometimes be identified by their color 
and shape and can be further distinguished by their etching characteristics. 

The investigator should make all of his observations by reflected plane polar¬ 
ized light with crossed nicols, first, before applying the etching tests to his sample 
for Identification purposes. 

Proper use of the scheme should employ the following procedure: 

1. Examination of the inclusions “as polished” with ordinary reflected white 
light at X200, X500 or XIOOO; to observe the size, shape, reflected light color, and 
distribution of the inclusions. 

2. Selection of several representative fields for further investigation by re¬ 
flected plane polarized light with crossed nicols for obser\'ation of isotropic or 
anisotropic behavior, opaqueness or translucency, and transmitted light color. 

3. Complete Identification of opaque inclusions and others when in doubt with 
appropriate etching tests. 

A more complete report of this article will appear in Trans. A.SM. 


Distinctions to Be Observed for the Identification of Inclusions in Steels and Irons 

With Reflected Polarized Light 


System Used Below for Property Designation 


1. Name and Formula 

a. Crystal system 

b. Melting point 

c. Hardness (Mohs* Scale) 

d. Color by reflected white light % 


e. Color by transmitted white light (plane 
polarized light crossed nicols) 

I. Index of refraction 

g. Common occurrence 

h. Remarks 


Inclusion Minerals Which Always 

1. Ferrous oxide, FeO 

a. Isometric 

b. neo-c., 2480*P. 

c. 5.5-6.5 

d. Medium grey 

e. Opaque 

2. Magnetite, FeO.FeaOs 

a. Isometric 

b. 1327-80‘‘C., 2421-2816T. 
e. 5.5-6.5 

d. Light grey 


Remain Dark During ZBO* Rotation 


g. In scale, and as more or less rounded 

single phase globules in rimming and 
similar steels low in silicon and man¬ 
ganese. 

h. Somewhat malleable at S R T (steel roll¬ 

ing temperatures). 


e. Opaque 

g. m scale 

h. Not malleable at 8 R T 
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3 Titanium nitride, TIN 

a. leometrle 

e. 9-10 

d. Yellow 

e. Opaque 

g. In steels and irons treated with ferro- 
titanlum. 


4. Zirconium nitride, ZrN 

a. Isometric 

b. 2950^0.. 6342*F. 

d. Yellow 

e. Opaque 

g. In steels and irons treated with ferro- 
sirconlum. 

I. Vanadium nitride, VN 

a. Isometric 

b. 2000*'C., 3632*F. 

0. 9-10 


h. Not malleable at S R T. May contain TIC 
in solid solution. Color in reflected white 
light varies from yellow to pink to violet 
with increasing carbon content. Pink 
sometimes called cyano-nitride. The in¬ 
clusions are strongly angular and easily 
pitted in polishing. 


h. Not malleable at S R T. May contain 
ZrC in solid solution which produces 
varying colors by reflected white light: 
Orange, brown, violet, blue. The inclu¬ 
sions are strongly angular and they may 
be distinguished from TIN by etching 
tests. They are softer and easier to 
polish than TIN. 


d. Pink 

e. Opaque 

g. In vanadium steels. These inclusions re¬ 
semble titanium cyano-nitride. 


Translucent Isotropic 

1. Manganous oxide, manganosite, MnO 

a. Isometric 

b. 1700‘0., 3092*F. 

0. 6-6 

d. Very dark grey 

e. Green 

f. N = 2.16 (Li) 

g. In steels and irons high in manganese 

which have not been deoxidized with 


2. Manganous sulphide, alabandite, MnS 

a. Isometric 

b. 1620*C.. 2948*F. 

C. 3.6-4 

d. Medium grey 

e. Green 

f. N = 2.70 (Li) 

g. Steels and irons except those with very 

low manganese content. 


3. Iron alumlnate, hercynite, FeO.AlaOt 

a. Isometric 

b. Above 1700*C., 3092*F. 

c. 7.6-8 

d. Medium to dark grey 

e. Colorless, green, yellow brown, reddish 

brown, opaque when rich in iron oxides. 

f. N = 1.80 


4. Chromite, FeO.CraOs 

a. 7‘iometric 

b. 5.6 

d. Medium grey 

e. Red, reddish brown, yellowish brown, or 

opaque depending on the thickness. 

f. N = 2.07-3.16 


Inclusion Minerals 


other more effective deoxidizers, for ex¬ 
ample, aluminum and silicon, 

h. Somewhat malleable at S R T. Usually 
contains more or less FeO in solid solu¬ 
tion. Color by reflected white light 
changes from dark grey to medium grey 
with Increase in FeO. Color by trans¬ 
mitted light changes from green to red 
or brownish red to opaque with increase 
in FeO. 


h. Very slightly malleable at S R T, malle¬ 
ability increases with increase in FeO in 
solid solution. Usually contains FeS in 
solid solution. In stainless steels prob¬ 
ably also contains Cr in solid solution. 
Color by reflected white light changes 
from medium grey to greyish white, with 
pearly luster, with increase in FeS. Color 
by transmitted white light changes from 
green to greenish yellow or brown to 
opaque with Increase in FeS. 


g. In steels and irons treated with aluminum 

and in some inclusions derived from re¬ 
fractories. 

h. Not malleable at S R T. Change in color 

and translucence due to solid solution. 
Opaque varieties are lighter grey by re¬ 
flected white light. Frequently occurs as 
equiaxed euhedral crystals. Not as diffi¬ 
cult to polish as inclusions rich in AlaO*. 


g. In steels and irons which contain chromi¬ 

um. 

h. Not malleable at S R T. Frequently occurs 

as equiaxed euhedral crystals, and also 
observed to be of eutectic nature. These 
inclusions are easily polished. 


USE OP REFLECTED POLARIZED UOHT 


747 


%. Silica glasses 


a. 

b. 

c. 

d. 


e. 


f. 

g. 


Noncrystalline 

Variable 

Approximately 7 

Light to very dark grey, sometimes with 
bright Internal reflections. 

Colorless or all colors depending on con¬ 
tamination with other oxides. 

Variable 

In steels and irons which contain silicon 
which have not been thoroughly deoxi¬ 


dized with other more effective deoxi¬ 
dizers, for example, aluminum; and In 
some inclusions derived from refractories, 
h. Varying degrees of malleability at 8 R T. 
May be more or less milky because of 
precipitation of other minerals In finely 
divided state within the glass on cooling. 
In cast or weld metals transpafimt 
spherical glassy silicates exhibit the dark 
optical cross by transmitted white light. 


1 . 


Opaque Minerals Showing Anisotropic Behavior 
Ferrous sulphide, troillte, FeS 


a. Hexagonal 

b. 1180-1190’C.. 2158-74*F. 

c. 3-4 

d. Light tan or yellow 

e. Opaque 


g. In steels and Irons very low in manganese 

h. Malleable at S R T. Under reflected plane 

polarized light with nicols crossed, prop¬ 
erly oriented grains show four extinc¬ 
tions in 360*. 


Translucent Anisotropic Minerals with Weak Birefringence 
1. Alumina, corundum. AlsOa 
a. Hexagonal 


b. 2050*C.. 3722-F. 

c. 9 

d. Medium grey 

e. Colorless 

f. No = 1.77 Ne = 1.76 (Na) 

g. In steels and irons treated with aluminum, 

and in some inclusions derived from re¬ 
fractories. 

h. Not malleable at 8 R T. Color by trans¬ 

mitted light changed v&riously by im¬ 
purities in solid solution. Occurs as 
equiaxed or elongated grains with Ir¬ 
regular surfaces, or euhedral crystals. 


These have a tendency to group to¬ 
gether in clumps or small clouds of 
particles. During rolling or forging 
these groups are formed into irregular 
rows of particles in the direction of 
working. These Inclusions are rarely 
pure and may contain FeO and SiOa. 
The Inclusions rich in AlaOs are difficult 
to polish and frequently their aniso¬ 
tropic behavior is masked by reason of 
their transparency and highly reflecting 
metal inclusion interface, or by round¬ 
ing the edge of the cavities left by their 
removal. 


2. Mullite, 3Al208.2Si0a 



a. Orthorhombic 

e. 


b. 1816*C., 3301*F. 

f. 


c. 7.6 

d. Medium to dark grey 

h. 

3. 

Quartz, SiOa 



a. Hexdgonal 

d. 


b. 1600-1750*0., 2912-3182*F. 

e. 


c. 7 

f. 

4. 

Oristobalite, SiOa 



a. Pseudo-isometric (tetragonal?) 

b. 1696*C.. 3086*P. 

e. 

f. 


c. 6-7 


d. Medium to dark grey 

h. 


Translucent Anisotropic Minerals wii 

1. 

Fayalite, 2PeO SiOa 



a. Orthorhombic 

b. 1205"C., 2201*P. 

e. 

f. 
h. 


c. 6.5 

d. Medium to dark grey 

2 . 

Ferric oxide, hematite, FeaOa 



a. Hexagonal 

f. 


c. 5 

d. Medium to light grey 

g- 


Colorless, pink 

Ng = 1.654, Nm = 1.644, Np = 1.642 
Frequently occurs as long euhedral crj 
in glass inclusions. 


Colorless 

No = 1.487, Ne = 1.484 
Usually associated with glass. 


Colorless, light green, yellowish green, yel¬ 
lowish brown. 

Ng = 1.886, Nm = 1.887, Np = 1.836 
Frequently contains 2MnO.SiOa in solid 
solution. 


No = 3.22, Ne = 2.94 (Na) 

Frequently occurs as outer layer of scale. 


8. Chromic oxide, CraOs 

a. Hexagonal 

b. 1900*C., 3462*F. 

d. Medium to light grey 

e. Green, depending on the thickness 


f. N = 2.5± 

g. In stainless steels and other high chromi¬ 

um materials 

h. Not malleable at 8 R T. These inclusions 
. are harder than chromite. 


4. Aluminum Nitride, AIN 

a. Hexagonal 

b. 2150-2200*0., 3902-92*P. 
d. Dark to very dark grey 

f. B' ’ ''***« T'ot 

Often show brilliant polarization colors. 


g. In chromium produced by the alumino 

thermic process and in chromium ateeli 
containing aluminum. 

h. Frequently occurs as euhedral crystals. 
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Scheme for Etching Identification Tests 

Appearance with Befleoted White Light—X200. XSOO, XIOOO 
Grey or BZocJfc Inclutiont Yellow, Tan or Pink Incluelone 


Btch 10 sec. In 10% Alcoholic Nitric Acid 


More Contrast 
a. FeO in FeO.FeS 
eutectic darkened 


Unattacked 

Etch 5 min. in 10% 
Chromic Acid in Water 


Attacked 

a. Removes Fe8.MnS 
rich in MnS 
Darkens FeO.MnO 


b. 


Unattacked 

Etch 5 min. in boiling 
Alkaline Sodium Pic- 
rate 


Attacked 

a. Removes FeS.MnS 
rich in MnS 


Unattacked 

Etch 5 min. in 5% Al¬ 
coholic Hydrochloric 


Etch 10 min. in boiling Alkaline 
Sodium Picrate Solution 


Attacked 

a. Removes FeS 
yellow) 


a. 


b. 


b. 

Removes FeO.MnO 

Acid 



•1 _ 



Attacked 

Unattacked 

a. 

Removes FeO.FeS 

Etch 10 min. in a 20% 

b. 

Removes FeO 

aqueous solution of Hy¬ 

c. 

Removes balance 

drofluoric Acid. 


FeO.MnO 



d. 

Removes MnO.SlOa 



Attacked 

Unattacked 

a. 

Removes FeO.SiOa 

a. AlaOs. FeO.AlsOs 

b. 

Removes CaO.SiO^ 

and (FeO, MnO) 

AI 2 O 8 

b. Chromite (Fe0.Cr208). .. 
Etch 5 min. in boll- 

e. 

Removes some 

Siliceous alumina 


(pale 


Unattacked 

Etch 10 min. in a 20% 
aqueous solution of hy¬ 
drofluoric acid 


Attacked 

Removes Zirconium 
nitride (yellow 
cubes) 

Removes Zirconium 
Sulphide (tan crys¬ 
tals) 


Unattacked 

a. Titanium nitride 
(yellow cubes) 

b. Titanium cyano 
nitride (violet) 
strongly angular, 
easily pitted in pol¬ 
ishing 

c. Titanium carbo ni¬ 
tride (blue cubes) 


ing 10% H 2 S 04 and 
1% KMn 04 and 
lightly repollsh 


applicable to ordinary allots of lower Cr. 
content. 


Attacked 
a. Chromite 
(FeO.CraOt) 
Isotropic: red 
to brown by 
transmitted light 


Unattacked 

a. Chromic oxide 
(CrtOs) Anisotropic: 
purplish grey by 
reflected light, 
bright green by 
transmitted light. 

b. Ferrous Aluminate 
(Fe 0 .Al 90 s) opaque 
isotropic: light grey 
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McQuaid-Ehn Test 

By H. W. McQiiaid* 

Farpose of Test—The McQuaid-Ehn Test was developed in 1922 as a result of 
hXL extensive investigation into the effect of melting furnace practice on the hard- 
enabllity of plain carbon case hardening steels. It was found that by carburizing 
at ITOO^F. in a solid carburizer which would develop a definite hypereutectoid zone» 
and then permitting the material to cool slowly enough to develop a pearlltlc stnic- 



Fig. 1—Case structure of normal steel after McQuaid-Ehn test. White cementlte network 
around dark pearlltlc grains, x 100. 

Pig. 3—Same as Fig. 1 at x 1000. 


ture with free cementite in the hypereutectoid zone, there would be a definite 
structure developed depending upon the practice used in the melting furnace. By 
this means it became possible to predict from the carburized test the reaction of 
the final carburized product in quenching. 

Since this test was first introduced it has been extended to cover not only plain 

'Metallurgist, The Republic Steel Corp., Cleveland, Ohio. 

Thii article was not revised for this edition. 
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carbon carburizing steels, but also alloy steels in all the commercial grades and the 
plain carbon steels including the tool steel ranges. 

The Importance of having methods of connecting properties Inherent in a 
given heat of steel with the results to be expected in heat treatment and in the 
finished product, has resulted in many investigations into the characteristics devel¬ 
oped by the McQuaid-Ehn Test. Other methods for the same purpose are given 
on page 754. 

Pearlitic Structure Required—^In order to properly make the McQuald-Ehn 
Test, it is necessary to develop a pearlitic structime within the grain of the hyper- 



Plg. 3---Case structure of abnormal steel after McQuaid-Bhn test. White cementlte network 
with free ferrite (white) around dark lamellar pearlitic grains, x 100. 

FlK. 4^ame as Fig. 3 at X 1000. 


eutectoid zone after case carburizing. This requires the use of a carburizing com¬ 
pound which will develop a sufficient excess of cementite to permit, after the 
formation of the pearlitic structure within the grain, a clear indication of the dispo¬ 
sition of the cementlte itself. The work to be tested should, therefore, be car¬ 
burized in a solid carburizer containing sufficient energizer to give a carbon con¬ 
tent in the case well above the eutectoid range. There are many commercial car¬ 
burizing compounds on the market which can be used for this purpose and as a 
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rule the standard carburizing compound used in the average plant will be found 
satisfactory. 

Carburizing Temperature and Time—^The work should be carbiurized at a tem¬ 
perature which is as close to IVOO^F. as is commercially possible. However, very 
little difference will be found with a variation in temperature of from 1675-1725®F. 

The time at temperature is determined by the depth of case obtained, and for 
most purposes it is only necessary to hold at temperature long enough to develop 
a sufficient hypereutectoid zone to be readily studied at 100 x magnification. It is 



Fig. S—Case structure of coarse grains after McQuaid>Ehn test, x 100. 

Fig. 6—Case structure of fine grains after McQuaid-Ehn test. Same composition as Fig. 5. 
X 100. 

better for most purposes to carburize until a case of approximately 0.050 in. is 
obtained, which will provide ample hypereutectoid zone for satisfactory study. 

Cooling from Carburizing Temperature—The cooling time is governed to a large 
extent by the alloy content. In order to develop a satisfactory pearZiticestructure 
in the hypereutectoid zone, the cooling rate must be very slow in the case of high 
alloy air hardening steels and can be relatively fast with the low carbon, low man¬ 
ganese steels containing no alloy. The cooling rate can be determined only by expe¬ 
rience and depends not only on the alloy content but also on such factors as the 
size of carburizing container, size of specimen, and heating furnace. With plain 
carbon steels, the carburizing can be done in a commercial furnace and air cooled 
in the standard carburizing container. With the air hardening steels, such as the 
high nickel and chromium-nickel-molybdenum series, it is necessary to cool in the 
furnace. Where the carburizing is done in a laboratory furnace, it is quite common 
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to cool all tests in the furnace and with high alloy steels it has been found neces¬ 
sary to cool in the furnace at a very definite maximum rate. 

The following minimum cooling rates through the critical range may be found 
satisfactory: 4 hr. for S.AJE. 2315 and 4615; 8 hr. for S.AJI. 2512; 16 hr. for Krupp 
steel (Ni 4%, Cr 1.5%); and 3 hr. for the other steels such as the plain carbon. 
3115 and 6115. 

Interpretation of Results—The interpretation of the test depends upon the 
exainination of the pearlite and cementite in the hypereutectoid zone. In a strictly 
normal steel the structure within the grain boundaries is completely pearlitic, and 
if the grain is coarse the cementite exists as well defined lines of fine but continu¬ 
ous formation at the crystal boundary, as shown in Figs. 1 and 2. In a strictly 
abnormal steel the pearlite, if it is present at all as such, will be found to be very 
coarsely and irregularly lamellar and to have broken down completely at the grain 
boundaries to form massive cementite and free ferrite (Figs. 3 and 4). Here the 
cementite will be distinguished as ridges having a white backgroimd of ferrite. 
Between these two extremes will be found many types in which the pearlite be¬ 
comes more coarsely lamellar as the steels become more abnormal, and there is an 
increasing amount of free ferrite sprrotmding the cementite at the grain boimdaries. 
It will also be noted that there is a tendency for the cementite to become thicker 
and in some cases to become a discontinuous series of elongated particles. 

Consideration of Grain Size—It was noticed at the time that this test was first 
developed that there was a variation in the size of the grain in the hypereutectoid 
zone from one heat to another and that this variation in grain size also served as 
an indication of the characteristics of the finished heat treated piece not only as 
far as hardenability is concei:ned but also in regard to the distortion and physical 
properties as well. 

As usually made, particularly in the plain carbon steel, coarse grained steel 
will be quite normal with an increasing tendency toward abnormality as the grain 
size decreases. The coarse grained normal steels respond better to quenching, 
harden more deeply, and tend to distort considerably more than the finer grained 
more abnormal steels. The coarse grained normal steels have usually much lower 
resistance to impact and for this reason the finer grained steels are preferred for 
applications where resistance to shock loading is necessary. Because of the fact 
that the fine grained steels exhibit a much reduced tendency toward gredn growth, 
they are usually preferred especially in the alloy grades for quenching directly 
from the carburizing temperature. In the plain carbon grades the difficulty met 
with in hardening because of soft spots is greatly increased with the fine grained, 
more abnormal steels, so that it is often necessary to quench these steels in a caustic 
or similar solution after carburizing. 

The coarser grained steels respond more readily to the usual normalizing tem¬ 
perature to form a coarsely lamellar pearlite and hence are preferred in some plants 
because of* the improved finish obtained in machining. By using a higher normal¬ 
izing temperature, approximately 1800®F., to overcome the inherent resistance to 
grain growth in the finer grained steels, it is possible to improve the machinability 
of the fine grained steels to equal that of the coarse grained steels. 

There is at present some difference in opinion as to the relative effects of 
normality and grain size. It is quite evident that the normality and the grain size 
are two independent characteristics and that steel can be made if desired which 
is fine grained normal or coarse grained abnormal. This is entirely a matter of fur¬ 
nace practice, but under present conditions most of the fine grained steels are 
slightly abnormal and the coarse grained steels are normal, and the desired char¬ 
acteristics can be commercially obtained by proper selection according to grain size. 
For this purpose there are available grain size charts which permit of classification 
according to grain size as revealed by the McQuaid-Ehn Test. 
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Austenitic Grain Size in Steel 

By E. C. Bain* and J. R. Vilellat 

PART I. SIGNIFICANCE OF GRAIN SIZE 

Introduction—Probably no subject relating to the heat treatment of steel has 
received more attention in the last few years than that of austenitic grain size. 
This interest came about as a response to the need for a rational understanding 
of those more subtle, but important, factors of steel quality which cannot be ex¬ 
plained by the composition of the steel as ordinarily reported in the usual analysis. 
In brief, the explanation was found to lie largely in the grain size of the austenite, 
established during the final heating above the critical range. The extra analytical 
properties Anally secured depend in large part upon the actual grain size of the 
austenite which transforms to set up the microscopic structure existing In the 
heat treated steels as tested and used. Once the trends of austenitic grain growth 
In steel were imderstood it was apparent that a clear cut, positive correlation 
existed between properties or behavior and the true mean grain size established in 
the Anal heating. This close relationship seemingly does not exist between the 
securable properties and any quasi grain size which might have been established 
at some other temperature, or with some treatment, not used in the practical Anal 
heat treatment which is responsible for the properties. This reasonable circum¬ 
stance was seemingly overlooked for a time, owing perhaps to a lack of conAdence 
in means of quickly ascertaining the austenite grain size of any specimen of steel 
about to be quenched in any suitable manner. Yet this is the grain size which 
would be expected to have a direct, rather than fortuitous, signiAcance. Through¬ 
out this article grain size will always mean the true austenitic grain size estab¬ 
lished at elevated temperature in an indicated signiAcant heating. 

The pioneer contributions to this advance in the technology of heat treated 
steels, both in manufacture and in use, came from several sources. In Sweden 
the study' progressed as an Inquiry into the characteristic attributes, particularly 
of acid open hearth tool steel. Another approach* was that which related to the 
hardenability of comparatively low alloy, low carbon, carburizing steels quenched 
directly from the carburizing box. A more advanced development* of this subject, 
on the part of manufacturer and user, was that of Ane carbon tool steels of con¬ 
trolled hardenability (and toughness) accomplished without signiAcant changes 
in analysis, and the subsequent extension of these achievements into the steels of 
greater tonnage. All these studies converge in the building up of a simple concept 
of grain size effects and it is toward the setting forth of this simpllAcation as 
applied to medium and high carbon and low alloy heat treated steels, that this 
article is directed. 

The Usefulness of the Older Observations—It was not unknown in old art that a 
coarse fracture of a hardened and broken piece of steel accompanies excessive 
brittleness, and that equally hardened steel which requires greater effort in breaking 
exhibits a Aner, “sAky” fracture. The many individual facets of the broken 
surface are large in the Arst case and small in the second. To what the size of 
the individual facets refers, and upoh just what this corresponding coarseness or 
Aneness depends, was, however, not obvious, and has only more recently been 
known. Another observation was probably made long ago; similar steels, in sections 
too large to be hardened throughout, hardened more deeply, in a certain medium, 
nrhenever the fracture appearance was coarse, and less deeply when the fracture 
was Ane. Some twenty years ago, more or less, certain manufacturers were intro¬ 
ducing an alloying element to preserve the Ane fracture and its attendant tough¬ 
ness, and adding extra manganese to restore the deeper hardening characteristics. 
When a single bar or heat of steel was under consideration it was observed long 
ago that high heating temperatures, as in the Metcalf test, induced the deeper 
hardening and the attendant coarser fracture but any cause and effect relation¬ 
ship between coarseness and depth of hardness penetration in the quenched piece 
was not speciAcally mentioned until more recently. Indeed it was erroneously 
supposed by some that the quenching rate in any medium was universally accel¬ 
erated if the steel was quenched from a higher temperature. This is now known 


*AMt. to Vl^o-Prei.. snd tMeUUurgUt, United Ststei Steti Corp., Mew York. 
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Pig. 1—Upper, idealized hexagonal network tor mean grain *J^® ^®*‘^*^* 

austenitic grain size 1, 1. e., up to 1% grains per sq. In. of Imap at lOOX as revealed In quraohed 
and lightly tempered structure. Etched with Vllell^s 

Speolflcatlon B19-33, hypoeutectold structure In carburized steel (8 hrs, at 1700 P.) with grains 
UD to IVb per sq. in* at lOOX. 

Pig. 2—Upper, same as Pig. 1, but for mean grain size 3. Center and lower, same as Pig. 
1 . but for 1^-3 grains per sq.in. 
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to be untrue^ in any general sense. Since steels of almost identical composition 
(insofar as the ordinary elements reported in an analysis are concerned) are 
available, each of which will develop its own particular grain size at a certain 
temperature, grain size variation may be studied quite independently of the heating 
temperature, which may thus be the same for all. When the interest centers in 
^e same identical steel then heating temperature or heating schedule is varied 
to produce the grain size contrast. By employing both methods of grain size 
control the broad effects have become familiar.® In a general way the effects of 
the previously existing austenite grain size may be summed up in Table I. 

Table I 

Effects of Previously Existing Austenite Grain Size 


/-^Trends In Heat Treated Steel Products-- 

From Coarse Grained From Fine Grained 

Austenite Austenite 

Property (No. 5 and Above) (Finer than No. 5,5-8) 


Hardenability .Deeper hardening. 

Toughness at same hardness.Less tough. 

Distortion .More distortion. 

Quenching cracks.More prevalent. 

Grinding cracks.More susceptible. 

Internal stress.Higher . 

Retained austenite.More . 

For Annealed and Normalized Products 

Machinabillty .(Rough) better. 

Machinabillty (special cases).(Fine finish) inferior. 

Pormabllity (special cases).Superior . 


Shallower hardening 

Tougher 

Less distortion 

Usually absent 

Less susceptible 

Lower 

Less 


. (Rough) Inferior 
(Fine finish) better 
.Inferior 


Before considering the yard stick for grain size evaluation and the technique 
by which it is easily accomplished, it is desirable to consider the habits of auittenite 
as it forms upon heating and establishes the grains which later grow in charac¬ 
teristic ways (and become of such importance). 

The Formation and Growth of Austenite Grains—When a piece of carbon or 
low alloy steel is heated above the so-called critical point the ferrite and carbide 
react with one another to form austenite. Tlie austenite is a crystalline phase 
differing distinctly from either the carbide or ferrite of which the steels under 
consideration are inevitably composed. Like any metal composed of a solid solu¬ 
tion, it exists in the form of polyhedral grains. This reaction begins at a number 
of points, of necessity, in the interface of the carbide (particles or plates) and 
the ferrite. In each suclj growing particle of newly formed austenite, carbon and 
iron and other elements from the carbide particles are dissolved as well as iron 
and other elements also from the ferrite. Each little island of austenite grows 
until finally it reaches to its similarly growing neighbors.® In the ideally sim¬ 
plified case there would be just as many grains of austenite as there were separate 
original nuclei, and in a fairly coarsely spheroidized steel this is nearly realized. 
In the general case, some of the isl^mds of austenite must, of course, grow more 
vigorously than others and, therefor^, when a large grain encounters a small one 
the small one is forced to shift its orientation layer by layer, and thereby, as it 
loses its identity, it is absorbed into the larger grain. Probably this happens 
frequently in certain steels and rarely in others. Now if the steel is far from 
eutectoid in composition and is heated below the Acs or Acm temperature, some 
islands of ferrite or cementite will remain unabsorbed regardless of period of 
heating. These undissolved proeutectoid constituents appear to block grain growth 
so that this initial set of austenite grains are preserved even after long heating. 
When the temperature of heating is above Aca or Acm, any ferrite usually disap¬ 
pears quickly enough, but the carbide, although ultimately soluble, dissolves rather 
slowly so that, depending upon its coarseness, more or less of the carbide persists 
even after surprisingly long time intervals. It is Important here to note that the 
first grain size of the austenite depends largely upon the niunber of nuclei and 
that So long as any moderate amount of carbide remains these grains do not 
greatly change. 

In pearlitic steels the effective nuclei are often located in the interior of a 
region of lamellae, while in spheroidized steel each spheroid of carbide is a poten- 
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Pig. 3 Pig. 4 Fig. 5 

Pig. 3—Gpper, Idealized hexagonal network for mean grain size 3, A.S.T.M. scale. Crater, 
austenitic grain size 3, 1. e., 3>6 grains per 8<]. in. of Image at lOOX as revealed in quenched and 
lightly tempered structure. SItched with Vilella's martensite reagent. Lower, from A.S.T.M. Speci¬ 
fication B19-33. hypoeutectoid structure In carburized steel (8 hrs. at 1700-F.) with 3-6 grains per 
sq. in. at lOOX. 

Pig. 4—Upper, same as Pig. 3, but for mean grain size 4. Center and lower, same as Fig. 
3, but for 6-12 grains per sq.ln. ^ . 

Fig. 6—Upper, same as Pig. 3 and 4, but for mean grain size 6. Center and lower, same as 
Pig. 3 and 4. but for 12-24 grains per sq.ln. 
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tial nucleus. When the spheroidlzation Is fine many such nuclei are ineffective 
b^use of the mechanism mentioned above. However, at ordinary quenching 
temperatures the original austenite grain size pattern is largely retained and this 
is termed the *'uncoarsened grain size" to which almost all practical heat treating 
of carbon steel relates. The number of nuclei seemingly depends upon: 

1. Previous mechanical and heat treatment, as it affects: 

a. Distribution of carbide, lamellar or spheroidal, i. e.. the structure. 

b. Fineness of carbide dispersion. 

c. Homogeneity of steel. 

d. State of stress or deformation. 

S. Composition of ferrite and carbide. 

3. Nonmetallic inclusions: 

a. Submicroscopic. 

b. Microscopic. 

Subsequent changes in the grain size of the austenite occur with heating as 
it reaches toward and beyond the normalizing range of temperature. Many steels 
not so made as to restrict grain growth begin to undergo mild coarsening about 
as soon as the major part of the carbide (or ferrite) is dissolved. With rising 
temperature, such steels appear to coarsen rather regularly without any abrupt 
changes, presumably by the successive coalescence, here and there, of two or some¬ 
times three grains to form one new grain. At any rate there is at no point any 
marked disparity of grain size. When a special, less soluble, carbide exists, as 
for example in vanadium steels, the carbide particles persist to astonishingly high 
temperatures such as 1750-1800®P., and little grain growth occurs so long as many 
such vanadium-rich carbide particles remain. 

In similar manner certain nonmetallic substances appear to accomplish this 
same inhibition to grain growth. This broad effect of inert particles has long 
been known in the manufacture of tungsten filament wire, in which case the 
extremely inert and refractory oxide of thorium present as visible particles, at 
least in part, acts as the grain growth inhibitor. 

An interesting effect of these so-called grain growth inhibitors is that when 
they finally become ineffective at some elevated temperature, either as a result 
of solution or coalescence, or by mere inefficacy or insufficiency, the degree of 
grain growth is likely to be greater then than in a steel free from such restraint. 
Such steels retain a fine grain almost unchanged during heating at successively 
higher temperatures until abruptly, here and there, a single large grain forms 
out of as many as 100 or more former small grains. Prolonged heating, or a rise 
in temperature, will generally convert the remaining fine grains to the same type 
of large grain as first formed upon reaching the coarsening temperature. Inhomo¬ 
geneities of the steel tend to broaden the temperature range of two distinct grain 
sizes. This state of affairs in the marked grain growth range is sometimes spoken 
of as "duplexing". It has no special significance, merely marking a natural transi¬ 
tion stage from fine to coarse grains, when the change is large and fairly abrupt 
and unfinished. 

It should be borne in mind th^t the persistence of carbide and attendant 
retention of small grains is often a matter not of equilibrium but of rate of solu¬ 
tion and carbide frequently remains undissolved for 30 min. or more in eutectoid 
or even hypoeutectoid steel heated well into the pure austenite (equilibrium) tem¬ 
perature range. 

PART II. DETERMINATION OF AUSTENITIC GRAIN SIZE 

Introduction—In Part I, the grain size established in austenite at various tem¬ 
peratures has been discussed in a qualitative or comparative way. It now becomes 
necessary to go into greater detail and to choose some quantitative basis of grain 
size estimation. Now, grains are solid bodies, and to be meticulously correct one 
should speak of an average grain size in terms of volume, such as fractions of a 
cubic inch or a cubic millimeter; or one could better use the reciprocal, so many 
grains per cubic inch or cubic millimeter. Actually, this is unnecessary and prob¬ 
ably confusing. Grain size estimation or grain counting is finally accomplished 
by viewing a polished plane section under the microscope and the boundaries of 
the grains as viewed lay out a network on a plane surface. Now the number 
of grains per unit area so sectioned upon a plane, or the average area of these 
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Fig. 6—^Upper. idealized hexagonal network for mean grain size 6, A.S.T.M. scale. Center, 
austenitic grain size 6, i. e.. 24-46 grains per sq. in. of Image at lOOX as revealed In quenched and 
lightly tempered structure. Etched with Vilella's martensite reagent. Lower, from A.S.T.M. Speci¬ 
fication E19-33. bypoeutectoid structure in carburized steel (8 hrs. at 1700<*F.) with 24-48 grains 
per sq. in. at lOOX. 

Fig. 7 — ^upper, same as Fig. 6, but for mean grain size 7. Center and lower, same as Fig. 
6. but for 48-96 grains per sq.ln. 

Fig. 8—Upper, same as Fig. 6 and 7, but for mean grain size 8. Center and lower, same as 
Fig. 6 and 7, but for 96 grains and more per sq.in. 






















760 


AUSTENITIC GRAIN SIZE IN STEEL 


rough polsrgons serves quite as well as a measure of grain size as would a figure 
based on three dimensions or volume. If one cares to do so he can always think 
of the grains as solid bodies while reporting in terms of their mean sections on a 
representative plane. The actual units employed in such grain size estimates are 
not uniform for different metals in different countries. The common terms for 
reporting grain size are: 

I. Grains per sq.mm. 

a. Average area of grain In 8q.mm. 

3. Mean diameter of grain (In mm.). 

4. Arbitrary numbers (exponential), Timken, A.S.T.M., index baaed upon 

the formula. 

Number of grains per sq.in. at lOOX = in which the grain size 

Index = N.' 

The designation mean diameter (3) is fortunately not much used since it is 
not easily estimated directly and as a derived number is ambiguous and less useful 
than the direct observation. Any scheme showing number of grains per unit area 
(either of specimen or microscopic image at known magnification) is vastly pref¬ 
erable. 

Practically all austenitic grain size studies and specifications in America refer 
to the Timken, A.S.TJM. index numbers. For convenience they are tabulated with 
corresponding dimensions in Table II, and extended somewhat beyond the usual 
range employed. In Table II, the last column headed “Grain Boundary Area, mm.* 
per mm.*,” shows the minimum possible interface area. The effective intergranular 
surface will be greater, particularly in the finer grain sizes, due to the undissolved 
carbide particle surfaces and to irregularities in the true austenite grain boundaries. 

It is often desirable to match the microscopic image discussed below with 
the standard network charts, such as are included herewith (Fig. 1-8), using a 
magnification either lower or higher than lOOX, respectively, for coarse or fine 
grains. The followings rules apply: 

For SOX, report 2 numbers lower than matching chart. 

For 200X, report 2 numbers higher than matching chart. 

For 400X. report 4 numbers higher than matching chart. 

For 800X, report 6 numbers higher than matching chart. 

Idealized grain boundaries in a hypothetical hexagonal network are shown 
in Fig. 1-8 for the corresponding A.S.TM, grain sizes as tabulated in Table II. 
These are probably the best comparison standards for general grain size estimation. 

Table 11 

Comparison of Systems for Reporting Grain Size 


Timken. 

A.S.TJd. 

No. 

.-Grains per sq.in. of-, 

Image at lOOX 

Max. Min. Mean 

Grains 
per mm.> 

Mean Area 
per grain, 
mm 

Grains 
per mm.> 
Approx. 

Grain 
Boundary 
Area, mm.* 
per mm.* 

—3 

0.09 

0.05 

0.06 

1 
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Pwparotton and Microscopic Examination of Specimens for Grain Size Ratinr— 
Thus far It has been assumed that the grains could be rendered clearly visible to 
a microscopic specimen and an estimate of their size arrived at either tor counting 
over a known area of image at known magnification, or by comparing such Ima^ 
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on the microscope ground glass with charts having standard graded grain size 
patterns marked out. This is, in general, easily done, especially for grain sizes 
No. 6 or coarser. Occasionally it is more time consuming for finer grain sizes but 
never impossible. In principle, the problem of grain size determination in austenite 
is rendered more complex than that in brass, for example, because one must estimate 
the grain size of a constituent which is no longer present. It one had a means 
of examining under a microscope the heated steel ready to be quenched this com¬ 
plication would not arise, but such technique is not practical. Fortimately, how- 



Flg. a—Ferrite network properly developed for grain size estimation in hypoeutectoid steel. 
X300. Fig. 10—Carbide network properly developed for grain size estimation in hypereutectoid 
steel, X300. Fig 11-—Black etching network of fine pearllte properly developed for grain size 
estimation in Incompletely hardened eutectoid steel, X126. Fig. 12—Grain size developed In 
fully hardened steel (martensite) for grain size estimation, XIOO. Fig. 13—Grain size developed 
in fully hardened and tempered steel (troostlte or sorbite) for grain size estimation, XIOO. 
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ever, austenite transforms in such a way as to reveal its former grain boundaries 
unequivocally. This comes about through three circumstances: 

1. Proeutectold rejections in either hyper- or hypoeutectoid steels can generally be forced 
to the grain boundaries to form a complete, or nearly complete, network. 

'2. Transformation reactions even in eutectold steel begin dominantly in the grain boundaries 
and may be interrupted when a network is developed. 

3. Martensite has limits of orientation depending upon that of the parent austenite grain and 
hence can, with suitable agents, be etched much like a pure metal to develop contrast 
among grains. 

In some respects the fact that the grain size of austenite is estimated upon 
its decomposition products and not upon the constituent itself is an advantage; 
for this circumstance permits outlining the grain boundaries with constituents 
which may have great visual contrast with the main portion of the grains. Even 
under the worst conditions the problem, however unique, is not more difficult 
than that for brass or other single constituent metals. As it happens, carbon or low 
alloy steels with a carbon content somewhat remote from the eutectoid, that is, 
distinctly hypoeutectoid or hypereutectoid, reject, upon slowly cooling through 
the transformation range, either ferrite or carbide, respectively; the rejection of 
these proeutectoid constituents occurs largely at the grain boundaries after which 
the remainder of the austenite transforms to a black etching pearlite. The trans¬ 
formation of eutectoid austenite, beginning characteristically in the grain bound- 
aries» makes possible the formation of some fine pearlite (nodular troostite) in 
the grain boundaries after which the remainder of the austenite may be caused 
to transform to light etching martensite. Thus eutectoid steels, from which no 
separate boundary constituent may be rejected, may quite as easily have the grain 
boundaries clearly laid out. It is obviously of no consequence which is darker, 
the boimdary or the interior body of the grain. 

Now, any steel sample heated at any temperature, depending upon carbon 
content, above Acs, Ac, or Acm is made up of austenite (in which carbide may be 
present or not), which is composed of grains and an interest may exist in the size 
of those grains; the foregoing paragraph shows how it is always possible to learn 
what this grain size may be. Often the steel may be normalized in handling and 
it will be the high temperature austenitic grain size in which interest centers. In 
that case one may either simulate the normalizing treatment in a small laboratory 
furnace and establish the grain size in question, or a piece may be carried along 
in the commercial furnace. In any event the grain size will have been established 
at the conclusion of the heating period and the only problem thereafter lies in 
so cooling the specimen as to make that grain size clearly readable under the 
microscope. More often the interest lies in the grain size in the steel as heated 
for the final quench (water, oil, or air) and in this case also either the laboratory 
furnace may be employed or a piece going through commercial treatment may 
be selected for grain size examination. In any case it is only the austenitic grain 
size actually established in the particular heat treatment under consideration which 
can Infallibly correlate with the steel properties to be secured. The austenite 
grain size is not affected in any way by the kind of cooling applied and any repre¬ 
sentative specimen selected for examination from the heating furnace may be 
cooled wholly as desired on the basis solely of making its grain size apparent. 

For example, if it should be desired to secure a steel which would not coarsen 
to an extent beyond a No. 5 grain size, and the customary heat treatment is nomi¬ 
nally at 1475-1600®P., then one should cut a specimen of 'dimensions suited to the ap¬ 
plication and so heat it, either along with a commercial batch, or in a small furnace 
for the same period and then cool it, as indicated below, to give the best marking 
out of grain size. If the steel is normalized or homogenized prior to such heating 
for hardening then this treatment should preferably precede the heating for test. 
To take care of possible furnace irregularities some prefer to heat 50®P. or even 
100®F. higher than the commercial schedule, on the assumption that if a steel 
does not coarsen at 1550®P. it certainly will not do so at 1475®P., which is generally 
true. Testing at much higher temperatures than employed in practice is not 
correct in grain size study because the test then departs too much from the condi¬ 
tions in which interest centers and valuable information is lost. 

Another example might be cited in which a certain degree of coarsening 
is desired in the normalizing range. In this case the proper preferred normalizing 
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temperature should be used either in the commercial furnace or in a laboratory 
furnace for the .customary period of time. 

The essential point is, that for pertinent information as related to quenching 
and tempering and the final properties of heat treated steel the grain size should 
be established at the approximate quenching temperature. For useful information 
on grain size effects in other heating, such as normalizing (or forging), the higher 
temperatures employed therein should be used in the grain size determination 
also. It will be seen that failure to observe this consistent procedure may result 
in erroneous conclusions. 

Having developed the grain size in the properly heated, and therefore austenitic, 
steel, the cooling is carried out in such a way as best to reveal this grain size. 
This will vary with the type and carbon content. 

Hypoeutectoid Carbon Steels^ln most cases with a carbon content between 
0.25 and 0.60%, it will be sufficient merely to cool a specimen about % in. in dia. 
in air. The ferrite will form chiefly in the grain boundaries and mark out the 
grains as in Fig. 9. When the grain size is small, complete envelopes (particu¬ 
larly of ferrite) will generally not form, but this offers no difficulty. One austenite 
grain still forms, in general, only one area of dark pearlite so that the eye readily 
recognizes the grains either for counting or for comparison. 

When the composition is only slightly hypoeutectoid the steel may either be 
treated in accord with directions below for eutectoid steel, or may be cooled to 
about 1340**P. and held there 10 or 15 min. before final cooling. This cooling will 
generally form a very good network of ferrite. 

Hypoeutectoid Alloy Omitting carburizing steels (discussed below) these 

steels should in general be cooled by the second method for hypoeutectoid carbon 
steels, allowing still more time at about 1340“F. Otherwise they may be treated 
as for eutectoid steels (below). An excellent improvement on this method is to 
hold at some temperature near 1300®F. for sufficient time to establish a ferrite net¬ 
work and then quench. Subsequent tempering to some 800°F. (a minute is suffi¬ 
cient) develops a black etching sorbite in the body of the grains. The most 
brilliant contrast develops upon etching. Higher alloy steels require the longer 
holding time. The optimum can be determined once for all by a series of speci¬ 
mens held for three or four different periods. 

Hypereutectoid SteeZs—These steels are easily cooled to develop a fine carbide 
network, the best rate depending upon composition. Unless the carbon is above 
1.10, they are best treated as eutectoid steels (below). Equally satisfactory results 
are secured by the method of holding at 1300-1340®F., quenching and reheating 
roughly at some 800®F. The hypereutectoid zone of a carburized steel is handled 
in the same way, as discussed below. Fig. 10 shows a carbide network marking 
out the grains. 

Eutectoid Carbon Steel—A specimen of %-l in. dia. is properly heated in the 
range in question and quenched into water; one end may be kept out of the water. 
The center, or the unquenched end, will be uniform fine pearlite, in which grain 
size is not discernible; the outer zones will be martensitic. Between the two will 
be a zone in which the martensitic body of the grains will etch lightly, while the 
many nodules of fine pearlite in the grain boundaries will etch black and mark 
out the grains. When this method becomes somewhat ambiguous in the finest 
grain sizes, and it is still desired to have an accuracy of one grain size number, 
the estimation should be made in the fully hardened zone as for hardened steel. 
Fig. 11 shows grain size marked out by black etching fine pearlite in the boundaries 
in the transition zone. 

Fully Hardened Steel—It may happen that it is desirable to know the grain 
size established in heating a steel which has however already been quenched, 
and even perhaps tempered, the latter being the most difficult case. This can also 
be accomplished by suitable etching of the wholly martensitic structure. Two or 
more slight repolishings and etches may be necessary. The etching agent (Vilella's 
Martensite Reagent) which develops contrast between the martensite of individual 
austenite grains is made up as follows: Dissolve in 95 cc. of ethyl alcohol 1 g. of 
picric acid and 5 cc. of concentrated hydrochloric acid. 

The prior true austenitic grain size may be determined in hardened steel which 
has been definitely tempered and moderately softened. Indeed, there is an optimum 
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degree of tempering which provides the greatest contrast among the grains. Pig. 12 
shows the structure of hardened steel etched for grain size estimation, and Fig. 13 
shows a hardened and tempered steel. 

Carburizing Steels—In cases wherein the steel under consideration is to be 
case carburized and quenched, directly from the carburizing box, the important 
grain size is that established under those precise conditions when the steel is 
removed from the carburizer; the grain growth characteristics of the steel are 
often greatly altered by the infusion of carbon, and an examination of the original 
low carbon steel heated to the carburizing temperature would be misleading (that 
is, the core of carburized pieces). Accordingly the specimen should be properly 
cooled so as to develop a carbide netvrork in the high carbon zone when removed 
at the conclusion of carburization; in brief, handled thereafter exactly as for any 
hypereutectoid steel. When, however, the carburized steel is to be reheated, the 
carburized grain is not significant and the specimen should be reheated in accord 
with practice before cooling to mark out the grains. 

Grain size estimation was early carried out upon carburizing steels and the 
observations upon the hypereutectoid zone were interesting. In the first place, 
grain size estimation on the microscope is, perhaps, easiest upon hypereutectoid 
compositions due to the extra contrast of the usually clear carbide envelopes or 
network. Certain other features* of the carburized structure are, metallographi- 



Flg. 14—A comparison of the Jernkontoret and Shepherd fracture standards 1-10, each In terms 
of the other. Note similarity. 

cally, fascinating, and the examination of carburized specimens of various steels 
not commercially carburized has been frequently carried out as a standard test. 
For details of this procedure the reader is referred to page 750. The only point 
to be remembered is that steels indistinguishable in properties and grain size as 
properly heat treated may possess vast differences in grain size as carburized. 

Section-Size Distribution—Inevitably some grains of the mean size, or larger, 
will be sectioned in such a way as to show a small polygonal surface in the image. 
Hence an occasional small polygon should not be reported as indicating mixed 
structure. When, however, a cluster of small grains is found they should be taken 
into consideration, for it is not possible to section more than about three adjacent 
large grains to yield small plane grain sections.- Generally speaking, in the case 

*A most interesting structural feature of carburized steels becomes apparent when they are 
cooled exactly alike. It has to do with the regularity of the pearlite and the extent to which it 
fills the envelopes of the grains marked out by proeutectoid carbide and is designated *‘Nor¬ 
mality’* or “Abnormality’*. It is sufficient to note here that this feature is controlled by com¬ 
position and grain size in the carburized state of steels amenable to the classification. With 
constant composition, fine grains infallibly favor abnormality, coarse grains favor normality. 
With constant grain size the normality Is then a measure of effective content of deep hardening 
elements in solution, these elements favoring normality. 
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of a uniform grain size, about three-fourths of the field will show ‘‘grains” within 
one grain size bracket. Most of the remaining quarter of the field will be made 
up of the next smaller size with a few still smaller polygons. 

Austenitic Grain Size from Fracture—In the Introduction mention was made 
that a correlation of the properties of hardened steel had early been made with 
the coarseness or fineness of the fracture surface of a break on the hardened 
steel. As early as 1926 this relationship was used as a quantitative measure of 
certain aspects of steel quality at the Uddeholm Steel Works in Sweden. At first 
only five recognized grades of fracture were employed, but later the work was 
extended through the supervision of Jernkontoret, and in 1927 a 10-step scale was 
recommended as a suitable measure of tool steel quality; sets of standard fractures 
in 22 mm. square bars were made up under the direction of Dr. Ragnar Arpi. These 
bars covered the full range of coarseness and fineness, usually encoimtered, by 
steps which to the eye appeared evenly spaced. 

In America also, B. P. Shepherd employed an examination of hardenability 
and fracture appearance as a measure of the probable suitability of steels for 
certain purposes. Shepherd prepared a set of graded standard fractures in which 
the entire cross section of the standard bars was hardened. To gain an adequate 
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Fig. 15—^Relation between fracture rating and the true prior austenitic grain size in hardened 
and broken specimens. 


impression of different bars of steel he generally hardened the specimens (of defi¬ 
nite section) from four heating temperatures, 1450®, 1500®, 1550®, and 1600®P., and 
secured thereby a pattern for the coarsening of the steel at increasing tempera¬ 
tures. The fracture was compared with the series of standards similar indeed to 
the Swedish standards. The latest standard fractures (hardened throughout in 
both cases) of Shepherd and Jernkontoret, numbered serially 1-10, each as com¬ 
pared with the other, are shown in Fig. 14. For most practical purposes they may 
be regarded as the same. 

It will have become almost obvious by this time that there is a marked degree 
of parallelism, more than purely fortuitous, between coarseness of fracture and the 
austenitic grain size which existed in the fracture specimen before it was quenched 
and broken. This relationship proves to be closer than was at first supposed. 
The estimation of a great many fractures shows that the relationship between the 
Shepherd or Jernkontoret fracture numbers and the austenitic grain size responsible 
for the fracture appearance is about as shown in Fig. 15. It should be borne in 
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mind that the eye Is able to arrive at a mean value of the coarseness of a frac¬ 
ture and that for correlating fracture number with austenitic grain size the mean 
value of the latter should be used. Thus if a specimen were accurately rated 65% 
No. 6 and 35% No. 4, then its mean grain size would be about 5.3 and it would 
exhibit a fracture about midway between 5 and 6. There is one interesting fact 
about estimating prior austenite grain size by fracture. The eye is more sensitive 
to slight changes in fracture appearance than is the corresponding mean grain 
size estimation on the microscope. Experienced observers of fractures will agree 
within one-half, and often within one-quarter, of a single step in the fracture 
series. There is probably no urgent need even for as many steps as exist in either 
the A.S.T.M. grain size rating or the fracture rating. The properties which are 
reflected by grain size are not sufficiently modified by small changes to warrant 
great accuracy in reporting grain size either by fracture or by microscopic exami¬ 
nation. 

A word should be said about the fracture appearance from mixed grain sizes. 
Actually there will be large facets mixed with the fine on the fracture surface but 
the eye does not once recognize this unless the fracture is fairly coarse; instead, 
undue influence is exerted by the few coarse facets. Nevertheless an experienced 
observer can pick out “duplexed” specimens reliably from fracture appearance 
once he acquaints himself with a few known specimens of mixed grain size. (The 
mixed grains must really have existed at the time of quenching, and not have 
been found only after some other unrelated heating.) A few rare anomalous 
cases are found in which considerable experience is necessary to estimate actual 
grain size from fracture. The most notable of these is the case of an austenite 
grain which at elevated temperature coarsens abnormally, having been inhibited 
until high temperature is reached. The surface of each grain is slightly matte, 
not brilliant, suggesting a fine grain size, while the large grain size is also apparent 
from a faint appearance of large facets. The explanation® for this condition has 
been suggested and occurs too rarely to be serious. 

It is easy and practical to combine a hardenability test with the grain size 
evaluation by fracture as has been done by Shepherd. A standard specimen size 
must then be adopted and rigidly maintained and the fracture grain size estimated 
upon the fully hardened or martensitic rim. The depth of this rim can be measured 
(by 64ths of an in. in Shepherd’s technique) after it is rendered visible by etching. 
Shepherd reports eight numbers which largely classify certain grades of carbon 
steel as to their suitability for hardened parts. The firsj four numbers are depths 
of hardened zone in 64ths of an in. as quenched from 1450®, 1500®, 1550®, and 1600®P., 
respectively, while the second four numbers are the fracture numbers (Shepherd 
or Jemkontoret scale) of the hardened zone of the same specimens. It should be 
stressed that the information secured by this P-P CP = penetration of hardened 
structure; P = fracture rating) test goes far toward giving a full account of the 
nature of carbon steel. Obviously alloy steels may harden throughout such large 
sections that the hardenability feature is inapplicable; the fracture grain estima¬ 
tion is still valid, however. 

The most rapid examination of a steel for significant grain size characteristics 
consists of first rating the fracture*if it is not indicative of mixed grain size the 
A.S.T.M. grain size may be reported at once, or if the fracture shows the proba¬ 
bility of such a condition it may be polished, etched, and rated microscopically 
by the charts of Pig. 1-8, inclusive. 

Summary—^The grain size established in the austenite of a bar of steel ready 
to be cooled or quenched plays an important part in determining the properties 
secured. This grain size is generally fine at ordinary quenching temperatures but 
coarser at higher temperatures, namely, normalizing temperature, or higher. 

It is not altered by the method of cooling, hence its estimation may be made upon 
any suitably heated specimen cooled in Just such a manner as to reveal the grain 
size in the transformed microstructure. 

The cooling schedule for best grain size estimation depends upon the steel 
composition. Either hypo- or hypereutectoid steels may be cooled slowly enough 
during the first part of the transformation to cause proeutectoid ferrite or carbide 


'Austenitic grain size by fracture rating may not be reliable unless the fracture is in a 
hardened specimen broken without substantial attendant deformation. 
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to be rejected in the grain boundaries as a thin network. Eutectoid carbon steels 
have the grain boundaries nicely marked out by black etching fine pearlite (nodular 
troostite) in the zone not quite fully hardened. Or in any fully hardened steel a 
special etch may be given the polished specimen to differentiate by selective attack 
the separate original austenite grains now converted to martensite. 

A close approximate estimate of austenitic grain size in any hardened steel 
may be made by examining its fracture surface. A chart showing approximate 
relation between austenitic grain size and either Shepherd or Jemkontoret stand* 
ard fracture number is included. 

Eutectoid or hypereutectoid carbon steels (and even hypoeutectoid alloy steels), 
usually retain considerable undissolved carbide at low temperatures employed for 
hardening by best practice. Such austenites are fine grained and are somewhat 
difficult of estimation as to actual grain size. This is of no serious moment since 
they are obviously fine and since the carbide-ferrite interface has all the influences 
upon hardening characteristics that grain boundaries exert. 

The grain size to which the interest principally attaches is that established in 
the temperature range of the operation to be carried out and correlated with 
grain size effects. The estimation of grain size upon regular pieces heated accord¬ 
ing to commercial operations up to the time of cooling or quenching is therefore 
recommended. 
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Case Depth Measurement 

By R. B. Schenck* 

The following discussion of case depth measurement is intended to apply to 
the more important forms of case hardening and includes cases produced by car¬ 
burizing, cyaniding, nitriding, combined carburizing and nitriding and by liame 
hardenl^ and induction hardening. 

Case depth is usually determined either by direct measurement or by chemical 
analysis. Other methods are sometimes employed in special applications, but are 
of minor importance and will not be discussed in detail. 

1. Direct Measurement—This method in its various modifications is the one in 
most common use and is applicable to any type of case in the hardened state. It is 
also applicable, with certain limitations, to unhardened cases where a difference in 
composition distinguishes the case from the core. 

All cases, regardless of the method by which they are produced, consist of at 
least two zones. Three zones are frequently present, such as the hypereutectoid, 
the eutectoid and the hypoeutectoid zones of carburized steel. This latter is the 
transition zone in which the hardness of the case decreases to that of the core, or 
in which the composition of the case approaches and finally becomes the same 
as that of the core. This transition zone is always present regardless of the process 
employed and frequently blends into the core so gradually that no sharp line of 
demarcation can be observed. The usual practice in direct measurement is to measure 
from the outer edge of the case to the line where the transition zone ends, estimating 
as accurately as possible in cases where the “end point” is indistinct. 

The accuracy of measurement as determined by the distinctness of this “end 
point” is influenced by a number of factors, such as composition of core, composi¬ 
tion of case, previous heat treatment, and method of preparing the sample. Dif¬ 
ferences in the quenching temperature and the degree of hardening may influence 
appreciably the apparent case depth. A possible source of error is in the angle at 
which the specimen is sectioned. It is extremely important that the measurement 
be made along a line normal to the outer surface of the case. 

The several methods in general use employing direct measurement are as follows; 

A—Scale Measurement of Rough Fracture—This may be performed either with 
the unaided eye using a suitably graduated steel scale (preferably in hundredths of 
an inch), or by means of a low power (10 to 15X) microscope containing a suitable 
scale. A Brinell microscope answers the purpose admirably. The fractured surface 
may be either untouched, blued, or etched before measurement. This method applies 
only to cases in the hardened state. 

Untouched fractures can be measmed with fair accuracy when the core hard¬ 
ness is sufiaciently low to provide godd contrast between case and core. Hard cores 
usually require coloring by either bluing or etching. 

Bluing offers an effective method for producing the required contrast. Any 
means of heating which will develop the necessary temper colors may be employed, 
such as a lead bath, sand bath, hot plate or tempering oven. An excellent method 
is to immerse part of the sample in molten lead (1200-1500°F.) leaving the frac- 
tmed surface exposed to the air. As soon as the color appears the piece is removed 
from the lead and held until the blue tint deepens on the case area. The sample 
is then quenched in water to arrest further color change and withdrawn while still 
warm so that the surface will Immediately dry. 

Etching is used extensively and produces good results when properly applied. 
Cold nital is the usual reagent. 

B—Scale Measurement of Rough Polished Cross Section—This method employs 
the same technique as that described under 1-A with the exception that the 
uncolored surface offers no contrast and must be either blued or etched. Etching 
is generaUy preferred for rough polished sections and bluing for rough fractures. 
Although approximate results can be obtained on unhardened cases, the use of 
this method is generally confined to cases in the hg,rdened state. 

C—Scale Measurement of Highly Polished Cross Section Using High Power 
Microscope—This is essentially a laboratory method and requires trained personnel. 
Magnifications of lOOX using an eyepiece equipped with a scale graduated in thou- 

*Chier Metallurgist. Bulck Motor Co., Flint, Mich. 
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sandths of an Inch are usually found suitable for a wide variety of work. As an 
etching reagent, cold nital will generally answer most requirements. 

This method provides greater accuracy than either 1-A or 1-B especially where 
it is desired to measure the individual zones, or where it is difficult to develop 
the necessary contrasts as frequently occurs with certain compositions and treat¬ 
ments. Both hardened and unhardened cases can be measured with a high degree 
of accuracy. 

2. Chemical Analysis—In this method successive layers are machined from the 
surface and subjected to chemical analysis. It applies on^ where the case is machin¬ 
able and different in composition from the core, such as work which has been 
slowly cooled after carburizing or cyaniding. This is strictly a laboratory method 
and is slow and costly. Its greatest value is in research work. 

The following are additional methods which have only limited application and 
are seldom used: 

3. File or drill through the core at right angles to the case until the hardness 
of the case resists further cutting or abrasion. Measurement of the remaining hard 
case is taken as the depth. The case on one side must be removed by grinding in 
order to expose the core. This method is subject to many variables chief among 
which is the personal equation. 

4. Weigh the parts before and after case hardening. This, of course, does not 
apply to induction or flame hardening. From the increase in weight, the approximate 
case depth can be determined by calculation. 

5. Taper or step grind the hardened sample and determine the hardness at 
various distances below the surface. This gives a rough approximation of the 
hardness gradient and the depth of case. This method cannot be used satisfactorily 
for cases below a certain depth, and where applicable, does not give accurate results 
due to the effect of the underlying softer metal. It can, however, be used as a 
specification requirement to control the hardness at a given depth, although it is 
seldom used for this purpose. Its principal use is in research work. 
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Magnetic Testing* 

Magnetic testing ordinarily applies to ferromagnetic materials: Iron, nickel, 
cobalt, and their alloys. Magnetic testing of materials used principally for their 
magnetic properties, such as transformer steels and magnet steels, is done under 
the same general conditions as will be encountered in service. The limitations of 
electrical equipment are often determined by the magnetic properties of available 
ferromagnetic materials. The principles and methods of this type of testing may 
be found in reference No. 1 or in standard works on electrical engineering. 

Magnetic Analysis—Magnetic testing is used also to determine the soundness 
and mechanical properties of ferromagnetic materials. This type of testing usually 
is distinguished by terming it Magnetic Analysis. There are many magnetic meas¬ 
urements which can be made quickly and easily, without destruction of the mate¬ 
rial, and which may be used to test all of the material instead of representative 
samples. Although numerous factors are involved which influence the magnetic 
measurements, such as variations in analysis, physical properties, structure, stress, 
and temperature enough progress has been made to provide commercial magnetic 
tests for a number of applications. The choice of method of magnetic analysis 
used in any application depends upon which of the several magnetic characteristics 
show most variation when the desired property varies. The properties of the mag¬ 
netization ctirve and the hysteresis loop may be called the d.c. characteristics of 
the material. The d.c. characteristics include values of the permeability under dif¬ 
ferent conditions of magnetization, various relations of magnetic induction and 
magnetizing force, the reluctivity relationship, coercive force, and many combina¬ 
tions of the above. In addition to these, alternating current offers a new set of 
possibilities. By testing at two or more frequencies it is possible to separate hysteresis 
and eddy current losses. In the alternating current methods the sample forms the 
core of a transformer. The various characteristics of the core, particularly those 
of permeability and watt loss values, provide shifts in the phase angle between the 
current and the voltage of the induced current and give rise to harmonics in the 
alternating current wave. By suitably measuring the shifts or the harmonics, any 
differences occurring in the magnetic characteristics of the cores (or samples) can 
be distinguished. 

Direct current methods are preferable if the fundamental magnetic properties 
are desired; if it is necessary to secure results at high induction values; or if the 
samples are large In cross section—in which case excessive eddy currents cause 
heating and the measurements are predominantly influenced by the surface portion 
of the samples. The use of a direct current is considered preferable for the detection 
of deep seated mechanical defects. 

Alternating ciurent methods And their greatest usefulness in testing for uni¬ 
formity of analysis, structure and physical properties. Great sensitivity can be 
obtained and more variables analyzed. They are most suitable for material of uni¬ 
form cross section. 

Since 1918 the A.S.T.M. has had a committee to study and develop magnetic 
testing.*’ ^ 

Continuity Tests—Flaws and discontinuities cause an abrupt change in the 
magnetic fleld, which when the field of force appears outside the surface is known 
as “leakage flux.” Thus a magnetic fleld may be set up in the piece either by a 
current passed through it or by an exciting coil or external magnetic circuit. The 
leakage flux may be detected by a search coil or by iron filings. In the Sperry rail 
test'® a heavy direct current is passed through sections of both rails by a car travel¬ 
ing at a speed of about 6 miles per hour. The rail head is explored by a test coil 
which gives a record of variations in current density in the rail by measuring the 
variations in the transverse magnetic fleld Induced by the current. The test is 
sensitive to flaws to an accuracy of 1% of the cross sectional area of the rail head. 
Although structural changes, such as those caused by wheel burns, also cause varia¬ 
tion of the field, a periodic inspection shows the slow enlargement of cracks and 
locates a great percentage before they become dangerous. 

The powder method (Magnaflux) of inspection'* is a special form of continuity 
test which has come into use in the last few years. It detects surface seams, 


•This article was prepared by the Subcommittee on Magnetic Testing. The membership of 
the subcommittee was as follows: James Allison. Chairman; C. T. Hewitt. H. J. Noble, F. H. Allison, 
and R. R. Moore. 
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seams immediately below the surface, grinding cracks, quenching cracks, shrinkage 
cavities in welds, and incipient fatigue cracks in used machinery. The parts to be 
inspected are first magnetized, either by passing a current (a.c. or d.c.) through 
them, or by an external yoke. They are then coated with a finely divided iron 
powder or magnetic iron oxide, wet or dry. This may be done either while the 
magnetizing force is being applied or after it has been removed leaving only residual 
magnetization. Due to so many variables, such as current source and magnitude, 
and the method and time of applying the magnetic poiyder, a nonuniformity as to 
the sensitivity in the test exists as well as in the interpretation of results. 

Method of Application of Potoder—The dry method consists of dusting the 
powder on, as from a shaker. The wet method applies either in immersing the 
work in the vehicle containing the magnetic oxide (Immersion method) or in flow¬ 
ing the solution over the work (flow method). 

Condition of Magnetism while Powder is Applied^When the part is permanently 
magnetized and only the residual magnetization is utilized the method is referred to 
as the residual method. If the powder is applied while the current continues to 
flow through the work, it is known as the continuous method. 

The most important phase of the whole inspection procedure is the magnetiza¬ 
tion of the piece. The magnetic field created must be at right angles to the defect 
sought. If the defect be parallel to the flux, no Indication will appear. As the angu¬ 
larity of the defect with the flux increases from 0-90**, the indication becomes more 
strongly apparent. For this reason, irregularly shaped parts must be magnetized 
in several directions and the powder applied after each magnetization, as second 
magnetization tends to neutralize the first. 

Subsurface defects may be located to a certain extent depending upon size, 
location, depth beneath the surface, condition of material, and the procedure used. 
A fair approximation is that a defect may be detected when its depth below the 
surface is about the same as the cross sectional height of the defect. Present 
equipment, producing as much as 6,000 amperes with the continuous method, will 
^ probably exceed this. Defects on the surface are easily identified by a low amperage 
with any method of application. The greatest problem in this connection is in 
evaluating the seriousness of the defect, since different currents and methods pro¬ 
duce powder patterns of different intensities. 

In another important inspection test, used for such parts as turbine rotor 
wheels, the material to be tested is passed between the poles of a heavy magnet 
employing a strong direct current field. Search coils mounted in the pole pieces 
detect changes of magnetic reluctance of the material due to flaws. 

Magnetic Comparison Methods—The correlation of magnetic properties with the 
composition, physical and structural properties presents a much more complicated 
problem. The permeameter is used to determine the actual values of the several 
magnetic properties, as found from the normal induction curve and the hysteresis 
loop. The normal induction, maximum induction, residual induction and coercive 
force values of pure carbon iron alloys ranging from 0.13-0.96% carbon content, 
showing the effect of hardening, tempering, and annealing, have been determined by 
Cheney.* A thorough discussion of the reluctivity relationship from permeameter 
tests correlating various tempering treatments after oil and water hardening of a 
0.85% carbon steel with magnetic properties has been given by Nusbaum, Cheney, 
and Scott.* The results of other permeameter tests correlating chemical and physi¬ 
cal properties of metals with magnetic tests are given by Burrows,** • and Mauer.” 
In general the coercive force and hysteresis loss increase as the hardness increases, 
while the permeability, maximum induction and residual induction decrease. 

In addition to variables which Influence the mechanical properties, the test is 
sensitive to unequal stress conditions and differences in temperature in the mate¬ 
rial, which exert little effect upon the mechanical properties. The effect of stress 
variation is most noticeable when high frequencies or low magnetizing forces are 
employed. These tests all serve to compare the material with a standard of known 
mechanical properties, and care must be used to eliminate variables in the mag¬ 
netic measurements due to unimportant differences in analysis and structure. Direct 
correlation of chemical, physical or structural properties with magnetic indications 
have not yet been successfully established, but within one lot of material of the 
same general composition and treatment, variations from the indications given by 
the standard may be correlated and laboratory tests on one sample of a group of 
pieces showing the same variation will establish the properties of that group. 
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The simplest form of this test, and the earliest in point of commercial applica¬ 
tion, is an alternating current bridge in which the impedence of a coil surroimding 
the test specimen is balanced either against a standard specimen in a similar coil 
or against a synthetic standard of equal impedence. An alternating current gal¬ 
vanometer or an oscillograph with or without amplification may be used to indicate 
imbalance; or the current may be passed through a rectifier and measured as a 
direct current. The balanced alternating current method is usually applied to the 
testing of large quantities of similar materials, such as razor blade stock, wire, bar 
stock, and tubing. Certain peculiarities of magnetization may be indicative of 
seams or other unsoundness. This is particularly true in testing cold worked steel 
for dl^Ubcts, because the strain appears to enhance the magnetic difference between 
sound ^ and defective areas. A special coil arrangement representing a modification 
of the balanced alternating current method has been developed which permits a 
selective investigation with regard to certain mechanical defects. This coil com¬ 
bination suppresses the effect of differences in material, dimensions or stresses and 
emphasizes the effect of mechanical fiaws such as surface cracks and seams. 
Analyses and heat treatment variations are now carried out by direct analysis of the 
emf. induced by the test material. The basic principle used in these measurements 
represents a modernization of the Joubert” point contact method using electronic 
switching devices and direct current compensation for accurate wave form de¬ 
terminations. Splendid results have been obtained with these apparatus in locating 
flaws and in determining slight variations in analyses as well as uniformity of heat 
treatment . 

Similar apparatus with special methods of magnetization is used in testing 
races, balls, and rollers in the ball bearing industry. If the magnetic readings are 
interpreted in terms of Rockwell hardness variation, reliable average measurements 
can be made to one-tenth of one Rockwell division. The magnetic indications show 
Irregular internal stress conditions independent of the surface hardness, also varia¬ 
tions in microstructure, cracks, soft spots, and shallow hardness. 

In certain fields, particularly for small parts of magnetic material, high fre-, 
quency magnetization is used and a number of types of oscillating circuits have 
been devised which'give valuable indications of slight changes in composition and 
heat treatment. Tests of this type can also be applied to. nonmagnetic materials, 
ipeasuring in this case the electrical resistivity. 

Two specimens having like magnetic properties will have like mechanical prop¬ 
erties, but the converse is not necessarily true. Much work has been done, and 
much remains to be done, to correlate the structural and mechanical properties 
with resultant magnetic characteristics. The relation between magnetic and other 
properties is complicated so often by a multiplicity of factors, such as simultaneous 
variations in chemical composition, heat treatment, mechanical strains, and fiaws, 
that each application must be worked out independently and the testing procedure 
must be coordinated carefully with mechanical tests. 
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The Spark Test 

By W. G. HildorP and C. H. McCoUam’ 

General—The spark test Is a method for the classification of steels, according 
to their chemical analysis, by visual examination of the sparks which are thrown 
off when the steels are held against a high speed grinding wheel. The test Is 
valuable as a safeguard against the accidental mixing of steels of different 
analyses, or as a method for separating steels known ta be mixed. Spark testing is 
fast, convenient, economical, and, when applied with proper regard for its limita¬ 
tions, reliable and accurate. 

Spark testing is essentially a method for the separation of steels having different 
analyses. It is not a substitute for chemical analysis, and is not intended for the 
identification of ‘‘unknown” samples. The character of sparks should be similar 
when spark streams are examined from a number of samples supposedly of the 
same material. Should one or more of the samples exhibit a spark stream of dif¬ 
ferent character, the presence of “foreign” material is indicated. Chemical analysis 
can be used in such cases for positive identification. 

One of the advantages of the spark test is that it can be applied to steels in 
practically all stages of production, whether as the billet, as bar stock in the racks, 
as partly machined forgings, or even in many cases as finished parts. As spark 
testing is done directly on the pieces themselves, expensive sampling methods with 
attendant possibilities of mix-ups in numbering and handling are avoided. Small 
pieces of mixed material which could not be sampled, even if the cost of analysis 
were not prohibitive, are frequently salvaged, quite economically, by the spark 
test. 

Theory—When a piece of steel is held in contact with a moving emery wheel, 
small particles of the metal are tom loose. With a high speed wheel, this tearing 
process is so rapid that the temperature of the particles is raised to mcandescence. 
As they are hurled through the air the trajectory is quite easily followed, partic¬ 
ularly against a dark background. This trajectory is called a ‘‘carrier line.” 
If the metal is either ingot iron or wrought iron, the result is a small sheaf of 
single lines, termed a “spark picture.” If a piece of carbon steel of about 0.20% 
carbon is held in contact with the wheel, there will be noted a lightening of the 
color of the line, and the presence of a number of short single “forks” or “primary 
bursts,” which are due to the presence of carbon (Pig. 1). 

While a spark is incandescent and in contact with the oxygen of the air, the 
carbon present in the particle is burned to carbon dioxide. The transition of solid 
carbon to gaseous carbon dioxide is accompanied by an increase in voliune. Although 
the particle of hot steel is plastic, it offers resistance to this volume increase, thus 
building up an internal pressure that is relieved only by an explosion of the particle. 
There are some observations to support this explanation of the “bursts.” For 
instance, the examination of the incandescent particles when they are cold reveals 
in the residue numerous hollow spheres with one end completely blown away. 
The relation of carbon content to the frequency of “bursts” also marks carbon as 
the element responsible for the forking of the carrier line. A 0.20% carbon steel 
exhibits a slight forking effect (Fig. 1); a 0.40% carbon steel, a pronounced burst 
(Fig. 2); and steel in the neighborhood of 1.00% carbon, a minute explosion (Pig. 3) 
Moreover, greater intensity of bursting is noticed as the carbon content of the ste» 
is increased. 

Examination of the Spark Stream-—The technique of the visual examination oi 
the spark stream is quite important. When it is properly done, variations in the 
stream become more readily distinguishable. 

Wheel Pressure for Spark Testing—When using the spark cabinet, which will 
be described later, the operator should hold the pieces on the wheel in such a 
manner as to throw the spark stream about 12 in. in length horizontally and at a 
right angle to his line of vision. It is well at this point to spend a little time 
determining just the right pressure required to maintain a stream of about this 
length without reducing the speed for most efficient performance of the wheel. 
Wheel pressure is an important item, whether the piece be held against the wheel, 
as in cabinet work, or vice versa, because increasing the pressure will raise the 


iMetallurgleal Engineer, and «Chlef Chemist, The Timken Steel Tube Co., Canton, Ohio. 
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temperatiire of the spark stream and bursts, and will give the appearance to the 
inexperienced eye of a higher carbon content. Experience will later dictate to the 
trained spark tester the length and voliune of the spark stream required for the 
various steels that will be encountered. 


Having determined the 
proper wheel pressure, it is 
suggested for the intro¬ 
ductory tests that the oper¬ 
ator select two steels of 
widely different carbon 
content, preferably plain 
carl^n steels. An S.A.E. 
1020 and 1050 or higher 
carbon will do very well. 
First one, then the other 
should be held against the 
wheel, always being careful 
to strike the same portion 
of the wheel with each 
piece. With eyes focused on 
a point about H the dis¬ 
tance from the tail end of 
the stream, watching only 
those sparks which cross 
the line of vision, it wiU be 
foxmd that after a little 
while a mental image of 
the individual spark will be 
formed. After ^ an operator 
can fix spark Images in 
this manner he is prepared 
to examine the character 
of the “spark picture.” 

Sections of Sparks—• 
The entire sheaf of sparks 
may be divided into three 
equal sections: 

1. The wheel sparks, which are 
the third of the stream near¬ 
est the wheel. 
t. The center area. 

3. The tall sparks, which rep¬ 
resent the third of the stream 
farthest from the wheel. 

The components which 
are to be observed are the 
carrier lines, the spark 
bursts and the “character¬ 
istic sparks.” The carrier 
lines will vary in length, 
breadth, color, and num¬ 
ber. The spark bursts will 
vary in intensity, size, 
number, shape, and dis¬ 
tance from the wheel or 
from the end of the car¬ 
rier lines. Carrier lines are 
the incandescent streaks 



that trace the trajectory 

of every glowing particle. They are discussed more fully in connection with the 
characteristic sparks to which they are closely related. 


The Spark Burst—The spark burst, that is, the “carbon spark,” is the most 
useful characteristic of the spark picture, since the variations in the number and 
intensity of the bursts indicate the changes in the carbon content. Steels alloyed 
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differently but with the same carbon content are not always so easily identified. 
Most of the alloying elements have some influence on the spark picture. They 
may affect the carrier lines, the bursts, or the form of characteristic sparks. Their 
effect may be, for example, to retard or to accelerate the carbon spark, or to make 
the carrier line lighter or darker. 

Effect of Molybdenum —^The burst is the characteristic spark of carbon. Other 
elements have distinctive characters. One of the most easily recognized of all the 
characteristic sparks is that of molybdenum, which appears as an orange colored 
spear point on the end of every carrier line. Other features of the molybdenum 
spark are that the spear points are detached from the carrier lines, and that 
they are always present regardless of the length of the lines (Fig. 4). Sometimes, 
when the carbon content is high, the spear point is difficult to distinguish; but if 
a decarburized surface can be found, the characteristic spark immediately becomes 
quite distinct. 

Effect of NicfceZ—Nickel gives a characteristic spark, identified as tiny blocks of 
brilliant white light. In low carbon steels (0.10-0.20% carbon and 3.5-5% nickel) 
these blocks are located in the spark stream quite near the wheel, but in higher 
carbon steels they are located in the burst. When present with molybdenum, 
nickel partly suppresses the carbon spark. 

Effect of ^Silicon'—Silicon suppresses the carbon spark to a more marked degree. 

The carrier line from silicon steels of the SAK. 
92 series is much shorter than from a plain 
carbon steel of the same carbon content, and 
generally ends abruptly in a white flash of light. 

Effect of Tungsten—The spark streams for 
18-4-1 and molybdenum high speed steels as 
shown in Pig. 5 and 6 were prepared by J. V. 
Emmons. He states that, ‘T8-4-2 high speed 
steel sparks the same as the 18-4-1 tsrpe. With 
light wheel pressure, 4% tungsten steel is similar 
in appearance to 18-4-1, but with heavy pressure 
the 4% grade shows an occasional secondary 
burst not found in the 18% tungsten type. Ob¬ 
servations are based on a 9 in. alundum wheel, 
grade 46M, 1750 r.pm.*' 

Equipment for the Spark Test 

The Spark Cabinet—h cabinet makes possible the examination of spark streams 
under ideal conditions. It is convenient both in training men for spark testing 
and in the examination of spark streams from steels with spark characteristics 
which are unknown to the operator. 

A substantial wood cabinet, about 40 in. long, 36 in. wide, and 36 in. deep will 
be quite suitable for this purpose. The cabinet should be placed on a bench or 
table at convenient height for the operator. The inside should be stained a flat 
black. The interior should have means of artificial illumination. The location of 
the spark cabinet should be such that no direct light will strike either the oper¬ 
ator’s eyes or the Inside of the cabinet. 

The grinder may be mounted in the left front of the cabinet, and should 
throw a spark stream across the front of the cabinet at right angles to the 
operator’s line of vision. 

The Grinder—11 the spark stream is to be satisfactory for examination, a 
spark test grinder should have a peripheral wheel speed of not less than 3500 ft. 
per min. 

If light grinds are to be made on parts in production, the grinding wheela 
should be of small diameter. If the operator is not to be handicapped by unnec¬ 
essary fatigue, the weight, bulk, and balance of the grinder are important con¬ 
siderations. Portable g^ndlng equipment of approximately 7 lb. with the weight 
well distributed has been found very satisfactory. The shaft bearings should 
be readily replaceable. 

The grinding wheels should be rather coarse and very hard and approximately 

X % X % in. in size. 

Spark Test Goggles—E^ye protection during spark testing is very important, 
both in avoiding injury from steel and emery particles, and in minimizing the 




Fig. 5-18-4-1 high speed steel. Red 
color with numerous red lines. 

Fig. 6—Molybdenum high speed steel. 
Red and orange with numerous orange 
spearheads with trace of primary 
bursts. 
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effects of certain light rays. Goggles which satisfy these requirements have 
been developed for spark testing by some of the optical companies. 

Standard Spark Test Samples—Standard samples can be prepared from bar 
steel. A convenient size is 1 in. In dla. and 3 in. long. One end should be stamped 
with the identification marking of the steel and a sample number. Chemical 
analyses of these samples should be kept for reference. Samples should cover as 
wide a range of chemical compositions as possible, to permit the operator to 
familiarize himself with the manner in which the character of sparks is affected 
by various carbon contents and alloying elements. 

For training purposes, a dozen or more samples should be cut from bars of 
the material with which the spark tester will have occasion to do most of his 
work. For example, if experience in identifying the molybdenum spark is desired, 
a dozen pieces of SAJB. 1020 in 1 in. round steel, stamped “1," and a dozen 
pieces of S.AJ:. 4615 of like size and appearance, stamped “2,” will provide the 
standard samples necessary. These standard samples are consulted only as a 
means of verifying the correctness of the classification of the “unknown" samples. 

Spark Testing Personnel—Thought should be given to the selection of per- 
sotmel for spark testing. It is advisable to select a man whose eyes are light 
sensitive and whose manner is alert. He should have a fair knowledge of the 
composition of various steels. 

The operator should be given every opportunity to practice spark testing. 
Given the necessary physical and mental attributes, a spark tester’s efficiency 
becomes a matter of experience in the examination of sparks. The more rapidly 
that experience is acquired, the sooner he will be available for duty. 

In coimection with spark testing personnel, it is advisable to have strict super¬ 
vision of the work. The spark tester should be held at his highest possible ef¬ 
ficiency. It must be understood by each operator that his work must be 100%, 
that not a single piece of foreign steel can be passed in error. Decisions must 
occasionally be made as to when the spark test can be used safely, and also when 
it definitely must not be used. The reputation of the spark test for reliability 
will depend largely upon the wisdom of such decisions. 

Plant Spark Testing—Proper lighting conditions are a very necessary adjunct 
to satisfactory spark testing. 

The presence of strong direct light, either natural or artificial, is a distinct 
disadvantage. Spark testing should be done in a shadow, and against a dark 
background. 

It is advisable to protect the spark stream from heavy drafts of air as this 
will cause a very definite hooking of the tail sparks, which may be confusing. 

Bar and tube stock, carefully racked, can frequently be spark tested without 
removing from the racks. Similar material in bundles can be spread out on 
Inspection benches. Small pieces of regular size and shape are generally placed on 
work benches. If a large number of pieces must be tested in a limited time, 
laborers can be used to arrange the parts in uniform rows for the spark tester, so 
that his time can be applied entirely to spark examination. 

Care must be exercised in the case of hot rolled or heavily scaled material to 
be certain that the spark stream is pot from a decarburized area. Bar stock is 
more safely ground on the cut end, and forgings at the point from which the 
tonghold was removed. 
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The Besseiiner Process of Steel Making^ 

By br. G. B. Waterhouse 

History—^The invention of the Bessemer process of steel making was a great 
event in the world’s economic history. Up to that time steel was scarce and expen¬ 
sive, being made chiefly by the crucible process. It was reserved for special pur¬ 
poses so wrought iron, cast iron, and bronze were used for structures, engines, and 
ordnance. Henry Bessemer developed the process in the search for an improved 
material for guns. He started his experiments late in Dec., 1854, shortly before his 
42nd birthday. The first public description of the process was in Aug., 1856, before 
it had been perfected. Many difficulties were afterward encountered principally 
due to phosphorus in the pig iron used as the raw material. 

Application for a patent disclosed that William Kelly had worked on a similar 
method since 1847 and a patent was granted to Kelly in 1857. The patent con¬ 
troversy was ended in 1865 after which time developments were rapid, mainly due 
to the energy and genius of the great engineer, Alexamder Lyman Holley. 

Description of Bessemer Converter—^Molten blast furnace iron (pig iron) of 
the proper composition is poured into the Bessemer converter, which is a .pear 

shaped steel vessel mounted 
on trunnions. The con¬ 
verter is tilted to receive 
the metal. The charge 
varies from 5-30 tons. The 
lining of the converter is 
of acid refractory material, 
the slags produced consist 
of more than 50% silica so 
the process is known in 
this country as the ’’acid 
Bessemer.” When the vessel 
is charged, air is admitted 
from the blowing engines 
or turbo-blowers through 
one of the trunnions, which 
is hollow, to a blast box 
at the bottom of the con¬ 
verter. Prom this box the 
air passes through numer¬ 
ous holes or tuyeres, %-% 
in', dia., to the interior of 
the converter. The blast 
pressure is about 20 psi. 
These converters are 
known as bottom blown, 
and this article will not 
describe the process carried 
out in side-blown con¬ 
verters used in foundries 
for making steel for cast¬ 
ings. These vessels are 
often called baby Bessemers (Tropenas Converters) and usually vary from ^-3 tons. 

Operation of Bessemer Converter—^After the blast is turned on the vessel is 
slowly turned upright. The air blows through the charge and oxidizes (in the 
order given) the silicon, manganese, and carbon. The combustion of these mate¬ 
rials, especially silicon, and some of the iron furnishes the heat to carry on tJie 
process. The progress of the operation is shown by the flame Issuing from the 
mouth of the converter. At first the flame is short and dry with very little visi¬ 
bility, followed by a reddish-brown flame of low luminosity occurring during the 

’Prepared for the Bubcommlttee on Melting by Dr. O. B. Waterhouse, Mass. Institute of 
Technology, Cambridge, Mass. 

The personnel of the Subcommittee on Melting was as follows: O. V. Luerssen, Chairman; 
O. A. Domin, J. P. Gill, Dr. C. H. Herty, Jr., O. K. Parmlter, and Dr. G. B. Waterhouse. 
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period of silicon and manganese oxidation. Then as the carbon bums it changes 
in character and increases in size. It becomes yellowish-white and reaches about 
30 ft. in height. When the flame drops, which it does in a characteristic way at 
the end of the blow, the vessel is again turned down on its side and the blast shut off. 

This whole operation or “blow** usually takes from 12-18 min. *rhe material Is 
now known as “blown metal.** It contains traces of silicon and manganese and 
0.06% or less of carbon. Substantially all the phosphorus and sulphur of the orig¬ 
inal pig iron are present in the blown metal which also contains about 0.2% of 
oxide of iron, PeO. This last constituent mak^ the metal red short, Incapable of 
being successfully forged or rolled, so that some deoxidizing agent is added to the 
blown metal. When making soft or low carbon steel the usual addition is ferro¬ 
manganese. *rhis is crushed to egg size and added to the blown metal while it is 
being poured from the converter into the ladle, after which the ladle is swung or 
carried over the ingot molds and the ingots poured. *rhe final soft steel would show 
about 0.08% carbon, 0.38% manganese, 0.10% phosphorus, 0.045% sulphur and traces 
of silicon. The whole operation is brief and the liquid pig iron is very rapidly con¬ 
verted into liquid steel. 

Raw Material for Converters—The main raw material is liquid pig iron. This 
is usually brought from the blast furnace or furnaces in ladles and poured for 
storage into containers known as mixers, because various casts are mixed or aver¬ 
aged. These mixers hold from 200 to as much as 1200 tons. They are of steel 
construction, lined with fire brick or other refractory material and can be rotated 
by electricity or hydraulic power. Metal is poured from the mixers when needed 
through a spout into a ladle standing on a scale. When necessary, the mixers are 
heated by means of gas, oil, or tar. The heat supplied is Just about enough to offset 
radiation losses. Care is taken to prevent blast furnace slag, entering the mixers 
with the iron, as it would cause slopping and bad working in the Bessemer converter. 

The composition and amoimt of iron entering the mixer is very important to 
the Bessemer blower. For good practice the pig iron is held within fairly close 
limits. 

Silicon is the most important element and varies from about 1.00-1.80%. It 
should be held as constant as possible and at the particular amount found to work 
best for the Individual shop. 

The total carbon does not vary much in iron for the Bessemer converter. It is 
not reported usually and varies from about 3.80-4.00%. 

The manganese usually runs imder 0,60%. It should not run much higher as 
high manganese makes a thin slag in the converter which slops out of the vessel 
on to the floor of the shop and causes trouble, as well as loss of steel, and handicaps 
the blower in producing steel of given analysis. 

Phosphorus in the iron varies from about 0.085-0.100%. Substantially all of the 
phosphorus in the pig iron remains in the blown metal and in the finished steel. 
It must be low enough so that the final steel is not above the required amount 
which in general is 0.110%, although some specifications allow a maximum phos¬ 
phorus content of 0.13%. 'This is the reason why iron ores are classed as Bessemer 
and Non-Bessemer, the Bessemer ores being so low in phosphorus that the blast 
furnace iron made from them is low enough to be used in making Bessemer 
steel. Incidentally all the phosphorus entering the blast furnace with the charge 
is reduced and enters the liquid iron. 

The sulphur usually runs about 0.04% and varies from 0.03-0.08%. Both 
phosphorus and sulphur are about 8% higher in the finished steel than in the 
blast furnace iron, due to loss in weight and concentration. 

Bessemer Losses—In ordering the proper weight of liquid iron from the mixer 
to make a heat of steel the blower allows for the weight of scrap he will use and 
the loss in weight during blowing. This loss in weight is fairly constant, depending 
on various factors, chiefly the composition of the iron, because silicon, manganese, 
and carbon are practically all oxidized together with a certain amount of iron. 
The loss is usually from 8-10%. 

Temperature Control—After the liquid iron has been poured into the vessel, 
the blast turned on and the vessel turned upright, the scrap chute is swung into 
the nose of the vessel and the correct amoimt of scran added. This scrap addition 
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Is a method of temperature control, which is the most important part of a blower's 
duty. 

The finished steel in the ladle must be at the proper temperature for the grade 
of steel being made. It must pour cleanly from the ladle into*the ingot molds so 
that the ingots will set properly. If too cold a large skull will be left in the ladle 
and ttiere may be trouble in pouring the ingots. If too hot the internal structure 
of the ingots will not be correct and surface as well as Interior defects may develop 
' during rolling. 

In general, the blower tries to control his temperature so that a small skull is 
left in the ladle after pouring the finished steel. There are two methods available 
to him to reduce temperature. One is by the addition of scrap, the other is by 
using steam admitted with the air. Bloom butts, or crop ends of steel weighing 
about 100 lb. are generally used, but sometimes cold pig iron is employed. Only 
about 15% by weight of the liquid iron can be used, so the Bessemer is not a 
scrap-using process. 

The composition of the liquid iron is generally maintained to give a reserve 
of temperatme. so scrap or steam is generally needed. Occasionally cold heats are 
encountered. If known in time ferrosilicon can be added with the liquid pig 
iron, or added down the scrap chute, or the vessel can be blown on its side so that 
part of the air rushes over the surface of the metal. This causes excessive loss 
of iron, but does raise the temperature. 

Additions—In making most of the steels listed in Table I ferromanganese is 
added while the blown metal is being poured into the ladle. This brings about 
deoxidation and adds the required amounts of carbon and manganese to give good 
rolling and working properties and meet the specifications. There is a loss of 
manganese during this operation of about 35%. This loss is allowed for and 
experience soon shows the correct weight of ferromanganese to be added. The 
sulphiu- needed for the free cutting steels is added to the converter in the form 
of pyrites or to the converter or ladle as stick sulphur in a strong paper bag. 
There is a loss of about 45% of the sulphur added. 

In the case of the higher carbon steels the proper weight of liquid iron is 
brought from the mixer and added to the blown metal in the converter. Many 
times the blast is turned on and the vessel is turned up and down again to give 
a “puff" and thoroughly mix the materials, then ferromanganese is added as 
usual while being poured into the ladle. Sometimes the required carbon is 
obtained by adding dry crushed anthracite or coke in bags to the blown metal 
while being poured from the converter. 

Rail steel, and other high carbon steels, were formerly made by adding a molten 
mixture of spiegeleisen and pig iron to the blown metal in the converter. This 
mixture was first melted in cupolas and carefully calculated to take care of losses. 
The requisite amount of carbon, manganese, and silicon, was added and the correct 
weight was tapped from the cupolas. Almost any grade of carbon steel can be 
made by the Bessemer process, if the use of steel high in phosphorus can be 
allowed. 

Composition of Bessemer Steel—During the first part of the blow, silicon and 
manganese are rapidly oxidized and enter the slag. This is characterized by a 
short dry flame. The flame then turns to a yellowish-white as the carbon is 
oxidized and begins to increase in size until it is 25-30 ft. in height. At the end 
of the blow there is a well marked drop of the flame and the vessel is turned down. 
The heat may be turned down green or it may be “full blown,” depending on the 
steel to be made. 

The blown metal contains from about 0.04-0.10% carbon, traces of manganese 
and silicon, phosphorus from about 0.085-0.110%, and sulphur about 0.03-0.07%, 
except in cases where Sulphur has been added in the vessel. The additions required 
to make the finished steel are added usually in the ladle or else in the vessel and 
in the ladle. 

Topical analyses of finished steel are shown in Table I. 

Table I does not include bars, small structural shapes, and materials for 
Tailroad piui)Oses, such as spikes, bolts, and nuts, for which considerable Bessemer 
steel is used. The analysis of steels for these purposes does not vary greatly from 
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Table I 

Composition of Bessemer Steel 


Material Carbon % Manganese % Phosphorus % Bulphur % 



Soft Bessemer Steel Grades 



Skelp 

0.10 max. 

0.30-0.60 

0.11 max. 

0.08 max. 

Sheet and tin bar 

0.10 max. 

O.30-0.QO 

0.11 max. 

0.07 max. 

Soft wire 

0.06 

0.30 max. 

0.11 max. 

0.08 max. 

Medium wire 

0.08-0.12 

0.30-0.50 

0.11 max. 

0.08 max. 

Hard wire 

0.12-0.17 

0.70-1.00 

0.11 max. 

0.08 max. 

Ordinary screw stock 

0.08-0.13 

0.70-1.00 

0.09-0.13 

0.10 min. 

A.S.T.M. Iscrew 





S.A.S. llDJstock 

0.08-0.16 

0.60-0.90 

0.09-0.13 

0.10-0.20 


Special Grades Screw Stock 



Special 

0.08-0.16 

0.75-1.10 

0 09-0.13 

0.20-0.30 

High carbon screw stock 

0.25-0.35 

0.60-0 90 

0.09-0.13 

0 076 min 


Reinforcing Bars 



Reinforcing bars 

0.15-0.35 

0.70 max. 

0.11 max. 

0.08 max. 


that shown for skelp and sheet bar except that as a rule only the phosphorus is 
specified and tensile test requirements are imposed. In many of these steels, 
especially those exposed to atmospheric corrosion, copper is present from 0.20-0.30%, 
and has been found to be very helpful. 

Application—The main uses of Bessemer steel are indicated, in Table I. They 
Include skelp for making lap welded and butt welded pipe, especially the smaller 
sizes, sheet bar for rolling into sheet for tin plate and galvanized material, bars 
and special shapes for free machining purposes, especially automatic screw machine 
products and wire products of many different kinds. The Bessemer process is 
the second steel making method of the country in regard to tonnage. Its capacity 
is about 11.5% of the total steel making capacity and for the last few years the 
steel made by this process has varied from 11.5-12.8% of the total steel made. 
It has shown a declining tendency until recently, being 33% in 1912 and dropping 
to 11.6% in 1931 and increasing somewhat since that time. 

Also considerable steel is made by a combination of the acid Bessemer and the 
basic open hearth process, which is called the Duplex Process, the steel being known 
and shipped as open hearth steel. One other application of the Bessemer process 
is the Aston process of making wrought iron. 
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The Open Hearth Process^ 

By Dr. C. H. Herty, Jr. 

Origin of the Open Hearth—^The first steel made in any considerable quantity 
was produced by the crucible process, Invented by Huntsman in 1740. Puddling 
furnaces were patented in England by Gort in 1784 and Great Britain rapidly took 
the lead in Iron making. Bituminous coal was used in these furnaces. 

In 1855, Sir Henry Bessemer patented the Bessemer pneumatic process for 
manufacturing steel, and in 1856 Dr. C. W. Siemens and his brother Frederick 
obtained patents on a regenerative furnace. These two patents were destined to 
revolutionize the steel world, the former by enormously increasing steel tonnage 
and the latter by providing for temperatures so high and so constant that the 
tonnage from regenerative furnaces at present far surpasses that produced by the 
Bessemer process. 

In 1864, Martin successfully operated, with the assistance of Dr. Siemens, a 
regenerative furnace for melting steel. The open hearth process as developed by 
these gentlemen was called the Siemens-Martin process and the fundamentals of 
their process are in common use today. It must be stated that the open hearth 
process did not originate with Martin or Siemens, as J. M. Heath in 1845 proposed 
this method. His attempt failed as the necessary temperature could not be obtained. 

Henderson in 1870 and Snelus in 1872 suggested the use of lime as a dephos- 
phorizer for iron, and Thomas and Gilchrist in 1877 used a basic lining in a 
Bessemer converter. Basic linings were put into use in open hearth furnaces and 
the process at once came into favor. In the acid open hearth process, referred to 
later, neither phosphorus nor siilphur may be eliminated; this process is therefore 
confined to the melting of raw materials low in these two elements. 

The Basic Open Hearth 

The Necessity for Refining Pig Iron—Pig iron as produced today for the basic 
open hearth process has the following approximate percentage composition: C, 4.00; 
Mn, 1.70; P, 0.25; S, 0.04; SI, 1.00; Fe, 93.00. 

As this material is imfitted to fill the needs for which steel is used, it must be 
refined. Refining consists of the removal of carbon, manganese, phosphorus and 
silicon by oxidation and the removal of suspended oxide material and gases by 
scrubbing. It is necessary to supply a strong base which will form stable com¬ 
pounds with the oxides of phosphorus and silicon and with sulphur and hold these 
permanently in the slag—which is the molten magma formed when the lime and 
various oxides unite with or dissolve in one another. 

The Open Hearth Furnace—Figs. 1 and 2 show In cross section a sketch of an 
open hearth furnace. The basic fmnace consists mainly of a shallow, elliptical 
shaped vessel lined with some suitable basic refractory. This hearth is covered 
with a silica roof forming a combustion chamber, and the steel is made on the 
hearth of the furnace. Suitable spaces are left for doors on one side of the fiurnace 
through which the operations may be controlled. 

The hearth is usually lined with magnesite brick and covered with a mixture 
of burned magnesite or dolomite and open hearth slag. The bottom may be kept 
in repair with dolomite or in e^reme cases with ground magnesite or chromium 
ore. The aversige consumption of dolomite for repairing is about 35 lb. per ton of 
steel. 

In many modem fiimaces the backwall slopes at an angle instead of being 
built straight as in Fig. 1. This sloping backwall prolongs the life of the furnace 
as the flame cannot cut the brick as readily as it can with the straight backwall; 
the construction also facilitates repairs. 

In the rear of the furnace, at the center and bottom of the hearth, is the tap 
hole. This is between 4 and 8 in. in dia., depending upon the size of the furnace and 
type of practice. During the steel making period this hole is filled with a suitable 
refractory material which may be easily removed when the heat of steel is to be 
tapped. In a tilting furnace the tap hole is put in above the level of slag and 
metal and the furnace tilted when it is desired to withdraw the metal. 


•Prepared for the Subeommlttee on Melting by Dr. O. H. Herty, Jr., Research Metallurgist, 
Bethlehem Steel Oo., Bethlehem, Pa. The personnel of the subcommittee was as follows: O. V. 
Luerssen, Chairman; O. A. Dornin, J. P. QiU, Dr. O. H. Kerty, Jr., O. K. Parmiter, and Dr. Q. B. 
Waterhouse. 
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Open hearth furnaces are usually of the regenerative type, in which the hot 
gases are passed through checker chambers and transfer heat to the brickwork. 
From time to time, say every 15-20 min., the flow of gases through the furnace is 
reversed and cold air enters the hot chambers and is heated to about 2400**F., which 
promotes fuel economy and temperature control. 

Some fuels are preheated in the 
checkers before they enter the fur¬ 
nace, others are not. The fuels pre¬ 
heated are producer gas, and mix¬ 
tures of blast-fiunace and coke 
oven gas. Tar and oil are brought 
directly to the port and atomized 
with high pressure steam or air. 

They are preheated to about 300®F. 
to increase the fluidity for atomiza¬ 
tion. Natural gas and coke oven 
gas are delivered to the port direct. 

The port must be designed differ¬ 
ently for each type of fuel. 

Charging the Furnace — The 
scrap, cold pig iron, limestone, and 
ore are loaded into charging boxes. 

A charging machine picks up the 
individual boxes and charges the 
contents on the hearth of the fur¬ 
nace. In a charge consisting of 
limestone and scrap, the limestone 
is placed on the hearth first, fol¬ 
lowed by the scrap, until the charg¬ 
ing is completed or the furnace is 
full. If large amounts of light scrap 
are being charged, it is often nec¬ 
essary to All the furnace, melt down 
the scrap somewhat, and then fin¬ 
ish charging the scrap. It is some¬ 
times advisable to charge a layer of 
scrap on the hearth of the furnace 
before charging the limestone, par¬ 
ticularly if the limestone tends to 
stick to the hearth too much. If 
ore is charged, it is generally added 
before the limestone or Just after 
the limestone, depending on the 
condition of the bottom. Charging 
ore first tends to cut out the bottom. 

When cold pig iron is used, it is 
usually charged after the scrap. If 
hot metal (molten pig iron) is used, 
and the largest toimage of steel is 
made by this method, it is brought 
to the furnace in a ladle and poured 
through a spout inserted in one of 
the charging doors. The hot metal 
addition is made after the scrap 
has melted down somewhat and 
after the furnace has become weU 
heated. 

The analysis of the steel scrap should be known because copper, nickel, and 
molybdenum can be diluted but not eliminated from the metal. Tin, zinc, lea^ and 
antimony are detrimental to the quality of the steel, and so should be avoided. 



Fit. 1—Typieftl open hearth lumaoe. 


Melting the Charge—During the period between the charging of the scrap and 
the hot metal addition, there are two chemical reactions taking place in the bath: 
(1) The oxidation of the scrap while it is melting; and (2) the calcination of part of 
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the limestone. As soon as the hot metal is added> a great deal of the scrap and 
all of the limestone are submerged in liquid metal. The oxidation of the exposed 
scrap proceeds until sufficient scrap has melted to raise the level of the liquid 



Fig. 2—Typical open hearth furnace. 


metal enough to cover up all solid material. During this melting period large 
amounts of carbon dioxide are being evolved from the calcination of the lime¬ 
stone by the reaction: 

OaCOs = OaO + COs 

There is a heavy boiling action caused by the CO 2 evolution, and at the same 
time this gas reacts with the liquid iron to form iron oxide. 

0O> + Pe = FeO + 00 

As the scrap continues melting, pieces of limestone which have been held on the 
bottom by the scrap begin to rise through the metal bath and float in the slag. 
The period in which the lime is coming up is known as the lime boil, and the 
agitation from the gas evolution assists materially in the transfer of heat from 
the fuel to the bath because the hot upper layer of metal is thoroughly mixed with 
the colder lower layers. 

Function of Slag in the Steel Making Process—As it is necessary to remove 
carbon, manganese, phosphorus, and silicon as oxides, and in order to prevent 
phosphorus from reverting from the slag into the metal during the latter stages of 
reflnibg, it is necessary to carry a large percentage of lime in the slag to form a 
stable calcium phosphate. The slag floats on the surface of the bath, and it is 
through the iron oxide content of the slag that a large amount of the removal 
of metalloids (C, Mn, P, Si) by oxidation is carried out. The slag thus acts 
as a regulator of oxidation and as a carrier of undesirable impurities. If the slag 
is weakly basic, considerable erosion of the furnace lining will take place. If 
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the slag is too basic it is generally very viscous and the reactions taking place 
will be slowed up considerably. From the best data available at the present time, 
the slag is evidently calcium silicate, CaOJSiOs, and 2CaO.S:Os, contaixiing dissolved 
CaO, SCaO^PiOs, MnO, PeO, CaS and CaSOi. The magnesia in open hearth slags 
is generally held to be suspended as periclase (MgO), in which some iron oxide may 
be dissolve. 

It is very desirable that the slag have a given consistency during the working 
period, as the oxidation of the bath is controlled not only by the amount of iron 
oxide in the slag, but also by the rate at which 'iron oxide diffuses from the slag 
into the metal, and this diffusion rate is a function of slag viscosity. If the sldg 
is too viscous it may be thinned out by the addition of fluorspar, and if the slag is 
too thin (too fluid) it may be thickened (made more viscous) by additions of 
burnt lime or burnt dolomite. 

The Formation of the First Slag—During the initial melting period, a large 
amount of iron oxide is formed by the oxidation of the scrap. This combines with 
some of the calcined limestone on the hearth of the furnace and with some of 
the dolomite on the banks to form a slag high in iron oxide and lime. As soon 
as the hot metal is added, the slag formed during melting reacts with the metalloids 
in the pig iron, and silicon and manganese are very rapidly eliminated. The 
result of the reaction of these two metalloids with the iron oxide in the slag is a 
sharp decrease in the iron oxide content of the slag and a rapid increase of SiOi 
and MnO in the slag. These slags are weakly basic, and the result is a severe 
erosion of the furnace banks by this initial slag. If high silicon pig is used this 
corrosive action is intensified. If the pig iron used is unusually high in phos¬ 
phorus a tilting furnace is used, so that slags may be readily drawn off. 

The composition of the slag at the time the heat is melted has a very pro¬ 
nounced •effect on its oxidizing power during the finishing period of the heat. 
The reason for this is that a great deal of the oxidation takes place through the 
action of the furnace gases on the FeO in the slag, and the higher the FeO in 
the liquid slag the greater will be the oxidation throughout the heat. 

Working the Heat—After the heat is melted a test is taken out of the fur¬ 
nace and the carbon content estimated by the appearance of the fracture. From 
this fracture the furnace operator Judges how much ore should be added to elim¬ 
inate the carbon to the desired point. The ore is introduced either by shoveling or 
in a charging box, and a lively reaction at once proceeds because of oxidation of 
the carbon. As the carbon is being eliminated, steel tests are sent to the labora¬ 
tory for carbon analysis, or the operator estimates the carbon content of the bath 
by a fracture test. While the carbon is being eliminated, the operator attempts 
to “shape up” his slag so that at the finishing period the slag is of a creamy con¬ 
sistency and the metal at the proper temperature. The temperature of the bat^ 
is Judged by stirring a rod through the heat and noting the appearance of the 
end of the rod when it is withdrawn -from the furnace, or by pouring a test and 
noting the tendency of a skull (solidified crust) to form in the spoon, and also 
by noting the fluidity and nature of the steel while pouring. The temperature 
of the bath is regulated by the amount of fuel used, and this is generally under the 
control of the operator. If the amount of fuel used is kept constant, the tempera¬ 
ture of the bath will be Influenced by: (1) The amount and viscosity of the slag; 
(2) the degree of agitation; and (3) the chemical reactions in the bath, which may 
or may not influence the second factor. All of these factors are to some degree 
imder the control of the operator and must be considered in securing the desired 
bath temperature. In some of the newer installations of open hearth furnaces 
the fuel regulation is determined by automatic control of checker temperatures, 
thus eliminating to a large extent the personal element in the Judgment or mis- 
Judgment of steel temperature. 

Finishing the Heat—Unforttmately, during the process of elimination of metal¬ 
loids by oxidation, a considerable amount of iron oxide dissolves in the steel bath, 
and before the steel can be poured into the molds it is necessary to either partially 
or fully deoxidize the steel. This deoxidation is carried out either in the furnace, 
the ladle, or the molds. For so-called quality steel, as much deoxidation as possible 
is done in the furnace, because the elimination of nonmetallic matter resulting from 
deoxidation depends to a considerable extent on the distance the inclusion must 
rise before leaving the metal. Inasmuch as the average depth of the steel bath 
is about 30 in. and the average height of a ladle about 12 ft. it is obvious that if 
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the deoxidation is done in the furnace less time will be required for the elimination 
of nonmetalllc matter than if the deoxidation is carried out in the ladle. On the 
other hand, when the steel is deoxidized in the furnace, if the heat is held in the 
furnace to allow nonmetalllc matter to rise out of the steel, iron oxide will diffuse 
from the slag into the steel. 

Inasmuch as the slag-metal area in the furnace is much greater than in the 
ladle, it is evident that more iron oxide will diffuse back from the slag in the 
furnace than from the slag in the ladle. There is, therefore, a balance between 
deoxidation in the furnace and ladle, but by properly regulating the viscosity of 
slag and its iron oxide content, it has been found that it is better to deoxidize in the 
furnace than in the ladle. Some deoxidizing additions must be made in the ladle 
on account of the oxidizing conditions in the furnace. Thus, if a heat is being 
deoxidized with ferromanganese and ferrosillcon, it is customary to add ferro¬ 
manganese in the furnace and ferrosillcon in the ladle. The choice of deoxidizers 
and the manner of deoxidation are extremely important in making the best steel 
from a given open hearth heat at the time the steel is ready to be deoxidized. In 
some cases the steel is deoxidized in the mold, but this is generally a poor practice 
for making high quality steel. For certain types of steels where the specifications, 
particularly for cleanliness, are not rigid, this practice is very satisfactory in 
that it is by far the cheapest of any deoxidation method. In general, aluminum is 
the only deoxidizer used in the molds. Ferrosillcon is used in some grades of steel, 
but this is the exception rather than the rule. 

The time consumed in making a 100 ton heat of open hearth steel is about 
11 hr. and is divided as shown in Table I. 

Killed, Semlkilled, and Rimmed Steels—^From the standpoint of the user, there 
are three classes of plain carbon steels with which he must deal: (1) Killed steel; (2) 
semlkilled steel; and (3) rimmed steel. All forging grade steels and in |;eneral all 
steels above 0.25% carbon are killed. Structural steels from 0.15-0.25% carbon are 
killed or semikilled, and most steels below 0.15% carbon are rimmed. 

Killed Steel—In forging grade and other high carbon steels, the essential qual¬ 
ity of the steel is soundness (freedom from blowholes and segregation), because this 
material generally goes into a product where definite strength factors are desirable. 
The term '‘killed*' indicates that the steel has been deoxidized sufficiently so that 
the metal when poured into an ingot mold lies perfectly quiet. In killed steel 
there is no evolution of gas, and the top surface of the ingot solidifies almost 
immediately. This condition is brought about through the proper additions of fer- 
rosilicon, aluminum, and other strong deoxidizers. 

In making killed steels general practice is to catch the heat coming down— 
that is, to eliminate the carbon to the desired analysis and then tap the heat. 
It is preferable to leave the heat in the furnace for at least 10-20 min. after the 
addition of the deoxidizer, as this length of time is necessary to insure proper 
mixing of the furnace additions and elimination of nonmetalllc matter. 

Semikilled Steel —^In making semikilled steels the heat is caught coming down 
at the desired carbon content, and the manganese is added either in the furnace 

Table I 

Division of Time for Making 100 Ton Open Hearth Heat 
Total Time, 11 Hr. 


%»of 

Operation_Time 


Start of charge to end of charging. 19.0 

Actual time spent in charging... 6 0 

Start of charge to hot metal addition. 35 0 

Finish charging scrap to hot metal addition. 15 0 

Duration of lime boll. 37.0 

Working the heat. 23 0 

Deoxidation to tap. 1.0M1.0* 

Tapping . 1.0 

Finish tap to start of repairs on banks. 10 

Repairs on banks and bottom. 2.0 

Finish of tap to start of charging.. 4.0 


>Some of the items in the above table overlap others, making the total percentage greater 
•one hundred. 

qPor rimmed and semikilled steel. 

•For killed steel. 
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or in the ladle. If silicon is used, it is added in the ladle as 50% ferrosilicon. 
When aluminum is used it is sometimes added in the molds, although in most 
plants additions of alufhinum are made both in the ladle and in the molds. 

Rimming Steel—Clean low carbon deoxidized steels are very difiBcult and costly 
to make in the basic open hearth so recourse is had to the process called rimming 
in which the steel is partially deoxidized with manganese, either alone or with 
some other deoxidizer. When the metal begins to solidify there is a brisk evolution 
of gas which cleanses the surfaces of the growing crystals. The result is a skin 
of very clean metal. The depth of this skin varies with the skill of the steel maker. 
When the metal has cooled to the point where solidification proceeds throughout 
the liquid a great deal of the gas is trapped and a porous interior results. In 
making rimmed steel the effort of the steel maker is to obtain the proper rimming 
action in the molds, as this rimming action determines to a large extent the 
solidity of the surface of the ingot. This rimming action is obtained by a close 
control over the iron oxide content of the slag, the slag viscosity, the temperature 
at which the heat is poured, and the deoxidizers used. 

The advantage of the rimming steel practice is that the outside surface of the 
ingot is quite clean and low in carbon. These factors give an excellent surface to 
the finished product. A wide variety of steels for deep drawing, where ease of 
forming is the major consideration, are made by the rimming process. 

The Acid Open Hearth Process—^In the acid open hearth process the lining of 
the furnace is of silica sand, an acid material. As any basic material in the slag 
would tend to attack the lining rapidly, the acid process is confined to materials 
low in sulphur and phosphorus as these two elements require the presence of lime 
for their elimination. 

In an acid slag a large part of the iron oxide is combined with silica as silicate 
of iron and manganese. This combined iron oxide will not diffuse into the metal, 
nor will it be oxidized readily by the fiimace gases. Therefore, for a given toted 
iron oxide in the slag, the metal will be much less oxidized in the acid open heajrOi 
furnace than in the basic open hearth furnace, and consequently there will be fewer 
products of deoxidation to be removed. 

One of the most Important advantages of the acid process over the basic is the 
fact that the composition and nature of the slag can be controlled almost at will. 

A typical acid slag analysis in per cent is: FeO, 15; MnO, 21; SiO,, 53; CaO, 
4; and small amounts of AlaOa, CraOn et cetera. The per cent of FeO -f MnO is auto¬ 
matically regulated by the fact that iron manganese silicates will dissolve up to 
about 60% of SiOa from the furnace banks. By regulating the amount of MnO 
in the slag the FeO can be closely controlled. Thus the operator is enabled to con¬ 
trol more consistently the quality of the steel being made. 

The acid open hearth process is used almost entirely for the manufacture of 
killed steel. A very small tonnage of rimmed steel is made by this process. 

Refimnces 

O. H. Herty, Jr., Basic Open Hearth Practice, Trans., A.S.S.T., 1927, y. 11, p. 669. 

H. P. Rassbach, Manufacture of Acid Open Hearth Steel for Forging Ingots, Trans., AJ3.S.T., 
1929, y. 15, p. 289. 

J. 8. Keats and C. H. Herty, Jr., Elimination of Metalloids in the Basic Open Hearth Process, 
Trans., A.I.M.E., 1926, y. 73, p. 1079. 

Carl Dichmann, The Basic Open Hearth Process, Trans, by A. Reynolds, Van No&trand Co., 
New York, 1911. 

C. W. Harbord and J. W. Hall, The Metallurgy of Steel, y. 1, C. Oriffln & Co., Ltd., London, 
England, 1023, Ed. 7. 



788 


BASIC ELECTRIC MELTING 


Fe 5203 


The Melting of Tool and Other High Grade Steels in the Basic 

Electric Furnace 


By j. p. Gin* 


History—The first attempt on record to melt steel electrically dates back to 
1878 when Siemens conducted his initial experiments with arc melting in a small 
crucible. During the next 20 years progress in electric melting was slow, and prob¬ 
ably the most noteworthy event in this period was the development by Heroult 
about the year 1890 of a furnace for the production of ferroalloys. Beginning with 
the year 1900, the development of electric furnaces gained momentum, and several 
types of both arc and Induction furnaces were placed on the market. The most 
promising one of these was the so-called direct arc type devised by Heroult and 
finally put into production in this country about 1906. Consequently the history of 
electric melting of tool and other high grade steels in the United States dates back 
only about two decades. 


The first furnaces were relatively crude affairs, but 
electrical features were greatly improved and perfected 

A'Jilhr^Mc/hr 
B-Oears 

D-Conneciir^ Fhd 
E-Shfionar^ Axis 
F~ Bus Bari 
0 'Electrode HofJers 
H-khhrfbrElecfrode CbnM 
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E-J^/hrrMehJ 


^M:f^r7esfye Brfck 
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t : \ Maanestfe Bottom \ 



Fig. 1—^Electrle melting furnace. 


both the mechanical and 
during the following ten 
years, and the introduc¬ 
tion of automatic control, 
modifications to facilitate 
charging, improvements 
in electrodes, increase In 
power input, and finally 
the introduction of multi- 
voltage transformers 
have made the arc fur¬ 
nace an entirely practi¬ 
cal tool. Along with the 
development of the fur¬ 
nace has come the de¬ 
velopment of improved 
melting practice. Orig¬ 
inally the electric fur¬ 
nace was designed to 
make tool steels and spe¬ 
cial alloys which were 
then made by the cruci¬ 
ble process, but its field 
rapidly broadened to fill 
the need of new require¬ 
ments in special ord¬ 
nance steels and auto¬ 
motive alloy steels. 


There followed naturally a further development of the process along economic 
lines, resulting in a diversity of practice, such as the cold melt process used in the 
manufacture of tool steels and the finer alloys, and the hot metal, or duplex process, 
often used in tonnage electric practice. 


There is consequently a considerable difference in melting practice between the 
different units of the tool and alloy steel industry, and it would be an impossible 
task to give here more than a general outline of the subject. 


Description of Furnace—Of the many principles originally employed to melt 
steel electrically, it appears that only the system employed first by Heroult has 
stood the test of time. In this system the steel in the furnace forms the common 
conductor for the current flowing between the electrodes which enter the furnace 
through the roof. Fig. 1 shows a vertical section of a six ton furnace of this type. 
Tlie tilting mechanism, the electrode control motor, and the switchboard control 


^Prepared for the Subcommittee on Melting by J. P. QIU, Metallurgist, Vanadium-Alloys Steel 
Oo., Latrobe, Pa. The membership of the subcommittee was as follows: O. V. Luerssen, Chairman; 
O. A. Domln, J. P. Olll, Dr. O. H. Herty, Jr.. O. K. Parmlter, and Dr. "Q. B. Waterhouse. 
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apparatiis are often installed in separate rooms, a practice which affords protection 
from dirt and from the danger of heats burning through the bottom into the pit. 

Current is supplied from a suitable source through the bus bars P and electrode 
holders G to the electrodes which are three in number, arranged in the form of a 
triangle. Electrodes may be either graphite or amorphous carbon. Arcs are sprung 
from the electrodes to the bath K, thus heating the metal both by direct conduc¬ 
tion from the arc, and by radiation from the roof and walls. The height of the 
electrodes above the bath, and consequently the 'heat input, is controlled auto¬ 
matically by the winch motors H which raise and lower the electrodes. 

The furnace proper consists of a cylindrical steel shell lined with refractories 
as indicated in the legend. The roof is detachable. The furnace is tilted about the 
stationary axis or trunnion E placed directly under the spout J. The tilting 
mechanism consists in a motor A which raises the furnace by means of the con¬ 
necting rod D operated through a series of gears B. The weight of the furnace is 
balanced by the counterweight O. 

The choice of refractories for the basic electric furnace is a very important 
consideration. The hearth itself must be a basic material, such as magnesite or 
burned dolomite, to withstand the lime slags used in the basic process. The walls 
and roof on the other hand need not be of basic material, but must be capable of 
withstanding extremely high temperatures. Silica brick is used almost exclusively 
for this purpose. 

The hearth is either rammed in by layers, using a suitable binder such as 
sodium silicate, molasses, or tar, and is then burned in as a whole, or else the bot¬ 
tom material, often mixed with a suitable flux such as an oxide basic open hearUi 
slag, is shoveled into the hot furnace and burned in layer by layer. This is done 
by the heat of electric arcs formed between the furnace electrodes and other elec¬ 
trodes placed across the hearth of the furnace. 

Electric furnace refractories are subjected to severe service. The arches, jambs, 
and door brick especially have a short life, which can be lengthened by the use of 
water cooled doors and frames. Protection of refractories by water cooling shows 
up to better advantage on the larger furnaces. 

The tonnage capacities in which commercial units of this type of electric fur¬ 
nace are built, together with the transformer capacities, are as follows: 


Furnace 
Capacity, Tons 


, Transformer 
Capacity, kva. 


1 . 1 , 000 - 1,200 

3 . 2,000- 3,000 

6 . 3,000- 4,000 

15 . 4,000- 7,000 

25 7,500-10,000 

40 12,000-13,600 

100 . 20,000-25,000 


All sizes except the 100 ton have three electrodes on the one three-phase circuit, 
while the 100 ton furnace has 6 electrodes with the two three-phase circuits. 

The tendency is toward higher voltages during the melting down period—volt¬ 
ages which run as high as 250 for some furnaces. During the refining period, the 
voltages may be as low as 85-100. Switches are usually provided so that two or 
three voltages are possible at the will of the operator, and so that it is possible to 
have as many as 12 steps. 

General Description of Process—In brief the process consists of charging into 
the hearth of the furnace a known weight of scrap of suitable physical and chem¬ 
ical character, and melting this down as quickly as possible. When the charge is 
melted, it is the usual practice to add a quantity of burned lime with some fluorspar 
or sand to act as fluxes, which together with the oxides resulting from the melting 
of the scrap form a highly oxidized basic slag. It is sometimes the practice to ac¬ 
complish this same end by the addition of limestone to the charge. The procedure 
from this point depends upon whether or not it is desired to dephosphorize. If the 
scrap is of such a character that removal of phosphorus is not necessary, the slag is 
at once turned over, that is, whitened or deoxidized by the additions of crushed coke 
or ferrosilicon. If it is desirable to remove phosphorus, the furnace is tilted slightly 
and the black phosphorus-bearing slag is raked off or **pulled,” a new slag of lime 
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fluorspar and coke or ferrosilicon made up, and the process continued as in the 
flrst case. 

The description thus far applies to the so-called cold melt process. In the 
manufacture of tonnage steels it is sometimes the practice to duplex from a basic 
open hearth furnace, that is, to tap steel from the open hearth furnace where it 
has been dephosphorized, into the electric furnace, where it Is to be given an ulti¬ 
mate refining imder a deoxidizing slag. This is known as the hot metaL process. 
As in the case of the cold melt process, a new slag is built up, and the process con¬ 
tinued as in the case of the regular practice. The new slag is carefully treated 
with further additions of coke and other reducing agents until many of the gases 
and oxides resulting from the melt down, together with most of the sulphur, are 
eliminated from the metal. In the case of alloy steels the necessary alloy additions 
to bring the bath within the specified limits of composition are made during this 
period. Final deoxidation is accomplished in the furnace with the use of ferrosili¬ 
con and ferromanganese, the temperature properly adjusted, and the heat tapped 
into the ladle. In some cases final additions of aluminum or other deoxidizers are 
made to the ladle. The spout of the furnace is usually equipped with a skimmer^ 
designed in such a manner as to allow the metal to flow from the furnace free from 
slag. The slag finally runs out after the ladle has been filled. After remaining 
in the ladle a sufficient length of time to allow any entrapped slag to rise to the 
top, the metal is poiured or teemed into molds. 

At Intervals during the melting process, samples of the bath are taken for quick 
chemical analysis, so that chemical composition is known at all stages of the proc¬ 
ess, which enables the melter to make the necessary composition adjustments with 
carbon or ferroalloys. 

With this brief outline of the process completed, the various stages will now be 
taken up more in detail. 

Selection of Raw Material and Method of Charging (Cold Melt Process)—^The 
bulk of the charge usually consists of selected steel scrap of such a composition that 
upon melting down, the bath will contain a smaller percentage of the various ele¬ 
ments than is required in the final steel. This obviously allows for proper final ad¬ 
justment with ferroalloys and carbon additions. Of equal importance is the phys¬ 
ical condition of the charge, its thermal and electrical conductivity, and its 
tribution in the furnace. All of these factors have a bearing upon the economy of 
furnace operation. Consequently, considerable care is exercised in obtaining the 
proper balance betweto heavy and light scrap, in properly distributing these, and 
in distributing any other materials used in the charge, such as ore, scale and 
certain ferroalloys. 

The Melt Down—^The melting down of the charge is usually conducted at as 
high a voltage as possible so as to melt quickly, thus Increasing furnace economy 
and decreasing melting losses. To accomplish this, and also to allow the later 
operation to be carried on at a lower voltage, most furnaces are now equipped 
with variable voltage transformers. For the first 15 or 20 min. of melting, the 
electrodes “search,” that is, rise and lower as they melt through the scrap charge, 
and the current through the furnace fiuctuates widely. This action stops, however, 
as soon as a pool of metal has formed under the electrode. When this pool has 
reached an appreciable size, the melter starts pushing the unmelted scrap toward 
the center of the furnace, cleaning off the banks, and gradually working all loose 
scrap into the bath. As soon as this is accomplished, the first slag additions are 
made, consisting usually of burned lime with a small quantity of fluorspar as a flux. 

Refining—The refining stage in the electric melting process is of utmost im¬ 
portance, since it provides one of the big advantages which the electric furnace 
has over the open hearth. In the open hearth furnace, the process is essentia^ 
an oxidizing one because of the oxygen introduced in burning the fuel. In the 
electric furnace, on the other hand, the atmosphere can be controlled at will, with 
the result that the steel may be thoroughly deoxidized in the furnace. 

The refining operation in the electric furnace may be considered as beginning 
with the formation of the slag, although as a matter of fact refining begins with 
the melting of the charge and continues over a certain period after complete 
melting. These operations are based largely upon reactions between the steel 
and the slag, which are confined to the contact surface of the two materials. 
They are also based upon reactions taking place within the steel itself between 
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certain of Its original constituents and others that may have been added for the 
purpose, and finally upon reactions within the slag. 

The outstanding featiure of this slag is its basic character, meaning that Its 
basic constituents, the most important of which is CaO, must prevail over its 
acid components, the chief representative of which is SiOa. This is necessary 
for the preservation of the basic furnace lining and also because the prevalence of 
CaO is necessary for bringing about most of the desired reactions. 

These reactions aim to accomplish three distinctly different purposes, and 
since they would conflict with each other in several ways, they must be carried 
out separately and in a fixed sequence. 

Removal of Oxidizahle Elements, Principally Carbon and Prosphonis, But 
Sometimes Also Manganese and Chromium, By Oxidation—This process is carried 
out by the addition of an oxidizing agent to the slag, usually iron oxide. If It Is 
intended to remove the carbon, the oxide is added in the form of scale or Iron 
ore after the temperature of the bath has been raised as much as possible. At 
low temperatures it is possible to oxidize the other elements without burning out 
all the carbon. If phosphorus, manganese, or chromium are to be removed, it is 
necessary to pull the resulting black slag, since these elements are held only in a 
highly oxidized slag. If, as sometimes happens in the melting of alloy steels, only 
the carbon has to be lowered, the slag is not pulled, but the oxides of alloying 
elements that may have accumulated in it during the oxidation of the carbon are 
reduced back to the metallic state, and return to the steel. 

Reduction of Oxides in the Slag—This comprises the oxides of all metals 
reducible by either carbon or silicon. Such oxides may have been formed uninten¬ 
tionally during the melting of the steel or intentionally as described above, or they 
may have been added for the piirpose of direct reduction, or they may be con¬ 
tinuously formed in the slag because of loosening of particles of hearth and patch 
material that pass through the steel and into the slag. 

This deoxidation of the slag may be carried out by the use of finely divided 
carbonaceous material such as coal or coke, by calcium carbide, or by a metallic 
reducing agent such as ferrosilicon. This white refining slag usually contains 
enough calcium carbide so that the odor of gas is noticed when the slag is 
cooled in water, but it should not be too carbidic. The slag may be maintained 
in this condition throughout the refining period. 

During the refining under the white slag, it is desirable to have the slag come 
in contact with the metal as much as possible to facilitate the removal of oxides 
and nonmetalllc inclusions. Stirring the bath at intervals during this period is, 
therefore, helpful. 

The Deoxidation of the Steel—This consists in the conversion of those oxides 
that are soluble in the steel, namely, FeO and CO, into insoluble ones, such as 
SiOa, AlaOs and CaO, and their separation from the metal by gravity. This sepa¬ 
ration is greatly facilitated if, instead of forming a highly infusible oxide such 
as SIO 2 , we attempt to form at the same time several such oxides, which through 
combination with each other become fusible slags. The finely divided slag par¬ 
ticles will then coalesce into larger globules and separate themselves from the 
metal more easily. For this reason the final deoxidation of the steel is sometimes 
carried out by the addition of a so-called “double^* deoxidizer, such as calcium 
sllicide or aluminum-silicon alloys. 

Desulphurization of the bath also takes place with the deoxidation of slag and 
steel, the sulphur combined with manganese rising to the surface of the bath, 
where it reacts with the CaO (lime) content of the slag to form calcium sulphide, 
which is absorbed and held by the white basic slag. 

The presence of a deoxidizing agent in the slag during the final period is 
desirable. There is only one such agent that can exist in the slag, namely, calcium 
carbide. It must be kept in mind, however, that this carbide has practically no 
deoxidizing effect upon the steel.. It will reduce oxides of iron, chromium, man¬ 
ganese, tungsten, or vanadium which have risen into the slag, but it has little 
effect, if any, upon oxides suspended or dissolved in the steel. It is, therefore, of 
no conceivable advantage to hold the steel for a great length of time under a 
strongly carbidic slag. Some steels require more time than others, but for high 
quality steels a holding period of about two hours under the white klag appears 
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to accomplish the desired results. No time longer than this has shown any special 
benefit 

Composition Adjustments—^Beginning at the time the bath is first melted clean, 
and continuing through the refining period, occasional spoon tests are poured and 
sent to the laboratory for chemical analysis. Quick determinations upon these 
tests enable the melter to make what additions are necessary to bring the final 
composition of the heat within specified limits. 

Additions of metallic elements are usually made in the form of ferroalloys, 
the exact composition of which is known. The charge should be so adjusted that 
the carbon content of the bath, when melted down, is lower than the final desired 
carbon. After slagging off, carbon additions of 10 or more points are best made 
by working in over the bare metal a definite amoimt of crushed electrode or some 
such carbonaceous material of known carbon content. The power may be turned 
off and the electrodes submerged, but the use of the crushed carbonaceous material 
is more certain. When only a few points of carbon are to be added, the addition 
of wash metal, low phosphorus pig iron, or carbon briquettes is very satisfactory. 

Close and constant co-operation between the laboratory and the melting fioor 
is necessary if narrow chemical limits are to be maintained. 

Temperature Adjustment—Having brought the bath to the required chemical 
composition by refining operations and by the use of necessary additions, a 
number of spoon tests are next taken to determine its temperature and, as 
far as possible, its condition with regard to the progress of deoxidation. On 
straight carbon and some alloy steels, it is possible to determine the proper 
temperature by the so-called film test, which consists in taking a sample in a 
well slagged spoon and noting the time required for a film to freeze over the 
surface of the steel. With many alloy steels this is not possible and the tem¬ 
perature is determined by pouring the steel from a well slagged spoon in a uniform 
stream into a little test mold. No frozen metal should remain in the spoon and 
the test piece cast should have smooth sides without wrinkles. The top surface 
of this test piece gives also some indications as to the progress of the deoxidation, 
at least as far as the presence or absence of soluble oxides is concerned. It 
should be smooth and free from eruptions and slightly depressed in the center. 

Tapping and Pouring—The heat of steel, now of proper composition and tem¬ 
perature and properly deoxidized or killed, is ready to tap into the ladle. This 
operation, as well as the final poviring, is carried on with the greatest care. The 
ladle, of the bottom pour type, having been properly dried, is brought up to the 
furnace and htmg under the spout. The furnace is then slowly tilted into the 
tapping position, and the metal allowed to fiow in a steady stream into the ladle. 
The exact practice employed in tapping varies in different plants. Some oper¬ 
ators tap through a runner brick walled into the spout, thus holding back the 
slag until the tap is complete. Others prefer to tap slag and metal together. 
Temperatures are often taken with the optical pyrometer during tapping for 
record, and for the guidance of the melter. Usually no deoxidizers are added to the 
ladle, although occasionally small additions of aluminum may be made to counter¬ 
act the tendency toward oxidation during the tap. 

In pouring the ingots, the ladle is sometimes rested in a carriage which trav¬ 
els over the line of molds, but usually it is suspended directly upon the ladle crane. 
The principal precautions in pouring are to properly regulate the pouring rate and 
the character of the stream so as to pour with a minimum of splashing in the 
mold, thus insuring a good ingot siulace. Soimdness of the ingots and freedom 
from shrinkage cavities is insured by proper mold design, consisting in heavier 
walls near the bottom of the mold and in a chamber gradually widening toward 
the top, and by application of the so-called *‘hot top.” This usually consists of a 
refractory form placed on top of the mold, acting as a reservoir of molten metal, 
from which the ingot is continuously fed imtil completely solidified. 
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Acid Electric Steel 

By Fred Grotts* 

History-~The origin of acid electric steel probably begins with the development 
of the Heroult electric furnace in 1890. Previous to this, there was much experi¬ 
mental and production work done in the making of alloys in electric arc furnaces 
with both acid and basic linings. 

Like other acid steel melting processes, acid electric practice is based on lining 
the furnace with silica brick, resulting in the usual acid slag reactions. The acid 
electric furnace was the result of an endeavor to increase the tonnage obtained 
from the original crucible process of making steel, which is essentially a remelting 
procedure, there being little or no opportimity to eliminate sulphur and phosphorus. 

During the war period of 1914-1916 increased attention was given to the acid 
practice due to inability to obtain magnesite for the basic lining necessary in basic 
furnaces, the chief source of supply at that time being Austria. This helped to 
develop the acid method. 

Application —The acid electric process, while not commonly used for making 
ingots, is adapted to the manufacture of steel castings for several reasons. The 

melting time is dis¬ 
tinctly shorter than 
in basic practice be¬ 
cause of the necessity 
in the latter practice 
of making such addi¬ 
tions as are necessary 
to reduce the amount 
of sulphur and phos¬ 
phorus. High temper¬ 
atures are obtainable 
without imdue reac¬ 
tion with the refrac¬ 
tories which keeps 
such costs at a mini¬ 
mum. Good fluidity 
is also obtainable 
which is always de¬ 
sirable in producing 
castings. The slag, as 
will be described 
later, is also easily 
handled, an important item especially in lip pouring and in cases where steel with 
minimum slag Inclusions is the objective. Many machine shops often specify acid 
steel for castings with machined surfaces, since it seems to be general experience 
that the suurface of acid steel castings is superior from the standpoint of cleanness 
and imiformity. 

Description of Furnace—^The furnace consists essentially of a round steel shell 
lined with suitable refractories to withstand high temperatures generated by the 
carbon or graphite electrodes. Fig. 1 shows the method of lining in order to get 
the acid reaction necessary for the process. The contrast with a basic lining is 
also shown. The furnace is mounted on a tilting device, which is operated by 
electric controls. This arrangement is utilized for pouring the molten steel into 
ladles or other receptacles. It is recommended that the controls be placed so that 
the metal flow can be observed. Other electrical controls should be conveniently 
placed, but well protected from dirt and molten metal. 

The general construction of furnaces varies considerably. In some cases the 
roof is detachable, in which case charging buckets carried by overhead cranes are 
used. These buckets are built with bottoms that open mechanically permitting the 
charge to be placed conveniently in the furnace. 

Some furnaces have permanent tops but with side doors for charging. This 
arrangement permits the accurate placing of the charge, but the process is slow 


^President, Fort Pitt Steel Casting Co., McKeesport, Pa. Prepared for the subcommittee oo 
melting. The membership of the subcommittee was as follows: O. V. Luerssen, chairman. O. A. 
Domln, J. P. Olll, Dr. C. H. Herts, Jr., O. K. Parmlter, and Dr. O. B. Waterhouse. 
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and requires more time and labor than furnaces with a removable top. Both types 
of furnaces have their desirable features and existing conditions sometimes call for 
either one or the other. Some furnaces have special tap holes which permit the 
holding back of slag, which procedure is usually desirable. Atmospheric control 
should always be kept in mind in any furnace construction. 

The heat is applied to the charge by means of the arcs formed by the electrodes 
contacting the material, and is controlled by the height of the electrodes above the 
bath, or by variable voltages or taps. It is customary to use the higher voltages 
for melting and the lower voltage for refining. Several foundries melt down at 
130-140 volts and refine at 90-110 volts; others melt down at about 200 volts and 
step down to about 100 volts for refinixig. The details of the equipment used are 
determined largely by the requirements of the particular practice used. 

Selection of Material—The material for the charge consists of foundry return 
scrap, gates, heads, and risers to as much as 50 or 60% of the total, although it may 
be less according to the desires of the melter and the scrap available. The balance 
of the charge consists of plate and turnings or punchings. It is not considered good 
practice by some metallurgists to use too much rusty scrap on accoimt of the 
possibility of gas contamination. 

The acid process at present has practically no action on the sulphur and 
phosphorus content; therefore the materials of the charge must be as low as 
possible in these elements. Some operators charge the fine materials first to form 
a compact mass in order to minimize the tendency to form a hot pool of metal 
below the electrodes, while others place their plate scrap on the bottom. Too much 
sand on the return scrap, or too high silicon content sometimes requires higher 
melt down temperatures. 

Charging Material—A successful procedure for a 2 ton furnace consists in 
scattering uniformly over the bottom about 700 lb. of plate scrap (15% approx.), 
3200 lb. of returns (60% approx.), 300.1b. of fiashings (5% approx.), and 1100 lb. 
punchings and turnings (20% approx.) for a furnace charge of 5200 lb. This charge 
is calculated to contain about 0.30% carbon, 0.75% manganese and 0.35% silicon. 
The estimated amount of iron ore, is 250 lb. which is considered sufficient to take 
the carbon down to below 0.10% and the silicon to about 0.05% and the manganese 
to about 0.10%. 

The plate is charged first, then the returns, and the fines last to fill in the 
spaces. In some cases part of the plate may be placed on top. Some melters add 
ore or mill scale to the charge, while others add the oxide when a puddle has 
formed below the electrodes, followed by other additions as the melt proceeds. 

Some observations indicate that cracked castings result from high return scrap 
in which case it is desirable to change to a virgin charge of purchased scrap, or 
else cut the returns to 15 or 20%. 

Melting Operation—Melting down is carried out at high voltages, usually 
between 140 and 200, the exact procedure depending upon the equipment and the 
established practice in the particular plant. The melting operation is essentially 
an oxidizing procedure which gives rise to a rather violent boiling action, according 
to the reaction C 4* PeO Fe -f CO most of the iron oxide (PeO) is supplied by the 
ore added to the charge. The carbon is reduced rapidly from an approximate 0.30% 
in the charge to about 0.18% a^ the melt down. The boil is continued until the 
carbon drops to about 0.10% or less and then silicon and manganese lower still. 
If the original ore addition is not sufficient to lower these elements to the desired 
percentage, boiling should be continued by means of further oxide additions. When 
carbon, manganese, and silicon are **down,’’ further oxidation is stopped, or in 
other words, the bath is “quieted’* by an addition of low silicon pig. Some shops 
however prefer to let the ore boil Itself out, in which case no pig is added. The 
slag at this stage is quite black. 

In lieu of the practice Just described, some melters and metallurgists prefer 
to “catch their heats coming down.” For instance, if the charge is figured at 0.30% 
carbon'and it is desired to finish at about 0.20% carbon, they “kill” the heat at that 
point with ferrosilicon or ferromanganese, rather than boil the carbon out to a low 
point such as 0.08% or 0.09%, necessitating later building up to the required final 
analysis by carbon addition. 

Refining—In the boiling operation, some of the ore combines with the silicon to 
form silica, according to the reaction Si -f 2PeO SiO, 4- Pe. 

This SiOa Is eliminated by the continued agitation of the bath, together with 
some manganese oxide, which is likewise formed by the addition of the ore resulting 
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from the reaction Mn + PeO -> MnO 4- Fe. The SiO, and MnO. formed are sus¬ 
pended in the steel temporarily, but combine quickly with the excess FeO forming 
iron and manganese silicates which rise into the slag. In this connection it is 
important to add sufficient ore or scale to almost completely oxidize the silicon, 
and to form fusible silicates which separate readily from the bath. The excess 
ore is also necessary in order to flux any sand adhering to the scrap as well as 
silica resulting from the erosion of the furnace lining. It might be repeated here 
that 250-300 lb. of ore gives a satisfactory result for a 5500 lb. charge as described, 

Slag—The slag formed in the oxidizing stage bf the heat is thin and rich in iron 
oxide, and there is a constant tendency toward equilibrium between the slag and 
molten metal. Some melters recommend considerable quantities of lime in melting. 
Such practice, however, will result in high erosion of the furnace lining with 
corresponding high pollution of the metal. 

After the oxidizing boil has been quieted or allowed to work out, the next 
step is to bring the slag into condition. A satisfactory practice consists of adding 
about 3 shovels of dry, used molding sand and about one shovel of burned lime 
(CaO). Some melters use limestone (CaCO,) which accomplishes the same result, 
but requires more time. Additions should be dry to avoid hydrogen pickup. The 
result of these additions is a noticeable thickening of the slag. 

Deoxidation—The temperature is now increased and silicomanganese added. 
This partially cleans the steel and Improves the slag, which now takes on a greenish 
color. Some shops practice silicon reduction from the silicate slag instead of making 
a silicomanganese addition. The value of this practice is somewhat controversial, 
but is worthy of mention since good results are reported without the use of a 
deoxidizer at this stage. In this connection, one of the livest questions is so-called 
“over reduction," a condition resulting from high sulphur and low oxygen content. 
Over reduced steel is objectionable on account of low ductility in the flnal casting, 
and can apparently be prevented by melting down with a positive boil as alreac^ 
described, and then avoiding the too liberal use of deoxidizers. 

After the slag has been properly conditioned flnal additions of ferromanganese 
and ferrosilicon are made both for the purpose of completing deoxidation and of 
obtaining the desired final analysis. 

Tapping the Heat—After adjusting the temperature, the heat is tapped into the 
ladle, preferably of the bottom pour type. The slag may or may not be held back 
by means of a skimmer on the furnace. Comparative tests show no difference in 
physical properties between the two practices. When the slag is to be held back 
this can easily be done by plugging the tap hole, tilting the furnace until the slag 
line is above the level of the hole, then removing the plug. Any aluminum addition 
to take care of porosity due to mold gases or impurities should be added either on 
the bottom of the ladle before tapping, or else placed on the end of a rod and 
quickly pushed through the slag to the bottom of the ladle after the tapping 
is complete. 

There has been much discussion on the subject of aluminum in castings, and 
various amounts are used in different foundries. The aluminum addition seems to 
be governed partly by the type of molding practice; green sand practice requiring 
heavier additions. Many foundries who ore down their charges to low silicon, 
carbon and manganese contents and then deoxidize with regular deoxidizers, get 
good properties and sound castings in dry sand molds with the addition of 0 to 4 oz. 
of aluminum per ton of metal. However, in green sand practice it has been found 
necessary in some cases to add 2-4 lb. per ton to get good properties and solidity. It 
might be added that the aluminum practice Just described, combined with a calcium 
silicide addition in the ladle has been giving reliable results for many years. 

Ladle Practice—Cleanliness about the ladle is always desirable. All remaining 
slag from the previous heat should be removed as thoroughly as possible. A smooth 
lining of gannister gives good results. In lip pouring the lining material sometimes 
slags with the steel, as can be seen if the stream is observed from the under side. 
To keep back the covering slag a skimmer brick is valuable. The use of bottom 
pour ladles in some cases results in cleaner steel. In making small castings the 
metal may be transferred to bull ladles or hand shanks as desired. 

Much steel is tapped at about 3100‘'F. into the ladle. It is good practice to hold 
the metal for 5 min. or more in the ladle to allow entrained slag to float out. Some 
pressure castings are poured at about 2850°F. or less to improve solidity. Wrinkles 
are likely to occur at this temperature, however, Impairing the appearance of the 
casting. Many thin section castings are poured at 2950-3025''. Temperatures of 
pouring at 3000''F. or above cause a breakdown of the mold in some cases resulting 
in burned-in sand, and consequently rough castings. 


796 


CORELESS INDUCTION MELTING 


Fe 5205 


Steel Melting in the Coreless Induction Furnace*^ 

By Dudley Willcox and G. V. Luerssen 

History—The coreless Induction furnace, often referred to as the high fre¬ 
quency furnace, first appeared in 1917. Up to about 1922 it was used only for 
laboratory melting and for precious and semiprecious metals. Its larger com¬ 
mercial possibilities have been steadily developed since that time. 

In 1925 appeared the first large installation, which was used for tonnage 
melting of nickel-silver and other copper alloys. Twelve hundred kw. of 480 cycle 
power were used to energize twelve 650 lb. furnaces, and in 1926, 26,000,000 lb. of 
nonferrous metals were melted with this one installation. 

In 1926, the first production steel melting furnace of this type was Installed, 
utilizing 150 kw. of 2,000 cycle power derived from a standard or salient pole t 3 rpe 
generator. Since that time the use of these furnaces has increased rapidly. 
Most of the furnaces have been Installed by the steel Industry for melting tool 
steel and the various stainless steel alloys. The installations have been powered 
with 500, 960 or 1000 cycle single phase generators in units of 60-1700 kw. capacity. 
Furnace sizes range from 100-16,000 lb. and are quite in contrast to the largest 
steel melting induction furnace built up to 1922, which held 20 lb. Since that 
time the use of high frequency power has been extended to several hardening 
applications, such as surface heating of steel shafts, and for the hardening of 
crankshaft bearing surfaces. Rapid localized heating of either surface or linear 
sections of shafts and other steel parts is a most important later development of 
Inductive heating. In 1937 two installations were made for heating pipe for forging. 

Application—The high frequency induction flirnace is being used both in the 
making of ingots and in the steel foimdry. In ingot practice it is best adapted 
to the melting of stainless steel and special tool steels, particularly high speed. 
On account of the absence of carbon pickup, and low melting loss, it provides a 
good tool for the production of low carbon stainless steel, since it makes possible 
the use of a high percentage of stainless steel scrap in the charge. In^ the 
foundry it is valuable on account of its flexibility in operation, particularly in 
the production of small alloy castings. 

Construction of the Furnace—-The coreless induction furnace is essentially 
an air transformer in which the primary is a coil of water cooled copper tubing 
and the secondary the mass of metal to be heated. The essential parts of the 
furnace are shown in Fig. 1. The outer shell S is made of asbestos lumber and 
carries the trunnions T on which the furnace pivots in tapping or pourl^. Most 
of the shell has been cut away to show the section of the furnace. The coil C, 
consisting in a helix of water cooled copper tubing, is lined with a layer L of 
refractory material and forms a protective coating against metal leaks. This 
layer is continued above and below the coil against the asbestos support R, and 
the firebrick top and base F. The coil lining and the firebrick bottom provide a 
cavity Into which the refractory lining of the furnace is built. This lining may 
take the form of a thin wall crucible or supporting shell M packed into the 
cavity with grain refractory G, or it may be in the form of a sintered lining 
described later. This lining holds the charge or bath of metal B, and is grooved 
out at the top on one side to form the pouring spout D. 

Due to the peculiarities in construction of the furnace, in which the primary 
coil is fairly close to the metal bath, the selection of suitable refractories is an 
important consideration. The first commercial steel melting furnaces were lined 
with thin walled silica sleeves surrounded with silica sand or powder. Silica 
linings are now in use both here and in Europe and are giving excellent results. 
Lining life of well over 100 heats is reported, the average being about 75 heats. 
The general practice is to use .dry ganister lined with an asbestos or steel shell 
which melts down with the first heat and frits the inner wall of the sand. 

Many American users prefer basic linings. Magnesia grain is often used with 
an inner shell or thin crucible of clay-bonded magnesia. The steel shell method 
may be used with any lining material, but it has been found less expensive and 

^Prepared for the Subcommittee on Melting by Dudley Willcox, Ajax Blectrothermlc Oorp., 
Trenton, N. J., and O. V. Luerssen, Carpenter Steel Co., Reading, Pa. 

The personnel of the Subcommittee on Melting was as follows: O. V. Luerssen, Chairman; 
O. A. Dornln, J. P. Gill, Dr. C. K. Herty, Jr., O. K. Parmlter, and Dr, G. B. Waterhouse. 
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more convenient in this country to use an inner shell of asbestos board made of 
Portland cement and asbestos fiber. This slags off on the first heat and bonds 
the inner layer of magnesia grain. Materials other than silica and magnesia 
which have been used are chromium ore, zirconium silicate, magnesite and 
various mixtures of magnesia and alumina. 

Lining life varies greatly with the class of service. High chromium alloys 
tend to build up the inner wall so that it is necessary to scrape off the lining aftet 
each heat. Even then the capacity of the hearth tends to be reduced unless 
an occasional heat is made of some alloy such atf silicon steel which cuts the 
lining or unless a suitable slag is used to prevent this building up. With a basic 
lining, and heats of stainless steel, a lining life of over 500 heats has been reported. 
When melting high speed steel, 100-200 heats may be expected. 

Principle of Operation—In the operation of the furnace a high frequency cur¬ 
rent is passed through the primary coil or helix C (Fig. 1), inducing a much 
heavier secondary current in the charge, thus heating it by resistance to the 
desired temperature. The charge may consist either of a single lump of metal or 
a quantity of loose pieces such as ordinary steel scrap. Even comparatively fine 
turnings can be melted successfully if a moderate amount of heavier scrap is 
used. The current in the charge circulates in a path about its periphery in a 
direction parallel and opposite to that of the current in the coil. The higher the 
resistivity of the charge and the lower the frequency of the current applied, the 
greater is the radial thickness of the current path. While high frequency heating 
is effective over a wide range, it is practical to use about 1,000 cycles. 

The heat is developed in the outer part of the charge and is quickly carried 
to the center by conduction, which is of course rapid through solid metals. After 
the charge starts to melt and a pool is formed in the bottom of the furnace a 
stirring effect occurs. This not only carries heat to the center of the charge by 
convection but accelerates melting by washing molten metal against solid metal. 
It also mixes thoroughly the elements in the charge, thus assuring uniformity. 
The fiow lines in the molten bath are indicated in Pig. 2, showing that there are 
no “dead spots” but that every part of the bath is moved. The vigor of the stirring 
can be controlled by varying the power input. This is accomplished when only 
one furnace is attached to a high frequency generator by turning a rheostat con¬ 
trolling the generator voltage. 

Melting Procedure—Rapid progress has been made during the past ten years 
in the application of this furnace to steel melting practice. The fact that develop¬ 
ment has come so fast, both from the standpoint of increase in furnace capacity 
and improvements in melting practice, makes it practically impossible to describe 
any generally used procedure at the present time. It is safe to say that in most 
plants using induction furnaces, the melting procedure is essentially a crucible 
process. Since the heat is generated entirely in the charge itself, melting is rapid 
and there is only a slight loss of the oxidizable elements. Furthermore, on accoimt 
of rapidity of operation, preliminary bath analyses are not as a rule made. Conse¬ 
quently the charge is usually made up of carefully selected scrap and alloys of 
such aggregate composition as to produce the analysis desired in the finished steel 
without further additions, except possibly small amounts of ferromanganese, ferro- 
silicon, or other final deoxidizers. 

The heavy scrap is charged first, and as much of the charge as possible is 
packed into the crucible. The current is turned on, and as soon as a pool of 
molten metal has formed in the bottom, the charge sinks and additional scrap is 
then introduced progressively until the entire charge has been added. Speed of 
melting depends upon the power input per pound of steel melted. With an input 
of 300 kw. it is possible to melt down a 1,000 lb. charge in 45 min.-l hr., depend¬ 
ing upon the character of the scrap. The additional time required to finish the 
heat depends upon the amount of time consumed in superheating and refining. 
Usual^ the total time is 1 hr.-l hr. and 15 min. 

In many cases no attempt is made in induction furnaces to melt under a slag 
cover, since, because of the convexity of the bath resulting from the stirring action, 
it is difficult to keep a slag blanket on the metal. Fortunately oxidation from the 
atmosphere is so slight that a slag does not appear necessary for protection alone. 
However, slags are being successfully used both during the melting down operation 
and for refining. The degree of convexity of the bath is governed largely by the 
rate of power input to the melt. A slag blanket on a one ton furnace powered with 
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300 kw. Will be easier to maintain than on a one-half ton furnace with the same 
power input. The character and effectiveness of such slags is, of course, governed 
by whether the furnace is acid lined or basic lined. On basic lined furnaces it is 
reported possible to refine under a white slag similar in character to that used in 
arc furnace melting. 



As soon as the charge is melted clear, and refining is completed, any further 
necessary additions of alloys or deoxidizers are made and the bath is superheated 
to the proper pouring temperature. The current is then turned off and the furnace 
tilted to pour the metal over the lip into the mold direct, into a funnel or pouring 
box placed over the mold, or into a ladle from which it is later poured into molds. 
In foundries making small castings it is sometimes the practice to pour into shank 
ladles. As soon as the heat has been poured, the furnace is scraped clean of adher¬ 
ing slag and immediately recharged for the next heat. 

A variation of the usual melting procedure adapted to the melting of certain 
special alloys, consists in what is known as vacuum melting. In this process a hood 
is placed over the furnace and exhausted, so that melting is conducted in the ab¬ 
sence of air or other gases. 
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Crucible Process for Steel Making* 

By Owen K. Parmiter 

History—-The production of iron and steel by a crude form of the crucible 
process was practiced thousands of years before the dawn of the present commercial 
^ era. The hardening properties of these ancient steels were the result of the car¬ 
burizing action of the fuel, which was usually charcoal. The importance of this 
“carburizing*’ or “cementing” action was not clearly understood at first, but later 
It was applied to good advantage in the development of “blister steel,” “shear 
steel” and “double shear steel.” All of these steels were carburized at temperatures 
considerably imder the melting point of the iron. 

Huntsman in 1740 revolutionized the original process by melting broken pieces 
of the carburized blister steel in a crucible, thereby obtaining a more uniform steel. 
The first tool steel company was established in 1751. Mushet, early in the last 
century, substituted refined iron for the blister steel scrap in his crucible mix. 
Charcoal was added to serve as a carburizer, and the mixture was melted to form 
“cast steel,” as it later became known. Prom that time on, progress in the 
manufacture of tool steel was relatively slow until the advent of modem analytical 
chemistry afforded further Impetus to the production of quality steel. 

Description of the Furnace and Process—The modem crucible melting furnace 
is of the Siem^ regenerative type or some modification of it. The usual furnace 
has a capacity of 30 pots, each pot accommodating a little less than 100 lbs. of steel. 
The furnace has 5 separate melting compartments, each with an opening or “hole” 
which allows the operator to examine the pots during the melting process without 
an excessive loss of heat from the furnace. A transverse section of a crucible 
furnace is shown in Fig. 1 in which (A) is the melting compartment or hole. 
Each compartment holds 6 pots (B), and is covered with 3 brick lined covers (C), 
which can be pushed aside when examining the pots, or removed at the time of 
“pulling” or “drawing.” 

Regenerative gas and air chambers, (D) and (E), are arranged on either side 
of the melting holes. The fuel, which may be either natural or producer gas, 
usually the latter, is fed into the gas chambers under valve control. The necessary 
air for combustion is furnished by controlled stack draft. The flame resulting from 

the combustion of gases in 
the air and gas chambers is 
led through ports (F), three 
on each side of the melting 
compartment. Gas and air 
are reversed from one side 
of the furnace to the other 
every 20 min. 

The bottom of the fur¬ 
nace proper is formed by 
cast iron bed plates (G). 
These are supported on the 
sides by the foundation 
wall of the gas chamber, 
and are protected from the 
heat by heavy tile brick 
(H). Over these brick, coke 
Fig. 1—orucU)ie furnace. dust (I) is scattered to a 

' depth of about 12 in. This 
coke serves as a cushion or bed for the pots, and is of assistance in maintaining 
an even temperature. 

The average number of heats from a crucible furnace is 6 every 24 hr., or 33 
heats per week. The average recovery of steel ihgots from a 30-pot furnace is about 
2800 lb. per heat. The pots are made from a mixture of natural flake graphite, 
ball clay and silica sand, which is thoroughly wet—ground, and spun to shape. In 
use the pots are covered with a cap of the same material. 

^Prepared for the Subcommittee on Melting by Owen K. Parmiter, Metallurgical Engineer, 
Firth Sterling Steel Go., McKeesport, Pa. 
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Approximately 3 hr. are required to melt a crucible charge of ordinary carbon 
steel. To determine when the raw materials in each pot are melted, the melter 
uses the “looking stick/’ which is a steel rod about % of an in. in diametar and 
6«7 ft. long. This operation is performed as rapidly as possible and the cover replaced 
immediately after each test. After the raw materials have melted, the charge is 
held for a period of “dead melting” which is about 1 hr. When the proper tem¬ 
perature is reached, the pots are lifted out or “pulled” by hand tongs and passed 
to the “teemer,” who pours their contents into an ingot mold or a ladle. 

While this description covers the modem furnace and melting practice used 
almost universally in America, a large part of the crucible steel made in Europe 
is still made by the original Huntsman process in coke fired furnaces. 

Coke Fired Farnace—The coke fired furnace is in reality a squat shaft furnace, 
lined with ganister. The body of the furnace is closed by fire bars at the bottom, 
and has a fire brick cover at the top. Near the top of the furnace is a side fiue 
leading to a chimney. The furnace accommodates 2 crucibles, each capable of 
holding about 75 lb. of steel. The crucibles or pots may be either clay or graphite, 
and in England the clay pot is still generally used. These pots are placed on fire 
brick stands resting on the fire bars and the charge intrpduced into the crucibles 
through sheet iron funnels. Lids are placed on the pots, and the whole of the 
inside of the furnace, still hot from the previous heat, is filled with coke. ^ 

The cover is placed in position, the dampers adjusted and the material allowed 
to melt, an operation which takes from 3H-4 hr. for the first heat and 3-3^ hr. 
for subsequent melts. Generally, the operation of coke melting is carried out in 
precisely the same manner as the operation of gas melting and the success or figure 
of the operation depends very largely upon the skill of the operator. 

Selection and Preparation of Raw Materials—The crucible method cannot 
remove such impurities as sulphur and phosphorus. In selecting raw materials, 
this fact must be given careful consideration. The base of many of the crucible 
mixes is puddled or charcoal iron, which must be of the best composition obtainable. 
The steel scrap should be clean and as nearly as possible of uniform size. The 
charcoal should be of the hardwood variety, in pea size pieces, with a high flbqed 
carbon content. The ferromanganese should be of the low carbon variety, in clean, 
uniformly small lumps. The average crucible mix will consist approximately of 
the following; 


Typical Crucible Furnace Mix 


Carbon Steel (1.00%C.) 

Ingredients 

Actual Amounts, lb. 

% by Weight 

Puddled bar iron. 

76 

80.50 

Crucible steel scrap. 

. 17 

is .00 
1.25 
0.25 

Charcoal (75% fixed C.). 

Ferromanganese (80% Mn).... 

. 0.25 


94.5 

100.00 


8 oz. of river sand per pot are sometimes used to form fiux. Some use clay, 
black oxide of manganese, or crushed acid slag. All of these materials are accu¬ 
rately weighed and checked separately for each individual pot. The types of charge 
often vary widely with different manufacturers, some using higher percentages of 
tool scrap, some using foreign wrought irons, and others domestic irons. 

In addition to the use of charcoal as a carburizer, wash metal, a purified Iron 
containing 3.75% carbon, has been extensively used. As a substitute for wash metal, 
the Swedish white charcoal iron has had some application. 

Method of Charging—The charcoal, sand, and ferromanganese are charged on 
the bottom of the pot, followed by all of the iron. The scrap having the lowest 
melting point is added near the top of the pot. Mechanical shaking devices are 
used to thoroughly pack the charge so that the covers will fit tightly on the 
crucibles. 

As soon as the pots are emptied of their contents of finished steel, th^r are 
refilled with a new, cold charge, and again set in the furnace. The pots are 
brought up to the melting hole on small specially designed buggies. Usually a pot 
can be refilled 5 times, thus making the total life of the pot about 6 heats. 
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Melt Down and ^ead Melting” Process—The melt down should be accomplished 
rather quickly in a hot furnace, so that steel is melted and clear in from 2%-3 hr. 
After this, about 1 hr. is spent in ^'killing** or “dead melting.*’ During this impor¬ 
tant operation, the furnace should be run considerably on the hot side of the 
proper range for the first 30 min., tapering olf to the cool side for the remainder 
of the “fiirlng** period. This operation serves to deoxidize and degasify the molten 
metal, at the same time permitting any inclusions of nonmetallic particles to come 
to the top and be absorbed by the slag. During this “soaking” period, the molten 
steel absorbs both carbon and silicon from the pot. The carbon pickup will vary 
from 0.05-0.15%, depending upon temperature and age of pot. When carbon pickup 
is undesirable, a graphite crucible with approximately % in. of clay lining may be 
used. New graphite crucibles kill the steel more quickly than older ones because 
the metal absorbs more carbon and silicon from a new pot. the pot gets older 
it is good practice to add more carbon and a small amount of ferrosilicon to the 
charge. By training and experience, the melter determines when the steel has 
had sufQcient “fire” to rid it of nonmetallic particles and dissolved gases. Insuffi¬ 
cient “fire** is indicated by a prolonged burst of sparks upon removal of the crucible 
cap. Too much “fire” produces an ingot with a “leady” structure and the resulting 
bar fracture appears “dry” and “dull." 

Slags and Refining—The term “refining” as applied to the melting of ordinary 
steel usually implies the removal of undesirable impurities such as sulphur and 
phosphorus by oxidation or reduction in the presence of a basic fiux. In crucible 
melting, such a process of refining is not possible because, while the pot is reducing 
in action, it is also of a siliceous or acid nature, which necessitates the use of an 
acid slag of glass or sand. Oxides and dissolved gases are removed by the reducing 
action of the pot. Silicon is absorbed in amounts as required and under ideal con¬ 
ditions to insure complete deoxidation. Carbon in the proper form is absorbed 
slowly from the charcoal or wash metal by the iron to produce carbides. 

Composition and Temperature Adjustments—^In crucible melting, all ingredients 
are generally added to the original charge (manganese and silicon are sometimes 
added to the ladle). Once the pot cover becomes sealed by the fiuxing action of 
the container, it is seldom removed until the steel is ready to “teem” or pour. 
Once a mix is proven, adjustments are seldom necessary. Occasionally the carbon 
content may vary slightly from the desired amount, but this can be corrected by 
adjusting the amount of charcoal in the mix for the following heat. The “carbon 
throw” from the pot varies, depending upon the number of heats that have been 
made in the pot, but this can be regulated by proportionately increasing the 
amount of charcoal in the later heats. Time and temperature -during the killing 
period directly affect the carbon “pickup,” which will vary considerably unless 
operating conditions are held uniform by the melter. 

The proper temperature for teeming depends largely upon the skill and 
experience of the melter. The temperature, which may be adjusted for either 
**hand teemed” ingots or for “ladle practice,” is always higher for the ladle work. 
In hand teemed work, the speed of pouring can be regulated to compensate for 
variations in temperature. 

Deoxidizers—For deoxidation, crucible steel depends upon a silicon content 
absorbed from the pot. If the killing time has been sufficient to give the steel the 
proper silicon content, and if the temperature is correct, the steel is ready for 
pouring. Just before this teeming operation, the slag is removed from the molten 
steel, thus exposing its surface to the atmosphere. Provision for this temporary 
exposure to oxidizing Infiuences is made by dropping a “pill” of pure metallic 
fdumlnum into the pot. Aluminum not only prevents oxidation and keeps the steel 
“quiet” until it can be teemed, but it also degasifies the metal. 

During recent years, the crucible furnace has been largely supplanted by the 
electric furnace for the melting of tool steel. The crucible process has not been 
abandoned entirely, however, since it still affords a method by which steel can be 
made efficiently in small quantities. 
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Metals and Ferroalloys Used in the Manufacture of Steel 

By W. J. Priestley* 

Introdttction—Howe has aptly defined ferroalloy as “iron so rich in some ele¬ 
ment other than carbon that it is used as a vehicle for introducing that element 
in the manufacture of iron or steer*. 

A number of ferroalloys are in common use.* Some of them are used for the 
peculiar properties they impart to steel when in solid solution with the iron or 
when they combine, either wholly or in part, to form a carbide; others are used 
for the beneficial effect they have on impurities in the steel; and still others are 
employed to counteract harmful oxides or gases and they may not remain in the 
steel after solidification, but act as fiuxes or scavengers of objectionable impurities. 

Standard Ferromanganese—Manganese is most generally Introduced to the 
molten steel in the form of ferromanganese. The standard grade of ferroman¬ 
ganese has approximately the following analysis: 


Manganese . 7S-S2% 

Iron. 

Carbon . 6-8% 

Silicon, max. 1.00% 

Phosphorus, max. 0.35% 

Sulphur, max. 0.06% 


It is furnished in lumps up to 75 lb. each, and when made imder the best con¬ 
ditions will not disintegrate or crumble. It is used in all grades of steel including 
Bessemer, open hearth, and electric for forgings, rolled products, and castings. 
Manganese combines readily with sulphur, forming manganese sulphide which is 
less harmful in steel than iron sulphide. Manganese is a fairly strong deoxidizer, 
and its oxide forms a fusible slag with other oxides, such as silicates, and has a 
beneficial scavenging effect. In effervescing steel it is desirable to keep the manga¬ 
nese between 0.30-0.40%, while in deoxidized steel for forgings or castings it ranges 
from 0.40-0.90%. Special alloy steels are made with a manganese content from 1-2% 
and from 12-14%. In commercial steel practice, ferromanganese is sometimes added 
to the ladle, resulting in a loss of from 10-20% manganese. When better steel is 
required, freer from slag and nonmetallic inclusions, the ferromanganese is added 
to the furnace. The manganese loss in this case is from 10-40%, depending upon 
the degree of deoxidation previously done on the bath in the furnace. Ferro¬ 
manganese is often used in the furnace to increase residual manganese while the 
carbon is being adjusted. The melting point of the 80% ferromanganese is between 
2280 and 2325'’F.t Manganese improves the rolling and forging properties of steeL 

Low Carbon Ferromanganese—^Where manganese is desired in a low carbon 
steel and standard ferromanganese cannot be used on account of its high carbon 
content, low carbon ferromanganese is substituted. This contains 80-85% manga¬ 
nese, max. 1% silicon, and may be obtained with either max. 0.10 or max. 0.50% 
carbon. This ferroalloy is supplied in lumps up to 10 lb. each and may be added 
to the ladle or furnace. The latter is preferable when loss from oxidation is not 
too great. 

Medium Carbon Ferromanganese—This alloy is used for making steel with a 
slightly higher carbon content than obtained from the use of low carbon ferroman¬ 
ganese. It is generally used for making low carbon manganese steel containing 
between 1.50 and 2.00% manganese. It is sometimes used in the manxifacture of 
13.00% manganese steel when large quantities of returned scrap with high silicon 
content are in the charge. 

The ferroalloy is furnished in different grades depending upon the carbon and 
silicon analysis of the steel. Three principal grades are as follows: 


(1) (2) (3) 


Manganese . 86-85 80-85 80-85% 

Carbon ... 1.50 max. 1.60 0.75 

Silicon . 1.50 max. 2.60 7.00 


*Vlce-Presldent, Electro Metallurgical Co., Mew York. 

fThe melting temperatures given were obtained from data published by the Bureau of Mines. 
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It is supplied in lumps up to 75 lb. for furnace additions and in crushed form, 
V 2% in. dia. or smaller, for ladle additions. 

Spiesreleisen or Spieirel-—Spiegeleisen or spiegel is virtually a high manganese 
pig iron used in Bessemer and basic open hearth practice. It usually falls within 
’ the following chemical range: 


Manganese . 15-30% 

Carbon . 4.6-6% 

Silicon, max. 1.00% 

Sulphur . 0.06% 

Phosphorus . 0.16% 


The melting point of spiegeleisen is between 1950 and 2265^F. In Bessemer 
practice molt^ spiegel from a cupola is added to the steel, after the blow, for recar¬ 
burizing and obtaining the desired manganese content. In the case of low carbon 
Bessemer steel, 80% ferromanganese is used in place of spiegel. Spiegel is fre¬ 
quently used with scrap and pig iron in an open hearth charge in order to raise 
the manganese content. It is more economical, however, to use a high manganese 
pig iron containing from lAO-2.50% manganese. 

In making effervescing steel, manganese is a good scavenger on account of its 
deoxidizing properties and its beneficial effect upon steel in the elimination of sul¬ 
phur. Some of the troubles generally encountered in open steel are overcome by 
adding 0.10-0.20% manganese in the form of ferromanganese or by adding spiegel 
after oreing the bath. In the manufacture of deoxidized steels of forging quality, 
either carbon or alloy grade, or high grade castings, an addition of manganese in 
the form of ferromanganese or spiegel has been found highly satisfactory to clean 
up the bath after oreing. This is frequently accompanied by the addition of silicon 
in the form of sillco spiegel or silicomanganese. Silico spiegel when made in the 
blast furnace contains approximately 4% silicon and 20% manganese. The electric 
furnace product contains approximately 8% silicon and 28% manganese. 

Silicomanganese—For making low carbon steel in which silicon is not objection¬ 
able, silicomanganese may be used effectively for the introduction of manganese on 
account of its low carbon content. The use of this aUoy in the refining stages of 
steel melting leads to the production of denser steel with fewer oxide inclusions. 
It is also used effectively for 13% manganese steel when large quantities of returned 
scrap are in ttie charge. Makers of low carbon-chromium and manganese steels 
favor it on account of the low ratio of carbon to manganese. Four different grades 
are available containing approximately the following percentages: 



U> 

(2) 

(3) 

(4) 

Mftnsanese . 


66-70 

66-70 

66-70% 

SUieon . 


19-20 

14-18 

12-14% 

Carbon . 


Max. 2.00 

Max. 2.6 

Max. 3% 


This is furnished in lumps up to 75 lb. each or in crushed form. 

Ferrosilicen Alloys—Ferrosilicon is supplied in a number of grades depending 
upon its purpose. Silicon has a great solvent power for gases and a stronger affinity 
for oxygen than manganese. It is,; therefore, used for its quieting effect upon wild 
or oxldi^ steel. It may be used in effervescing steel in small amounts to clean up 
the bath. Larger percentages of silicon are used in deoxidized steel for high grade 
forgings, rolled products, and castings. The range of silicon content in the various 
grades of steel is approximately as follows: Effervescing steel, sheets and boiler tubes, 
below 0.02; semlkllled steel, imder 0.10; forging quality steel, 0.10-0.25; steel castings, 
0.30-0.80; sheet steel for magnetic circuits in alternating fields, 1.0-5.0%. 

15% Ferrosilicon—As a deoxidizer and scavenger for furnace use, silicon may 
be procured in a ferroalloy analyzing: Silicon, 14-16; carbon, max. 1; phos¬ 
phorus, max. 0.05%. This is furnished in pigs up to 100 lb. each. The melting 
point of 15% ferrosilicon is about 2180®P. When used as a furnace deoxidizer, a 
large portion of the silicon added is not recovered but rises out, of the metal as a 
silicate. In forging steels or alloy steels, it is useful as a preliminary scavenger for' 
maintaining uniform analysis and higher recovery of alloying elements such as 
manganese and chromium when added later. 

50% Ferrosilicon—The largest tonnage of silicon is consumed in the form of 
60% ferrosilicon containing approximately 47-52% silicon and 48% iron. Its melting 
point is about 2170*F. This alloy is furnished in lumps up to 50 lb., and when made 
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under the best manufacturing conditions will not disintegrate or crumble when 
exposed to the air. In acid open hearth and acid electric furnace practice this 
alloy may be added to the ladle or to the furnace. The silicon loss in each instance 
is approximately 5%. In basic open hearth practice best results are obtained by 
adding it to the ladle in crushed form. The silicon loss varies from 10-30%, depend¬ 
ing upon the degree of previous deoxidation of the bath and the amount added. 

75% Ferrosilicon—For making steel of higher silicon content, soihe melters 
prefer a 75% ferrosilicon alloy. The approximal^e analysis is: Silicon, 75-79; iron, 
20%. This is furnished in lumps up to 50 lb. each or in crushed form. The melting 
point is about 2150°F. The addition of concentrated grades of ferrosilicon to molten 
steel generates heat that is particularly apparent in the production of steels with 
more than 2% silicon and steps should be taken to allow for this change. 

90% Ferrosilicon-—In cases where ladle additions of cold ferroalloys must be 
large in order to give a high silicon content in the steel, it is desirable to use 90% 
ferrosilicon. This alloy contains approximately: Silicon, 90-94; iron, 4.50%. This 
is furnished in lumps up to 35 lb. each or in crushed form. The melting point is 
about 2150‘’F. 

Ferrochromiiim—The amount of chromium added to steel for structural pur¬ 
poses varies from 0.50-6.00%. When chromium is added in amount! between 11.00- 
14.00% with the carbon above 0.20%, the steel resists corrosion after being heat 
treated. However, if the carbon is below 0.10% and the chromium 13.00% or higher, 
the steel resists corrosion and oxidation in both the heat treated and imtreated con¬ 
ditions. For resistance to more severe corrosion and oxidation at higher temperatures, 
chromium is added in amounts up to 30%. 

For steel containing medium carbon and chromium, a high carbon ferrochromium 
of approximately the following analysis is used: 


Chromium . 60-72% 

Carbon . 4-8% 

Silicon . 2-3% 


This alloy is furnished in lumps up to 75 lb. or in crushed form. On account 
of its slow melting to a liquid state, ferrochromium should be added to the furnace 
in all cases and never to the ladle. Its melting point has been reported from 2200- 
2370”F. In the basic electric, acid electric, and acid open hearth processes, the 
chromium loss is approximately 5%. With the basic open hearth process approxi¬ 
mately 10% chromium is lost. 

Low Carbon Ferrochromium—For making low carbon steel, where high carbon 
ferrochromium would be unsuitable, a low carbon ferrochromimn is used. This is 
supplied in a niunber of different carbon grades to meet the steel maker’s special 
requirements. 

These grades range from a maximum of 0.06 to a maximum of 2.00% carbon, 
chromium 60-72%, and with a maximum of 1.00% silicon. The melting point ranges 
from 2300-2480^F. This alloy is furnished in lumps up to 75 lb. or in crushed form. 

High Nitrogen Ferrochromium—High nitrogen ferrochromium is available In 
both the high carbon and low carbon grades. The chromium content of these high 
nitrogen ferrochromiums varies from approximately 60-72% and the nitrogen con¬ 
tent from 0.60-0.70%. 

Ferromolybdenum—In engineering steels the amount of molybdenum rarely 
exceeds 1% and is nearly always used in combination with nickel, chromium, 
vanadium, or manganese. In most cases the amount is between 0.15 and 0.50%. In 
the molybdenum high speed steels, the molybdenum may be as high as 10%, replac¬ 
ing part of the tungsten. 

Ferromolybdenum has approximately the following analysis: 

Molybdenum . 55-65% 

Sulphur ... max. 0.25% 

Silicon . max. 1.50% 

Ferromolybdenum is furnished in two grades containing maximum 0.50 and max¬ 
imum 2.00% carbon. It is generally used in crushed form, 1 in. and down. Ferromolyb¬ 
denum is not ordinarily added to steel in the ladle, but is usually added In the 
furnace. Since it does not oxidize under steel making conditions, it may be charged 
into the furnace any time up to one half hour before tapping. Molybdenum steel 
scrap should be kept separate from other steel scrap on account of its valuaUi 
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midybdenum content which may be recovered In remelting. The recovery of molyb¬ 
denum is. in excess of 90%. The approximate melthig point is 2965'’F. 

Calcium Molybdate—Calcium molybdate contains about 40% molybdenum, 25% 
calcium oxide, and no carbon. This product is suitable for steel made in the open 
'I hearth and electric furnace. The molybdenum recovery in this form is equal to 
^ that obtained from ferromolybdenum. 

Calcium molybdate is not made as a final addition like most ferroalloys, but 
is added either with the charge or at any time during the progress of the heat, 
preferably after the heat is melted. In a basic electric furnace it may be added 
immediately after slagging off with good results. 

Calcinm-Molybdennm-Silicate—Calcium-molybdenum-silicate contains about 40% 
molybdenum, 23% calcium, and 16% silica. As this product is practically neutral in 
Its action, it is suitable for additions to either acid or basic furnaces. 

Due to its heavy, lumpy consistency, it can be added at any time during the 
heat from the melt down up to within a few minutes of the tapping. When thus 
added it gives a uniformly high recovery and uniform distribution. 

Ferrovanadlum—The amount of vanadium added to engineering steels is gen¬ 
erally 0.10-0J25%. In high speed steel, the proportion ranges between 1 and 5%. 
Alloy tool steels other than high speed contain from 020-1.00%. It is added to steel 
in the form of ferrovanadium, the approximate analysis of which is as follows: 

▼anadium . 35-40% 

SlUoon . 1.50-6% 

Carbon . 0.20-3% 

It may be obtained in lumps up to 10 lb. or in crushed form. Vanadium oxidizes 
readily so in open hearth practice it is usually added to the ladle. Its melting 
point is between 2600 and 2700^F. The vanadium loss in this process is approxi¬ 
mately 10%. In basic electric practice, it is generally added to the furnace with 
a vanadium loss of approximately 4%. 

Titanium—Several forms of titanium alloys are used in steel making. The high 
carbon grade is known as ferro carbon-titanium and contains about 17% titanium, 
7A0% carbon, 2.50% silicon and 1.00% aluminum. It is used as a deoxidizer and 
scavenger, leaving only barely appreciable amounts of titanium in the solid steel. 
In low carbon effervescing sheet steel, ferro carbon-titanium is used to prevent 
blisters and other surface imperfections. In medium or high carbon killed steels 
ferro carbon-titanium is used for deoxidation and to promote freedom from segre¬ 
gation. Titanium reacts with nitrogen in the steel and forms minute pink crystals 
of titanium nitride. Several low carbon grades in use are known as low carbon 
ferrotitanlum. One grade is made by the aluminothermic process and contains about 
25% titanium, 6.00% altuninum; another grade is made in the electric furnace and 
contains 15-20% each of titanium and silicon with less than 1.00% aluminum and 
less than 0.50% carbon. In these forms the titanium acts as a deoxidizer and scav¬ 
enger and also as an alloying element. For austenitic stainless steels some prefer 
a grade containing 20-25% titanium while others find an alloy with 40-45% titanium 
satisfactory. In both grades it is desirable to keep the silicon and aluminum as low 
as possible and the carbon is usually specified under 0.10%. 

Ferrotnngsteii—The principal use of tungsten is the manufacture of high speed 
steels which contain a wide range of tungsten, from 14-20%. It is also the principal 
constituent of permanent magnet steel, and hack saw steel, generally containing 
from 1-5% tungsten. Tungsten steel is made either in the crucible or electric fur¬ 
nace. 

Ferrotungsten has approximately the following analysis: 


Tungsten . 78-83% 

Silicon, max. 0.75% 

Carbon, max. 1.00% 


Ferrotungsten has a melting point between 3275 and 3450°F. and should, there¬ 
fore, always be added to the furnace or crucible. The size commonly used is 1 in. 
and down. On account of Its melting point being lower than tungsten powder, some 
steel makers prefer ferrotungsten. 

Niokei—Nickel is used in engineering steels from 2-5% and In higher percentages 
for heat resisting and acid resisting parts. Nickel Is added to the furnace In a 
metallle form containing about 99% pure nickel. It is not removed from steel by 
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oxidation at steel making temperatures, therefore, nickel scrap should be kept sepa¬ 
rate from other steel scrap on accoimt of its recovery value. As there Is no furnace 
loss, the nickel may be charged into the furnace any time during the progress of 
the heat. 

For steel making the following two grades of nickel are available: 



• 

Electrolytic 

Cathode 

Nickel, 

% 

Remelted 

Bleetrolytie 

Nickel. 

% 

Nickel (plus cobalt). 

Melt point, . 



99.60 

2600 


Ferrocolumbium—Columblum has a strong affinity for carbon and forms a 
stable columblum carbide constituent. It is used for modifying the air hardening 
characteristics in plain chromium steels of the corrosion resisting grades. Since 
columblum Inhibits intergranular corrosion in austenitic 18-8 stainless steel, It is used 
in this grade of steel requiring welding or long time holding up to ISOO^'F. Colum- 
bium also increases oxidation resistance In chromium steels at elevated temperatures. 

The amount of columblum added to steel varies from five to ten times the car¬ 
bon content depending upon the service in which the steel is used. It is available 
as a ferrocolumbium alloy containing 50-60% columblum. When added to the steel 
after deoxidation, and 12-15 min. before tapping, 80% of the alloy will be recovered. 

Zirconium—Zirconium is used as a deoxidizer and scavenger of steel in amounts 
between 0.05 and 0.10%. It acts on the oxygen and nitrogen in the steel, tending 
to eliminate them as well as nonmetallic inclusions. An addition of 0.08-0.10% will 
usually result in a hne grain steel. In amounts of 0.10-0.15%, it forms sdrconium 
nitride. When present in steel above 0.15%, it combines with sulphur, forming 
zirconium sulphide. This prevents tearing in rolling and produces a better surface on 
high sulphur steel. For steel of high silicon content, the 12-15% zirconium alloy is 
used, the approximate analysis of which is as follows; 

Zirconium ...*. 12-16% 

Silicon . 39-43% 

Iron . 40-66% 


For steel of low silicon content, the 35-40% zirconium alloy of the following 
analysis is used: 

zirconium . 35-40% 

Silicon . 47-62% 

Iron . S-10% 


Zirconium is frequently added to steel in the form of a ternary alloy containing 
20-24% zirconium, 10-12% manganese, and 68-62% silicon. It may be most effectively 
added to steel in the ladle, where it has a strong deoxidizing action and forms a 
fusible slag which tends to rise out of the metal. For the control of grain size, an 
alloy containing 45% silicon, 7% aluminum, 7% vanadium, and 7% zirconium is 
used as a ladle addition. 

Cobalt—Cobalt resembles nickel in appearance and prc^perties. It has been 
added successfully to high speed steel in amounts from 1-12% for the purpose of 
obtaining a cutting tool which would hold a sharp edge. It is used for making mag¬ 
net steels containing about 35% cobalt. An alloy containing about 19.5% cobalt is 
used as a substitute for platinum for certain uses. It is also used for a new elec¬ 
trical resistance alloy for high temperatures. Pure cobalt has a melting point of 
2631®F. It is usually added in the form of cobalt metal of about 97-98% pure, or 
in the form of ferrocobalt containing 90-94% cobalt, balance iron. 

One of the chief uses of cobalt, in this country, is in the manufacture of Stellite, 
It is also often used as an alloy in making permanent magnet steel. 

Aluminum—Because it is an extremely active deoxidizer and degasifler, aluminum 
is used in substantially all steel making processes. It is used as a mould addition 
to quiet wild metal. It is also used in the ladle for obtaining a line grain size and to 
prevent pin holes in steel castings. Almninum is a constituent of the majority of 
nltrlding steels. Aluminum Is available In several forms such as shot, sticks and 
small ingots. The amoimt used depends on the steel making practice and the use for 
which the steel is intended. The melting point of aluminum is approximately 1218*F. 
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Copper—When used alone as an alloying element, the range of copper is between 
0.20 and 0.50%. The rust resisting properties of steel are claimed to be increased by 
raising the copper content to 0.40% along with 0.05% molybdenum. 

Since copper does not oxidize in steel it cannot be removed from scrap once 
it is present as an alloy. This results in small percentages of this element remain¬ 
ing in all steel made from copper bearing scrap. 

Copper has a low melting point (approximately 1981*P.) and alloys readily with 
steel up to about 1%. Additions are made to the furnace in the form of pure 
copper pigs. Copper is harmful to some grades of steel, particularly hardened tool 
steels containing over 0.60% carbon. The detarimental effect of copper is directly 
proportional to the carbon. Some improvement in the poor rolling properties of 
high copper steel may be obtained by increasing the manganese or by the addition 
of half as much nickel as copper. 

Calcium-Silicon-—Calcium is exceedingly active chemically and combines readily 
with oxygen and other gases and reduces nearly all metallic oxides on heating. 
Calcium-silicon is used as a deoxidizer, degasifler and reducing agent in steel 
making. Both calcium and silicon are active deoxidizers and form a low melting 
point slag which readily frees itself from the metal. Calcium-silicon also Improves 
the fluidity of the steel. It is usually used in crushed form, 2 in. and down, and 
Is added in the ladle in open hearth steel making as a final deoxidizer. From 2-6 lb. 
are used per ton of steel. In electric furnace melting it is used preferably in the 
furnace where it quickly forms a fiuid reducing slag. 

The range of elements in this alloy is as follows: 

Calcium 

Silicon . 

Iron ... 

Its melting point is between 1850-2100 degrees P. • 

Calclnm-Manganese-Silicon—This is a ternary deoxidizer containing three ac¬ 
tive elements, the combination of which forms a scavenger for oxides, gases and 
nonmetallic impurities in steel. When used as a final alloy addition to steel it 
produces a clean, coarse grained structure with deep hardening properties. It is also 
used to deoxidize stainless steel, high speed tool steel. The alloy contains 16-20% 
calcium, 14-18% manganese, 55-60% silicon. The alloy addition is generally based 
upon a silicon content required in the steel. 

Its melting point is between 1800-2000*P. 


28-35% 
60-65% 
3- 6% 
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Aluminum as a Deoxidizer 

By John Chipman* 

Aluminum is used in the manufacture of many widely different grades of steel. 
Aside from its rather limited use as an alloying element, its main purpose is to reduce 
the content of ferrous oxide in the liquid steel. When this reduction amounts to 
substantially complete elimination, the resultant *steel is found to be fine grained, 
as judged by the McQuaid-Ehn test. 

Of the elements commonly used as deoxidizers aluminum is the most potent, 
and affords the most nearly complete removal of dissolved ferrous oxide. The 
reaction in its simplest form is written as follows: 


FeO (dissolved) + Al (dissolved) = Fe (liquid) + AlsOs 


0.0/P 

^ o.ocs 

I 

8 0.004 




OOP 0.04 006 0.08 

Per Cent Aluminum 


-Deoxidation diagram for aluminum 


- When an excess of aluminum is em¬ 
ployed, the inclusions formed in the re¬ 
action consist of AlsOa, more or less con¬ 
taminated by FeO and other oxides. When 
a deficiency of almninum is used, the re¬ 
sultant Inclusions are mainly ferrous 
aluminate, whose exact composition is im- 
known and probably variable. 

In killed steel the aluminum is gen- 
O 0.02 0.04 006 0.08 0.?0 erally added to the ladle, although in 

Per Cent Aluminum certain grades of electric furnace steel 

some melters add it in the furnace. Its 
l^Flgj^l-Deoxldatlon diagram for aluminum ^ jjj tjjg ^ klUed grades Is 

usually prohibited by consideration of 
cleanliness. The amount used ranges from a few ounces to as much as four lb. per 
ton, depending upon the grade of steel, the slag, other deoxidizers used, and the 
grain size desired. 

The completeness with which aluminum removes dissolved FeO from the 
steel bath is shown in Fig. 1, which was obtained from the calculated equilibrium 
constant of the reaction. Fig. 1 shows, for example, that in a bath at 2910^F., if 
enough aluminum is added to react with the other oxides present, and to leave 
a residual, 0.01% metallic aluminum dissolved in the steel, the content of dissolved 
FeO will be reduced to 0.002%. Similarly, if the bath temperature is SOOO^’F., and 
the residual metallic aluminum 0.02%, the dissolved FeO will be less than 0.005%. 
It should be emphasized that these figures are based upon calculated, rather than 
experimental, values of the equilibrium constant. In view of the limitations of 
present experimental methods when applied to small amounts of aluminum and 
oxygen at high temperatures, the calculations are probably more dependable than 
direct determinations. 

Aluminum is added to rimming and semikilled steels to diminish the content 
of active FeO and to control the action in the molds. The amoimt used in rim¬ 
ming steels will range from 0 to 0.4 lb. per ton in the ladle (for semikilled 0-0.7), 
and up to half this amoimt in the molds. The amount will vary with the carbon 
and manganese content of the steel, the composition of the slag, the size of the 
heat, and the size of the mold. In general the rimming action contributes to the 
removal of the products of deoxidation and the use of aluminum in the molds does 
not necessarily lead to the presence of nonmetallic inclusions. The amount (tf 
aluminum added is never sufficient to react with more than a small fraction of 
the ferrous oxide present. Reference to the deoxidation diagram shows that in 
this case the residual metallic aluminum in the steel is practically nil. 


'Professor of Metallurgy. Massachusetts Institute of Technology. Cambridge, Mass. 
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The Use of Alummiim for the Control of Grain Size in 
Commercial Steels 
By B. W. McQuaid* 

The importance of the control of grain size in commercial steels has become so 
well recognized in recent years that the method used in obtaining this control is 
g^a^eral interest to everyone responsible for the treating and application of com- 
filial steel. *'Orain size’* as used here refers to the austenite grain as indicated 
by the McQuald-Ehn carburi^ng test or other suitable measure of austenitic grain 
size and is rated usually according to the chart of the A.S.T.M.* (See p. 750 and 754.) 
Practically every heat of carbon and alloy steel specified in this country for heat 
treated parts is made according to a certain melting practice designed to provide 
properties in the steel which will make it most suitable for the part in which it is 
to be used. The McQuaid-Ehn grain size is used as an indicator of the characteris¬ 
tics of the particular steel in its response to normalizing, heat treatment, and other 
processing, and has become in many cases of equal importance to the chemical 
specification in the results obtained in the commercial heat treatment of steels. 

Th^ most important single factor in the control of grain size is aluminum, so 
that this element which at one time was considered detrimental as an addition to 
quality steel, has become a familiar sight on the melting furnace fioor. It has been 
found by experience that additions of aluminum from a few ounces up to as high 
as 4 lb. per ton result in variation in grain size and characteristic properties accord¬ 
ing to the condition of the steel to which it is added. 

It might be well at this point to note that the making of steel to a definite grain 
Size range is only commercially possible when the specifications cover either a coarse 
grained type or a fine grained type. Although it is possible, and specifications re¬ 
quire it at times, that steel be made which will show according to the McQuaid-Ehn 
test an intermediate grain size range, it should .be remembered that steel of this 
type requires very careful control of every factor and is not usually considered 
**oommercial.'’ 

One of the first published evidences of the effect of aluminum on grain size is 
shown in Fig. 1. There is no doubt but what prior to this time aluminum was added 
to improve certain properties of steel, but it was not until a little more than 10 



Fig. 1—^Fine grain obtained by aluminum deoxidation ae contrasted with the coarse 
grain of manganese deoxidation. (Left) Hypereuteotold specimen from Ingot deoxidized 
with aluminum. (Right) Hypereuteotold specimen deoxidized with ferromanganese. 

X 200. 

years ago that active work was done in connecting the aluminum addition with 
grain size specifications. As soon as the first grain size chart appeared in 1924 and 
some steel users insisted on obtaining steel of a definite grain size, it Was found 


^Republic Steel Corp., Massillon, Ohio. 
This article wae not revised for this edition. 
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necessary to develop a melting technique which would make it possible to meet these 
specifications commercially (Fig. 1). 

It was known that in the plain carbon grade particularly, that fine grained 
steel could be produced without the use of aluminum, depending entirely on the 
presence of excess FeO, but that when so produced the quality of the steel was 
decidedly inferior to that desired and recourse was had to aluminum. It was soon 
found that if the steel were to be produced to meet a given grain size specification 
by the use of aluminum, that it was necessary to give much greater thought to the 
deoxidation of the steel prior to the aluminum addition; and thus, a great deal of 
study was required of open hearth deoxidation with a view to more completely 
controlling the variables of oxidation. 

Aluminum, being one of the most active deoxidizers of which we know, must be 
carefully added to a bath of liquid steel if the losses due to oxidation are to be 
within reasonable limits and also if the aluminmn is to be effective in its role as a 
grain growth control agent. 

It is of course evident because of the great affinity aluminum has for oxygen, 
that the addition of stick alimiinum to the ladle will result in a high loss of alumi¬ 
num in the form of oxidation at the surface of the steel. For this reason a special 
effort should be made to keep the aluminum as added as completely submerged as 
possible to prevent not only the high loss of aluminum in the slag but also the pres¬ 
ence of large masses of aliunlnum oxide in the steel itself. 

It has been found that to be effective, aluminum must be added in connection 
with silicon. At the present time we do not know why silicon plays such an impor¬ 
tant part in connection with aluminum, but it is known that in the absence of 
silicon, aluminum is much less effective. For this reason deoxidation with silicon is 
a necessary requirement of aU heats in which aluminum is to be used to control 
grain size. 

The three most important factors which govern the effectiveness of the alumi¬ 
num addition in controlling grain size are the state of deoxidation of the bath, the 
temperature of the bath, and the time of the aluminum addition in relation to the 
solidification of the ingot. One of the difficult problems of determining the proper 
addition of aluminum to an open hearth heat to make fine grain steel was the con¬ 
trol of the deoxidation and temperature prior to the addition of aluminum. 

In the electric furnace, melting under a so-called carbide slag, the FeO in the 
slag and in the bath itself is relatively low so less aluminum is required than when 
steel is made under a basic open hearth slag. 

In order to arrive at a satisfactory basis for the addition of aluminum to open 
hearth steel, the charge must be carefully regulated as well as the rate at which 
the oxidation of the carbon takes place, so that when the time comes for the final 
shaping up, we can arrive at a bath which is under control not only as far as carbon 
is concerned, but which has also reached a stage of semiequilibrium as far as the 
slag and the oxide in the steel is concerned. Special attention is paid to the rate at 
which the carbon is oxidized and also to the amount of iron oxide in the finishing 
slag so that it can be assumed that when the deoxidation additions are made of 
silicon and manganese, that the final steel in the ladle will contain a certain iron oxide 
content. Knowing the oxide content and the temperature, the aluminum can be 
added in the open hearth ladle to produce the fine grain steel if required. The 
addition of the aluminum in the ladle is generally made by the use of stick aluminum 
which should be carefully added to Insure lower oxidation losses. Aluminum alloys 
such as silicon-aluminum-manganese, iron-aluminum-silicon, and iron-aluminum 
alloys have all been used to obtain a better control of the aliunlnum addition, 
although the common practice is still to use stick aluminum which is thrown into 
the ladle by hand as the ladle is being filled. 

In the basic open hearth furnace, the usual addition required to meet a fine 
grained specification varies from 12 oz. to 2 lb. per ton. The usual minimum addition 
for a fine grained steel is approximately 1 lb. per ton, although where the maYinnim 
effect is required additions up to 32 oz. are not uncommon. It has been observed 
that as the addition of aluminum increases above 32 oz. per ton that there is no 
further increase in the grain refining effect and, in fact, if the aluminum additton 
is greatly increased above this point that there is a decided tendency to produce 
coarse grained steels. The aluminum cannot be considered tQ» have a straight line 
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effect on the grain refinement, but reaches a maximum at approximately 32 oz. per 
ton and from then on decreases rapidly in its grain refining effect. It has been 
found that the manner of the addition of the aluminum has an important effect 
on the amount required and that where the aluminum is so added that it melta 
below the surface of the steel bath much less aluminum is actually required. This 
is an important factor in determining the amount of aluminum required and it is 
quite evident that much lower amounts of aluminum are necessary than is the case 
where stick aluminum is added to the open ladle. 

Table I 

$Elffect of Aluminum Addition on Grain Size in Commercial Heats—(Epstein, Nead, 

and Washburn) 


/—Aluminum—* Grain Size 






Additions, oz. 

Medium, Large, 

^Ladle Analysis, 


Furnace 

per Ton 

or Small 

C 

Mn 

81 

Additions 

Ladle 

Mold 

2-3 Mixed 5-7 

O.IS 

0.44 

0.10 

Sl-Mn 

12 


• 

0.19 

0.30 

0.10 

Spiegel + Fe-Sl 


2.6 

• 

0.22 

0.47 

0.12 

Spiegel + Fe>Si 

ie 


• 

0.37 

0.71 

0.07 

Spiegel + Fe-Si 

16 



0.48 

0.55 

0.07 

Spiegel + Fe-Si 

16 


• 

0.30 

0.55 

0.13 

Spiegel 4- Fe-Sl 

16 


• 

0.30 

0.79 

0.10 

Spiegel + Fe-8i 

16 


• 

0.38 

0.67 

0.19 

Spiegel + Fe-Si 

16 



0.58 

0.55 

0.16 

Spiegel 4- Fe-Si 

12 

Va 

• 

0.09 

0.69 

0.18 

Spiegel + Fe-Sl 

16 


• 

0.79 

0.74 

0.20 




• 

0.78 

0.68 

0.15 


io 


• 


In the basic electric furnace, the additions of aluminum required to obtain a 
fine grained type are usually somewhat less than in the open hearth depending upon 
the character of the charge and the type of slag used. Due to the variation in 
furnace condition and the degree of deoxidation, it is impossible to give any hard 
and fast rule as to the exact amount of aluminum which must be added to produce 
a fine grained heat. 

The literature does not contain many references to the specific use of aluminum 
in steel making practice. Epstein, Nead, and Washburn,‘ as well as Epstein and 
Rawdon,* and Herty^ and his associates, have discussed the specific effect of given 
amounts of aluminum added to commercial heats, and the reader is referred to 
these papers for examples of the effect of specific additions of aluminum in the 
ladle and also in the mold on the grain size of the finished steel. The reaction of 
deoxidation with aluminum is discussed in reference 4. 

With the exception of certain heats of structural and rimmed steel, aluminum is 
added to practically every heat o^ steel to some extent, except where the specifica¬ 
tions require the coarsest possible grain size and even in such cases special attention 
must be given to the slag condition, and rate of carbon elimination. 

Aluminum is an extremely important addition to carbon steels. It is also of 
almost equal importance in alloy steels and particularly in steels which are used for 
parts where minimum distortion, due to quenching stresses, is important, and in 
parts which are subjected to suddenly applied loads.* The aluminum addition is of 
the greatest importance in gear steels which do not contain vanadium and prac¬ 
tically every specification for these steels today requires the use of a carefully regu¬ 
lated addition of aluminum. 

How the aluminum acts to cause this variation in properties is, at the present 
time, a more br less controversial subject, there being apparently two schools of 
thoudit. One of them atMbutes the relation between the grain size and the alumi¬ 
num addition to a dispersion of alumina particles of submicroscopic but critical 
size, which act as nuclei of crystallization and Interfere with the normal grain 
growth. 

The other school at thought believes that the aliunina theory of grain size con- 
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trol is not satisfactory and that the aluminum effect on grain size is due to its 
effect on the solubility of constituents such as carbides and nitrides. 

According to Bain,” the aluminum acts indirectly by forming submicroscopic, 
uniformly dispensed particles of alumina which act as obstructing agents in restrict¬ 
ing grain growth. The hardenability varies with the grain size so that the al um i num 
in the oxidized form, by restricting grain growth, tends to indirectly reduce the 
hardenability of the steel to which it is added. 

On the other hand, there are some metallurgists who do not believe that the 
alumina can in itself be the final answer to the effect of aluminum in restricting 
grain growth. Whether the aluminum acts directly or indirectly to cause the varia¬ 
tion in characteristics is discussed by the writer in the Tenth Annual Campbell 
Memorial Lecture, and a hs^othesls is offered suggesting metallic aluminum in 
solution and its effect on carbide coalescence as a cause of grain growth inhibition 
and pearlite divorce. 

Schane” expresses himself as believing that the restriction of grain growth in 
the fine grain steel cannot be satisfactorily explained by the oxide dispersion theory. 

Scott^ shows that steel made from highly purified iron and known to be ex¬ 
tremely low in oxygen content is fine grained after an aluminum addition, whereas 
other alloys made from purified iron without the addition of aluminum develox)ed 
relatively a much coarser structure on heating slightly above the Acs. 

In a paper on grain size and quality of steel by Ohman,” together with comments 
by other prominent Swedish metallurgists, there is some discussion as to the reac¬ 
tion of aluminum and a considerable difference of opinion prevails as to the manner 
in which aluminum acts to promote grain growth restriction. 

The common practice in this coimtry is to add aluminum in the ladle, whereas, 
according to Ohman, the Swedish practice is to add it in the mold. Epstein shows 
that the mold addition of aluminum is apparently more effective in producing fine 
grain than the ladle addition, and theoretically the mold addition should be the 
most economical. Experience has shown that apparently more satisfactory results 
are obtained in large basic open hearth heats by a ladle addition. 

While the aluminum addition is an important part of making carbon and alloy 
steel, there is still much work to be done to improve the results which are obtained. 
Considerable study is being given to the timing of the addition and to the method 
of making the addition, and there is no doubt but that this will result in a more 
highly developed control of open hearth heats. 
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i Ingot and Pouring Practice 

By G. A. Domin* 

General— After the furnace operations are complete the next step In pro-* 
diidng a heat of steel is to set the metal into a solid homogeneous casting. In 
foundry practice, the casting will be of approximately finished size and shape. In 
Ingot practice, the casting will take the form of a chilled ingot, which is to be 
rolled or forged into the final form. Regardless of the steel making process used, 
the procedure after the metal leaves the furnace consists of two distinct steps, 
first, tapping the heat into a container, called a ladle, and second, pouring from 
the ladle into molds having the size and shape of the ingot desired.' 

Ladle Practice—The fimction of the ladle is to act as a container or reservoir 
for the molten steel after it leaves the furnace. From the ladle the molten steel 
is poured into the mold. As steel practices and furnace capacities differ greatly, 
so also do the character and size of ladles differ to fit the various (grating 
conditions. Steel ladles vary in size from approximately 100 lb., typified by the 
small hand-shank ladles used in foundries, to 100 tons, the usual size employed in 
large open hearth plants. In type, they fall under two general classes: lip pour, 
and bottom pour. 

Lip Pour Ladles —^This ladle is used in steel foundries, and in some Bessemer 
plants, and as the name signifies, it is constructed so that the metal is poured 
over the lip by tilting the ladle. It usually consists in a bucket-shaped shell of 
steel plate, having trunnions on the sides for engagement with a crane bail. The 
shell is lined with a layer of special refractory fire brick, or a mortar of ganister, 
clay, or sometimes magnesia. In practice the metal is tapped from the furnace, 
the slag being allowed to run on top to act as a cover. In pouring into molds, 
the ladle is tilted on the trunnions, usually by means of a worm and gear, the 
metal running over the lip, while the slag is held back. Small shank ladles often 
used in the foundry are simply steel pots lined with foundry sand or clay and 
properly dried. A modification of the lip pour ladle is the so-called tea pot 
ladle, in which an independent spout or tube is built down through the lining so 
as to connect at the bottom. This allows lip pouring in such a way as to draw 
the metal from the bottom of the ladle, thus avoiding contamination by the slag. 
This type of ladle is convenient in foundries handling basic steel, and particularly 
high manganese steel, which is notably corrosive on stoppers and nozzles. 

Bottom Pour Ladle—This ladle has a steel shell of much the same shape as 
the lip pour ladle. It has trunnions for either hanging on a crane by means of 
a bail or for holding in a carriage or a buggy. Bottom pour ladles are usually 
lined with brick, sometimes used bare, and sometimes with a plaster of fire clay 
over the surface. The shell has a hole in the bottom close to the rim in which 
is inserted a refractory nozzle made of clay, graphite-clay or magnesia. Into this 
nozzle fits a stopper or plug made of a graphite-clay mixture. This stopper is 
held on a steel stopper rod which is protected by clay sleeves and extends ver¬ 
tically through the bath of metal. The top end of the rod protruding above the 
top of the ladle is fastened to a goose-neck extending over the side of the ladle which 
is raised and lowered by a lever. By this arrangement the flow of metal through 
the nozzle can be controlled. The sizes and types of nozzles and stoppers vary to 
suit specific purposes. In all cases the primary purpose is to deliver a smooth 
stream at the proper rate and temperature with the minimum amount of erosion 
of the stopper parts. Fig. 1 shows the section of a bottom pour ladle. 

Operation—^AU ladles must be carefully dried before tapping the metal and in 
some cases, particularly in the smaller sized ladlesy not only dried, but heated to 
a good red heat. In the case of the bottom pour ladle, the stopper is set when 
the ladle is cold, then unlocked from the rigging, and the ladle and stopper heated 
separately. When the steel is ready to tap, the stopper is keyed into the ladle, 
pulled tight into the nozzle, and held there with a set screw on the saddle of the 

^Prepared for the Subeommlttee on Melting by Q. A. Domin, Baltimore. The membership 
of the subcommittee wa^s as follows: O. V. Luerssen, Chairman; O. A. Dornin, J. P. Olll, Dr. C. H. 
Reity, Jr., O. K. Parmiter. and Dr. G. B. Waterhouse. 

^There are two possible exceptions, namely, in the crucible process, where it is sometimes 
customary to pour direct from the pot Into the mold, by what is known as single practice, and 
in the high frequency induction furnace, where It la sometimes the practice to pour from the 
furnace direct Into the mold. 
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stopper rigging. The stopper is then tried for tightness by means of a handful of 
sand thrown around the stopper head. In open hearth and arc electric practice, the 
ladle is carried by crane, and held under the spout of the furnace for tapping. 
Usually in the open hearth, and sometimes in the electric furnace, additions of 
deoxidizers or recarburizers are added to the ladle during the tapping. In Bessemer 
practice, the ladle is carried to the converter by a crane. The converter is tilted to 
tap into the ladle, and the necessary recarburizer additions are made during the 
transfer. When ladles are used in the crucible practice, they are called mixing 
ladles. They are supported on carriages or buggies running on rails straddling 
the pouring pit which contains the molds. The ladle is then run to some con¬ 
venient point to which the individual crucibles are talmn and teemed by hand 
with tongs into the ladle. 

In all cases where the entire heat of steel has been tapped or transferred into 
the ladle, it is assumed to be at the proper temperature for pouring, or a some¬ 
what higher temperature, uniform throughout, and covered with a slag blanket 

to protect the metal from oxidation and chilling 
by the air. If the temperature is too high, the 
ladle is held for a length of time calculated to 
cool it to the proper temperature. The metal is 
then poured into the molds. 

After pouring the ladle Is immediately 
dumped to clean out slag and residual metal, 
and cooled olf, often with water. When cold 
the ladle is chipped free of slag and metal 
preparatory to repatchlng the lining. Sometimes 
when the metal is cold, a shell of steel, known 
as a skull, is left in the ladle. This must be re¬ 
moved, and often causes quite large repairs, 
because it tends to pull with it much of the 
refractory lining with which it is in contact. 
Tbe amount of skull left in the ladle is often 
taken as an indication of the temperature of 
the metal. 

When the ladle has been cleaned of slag 
and metal, it is patched with mortar and some¬ 
times with brick, and a new nozzle and stopper 
set. It is then ready for drying for the next 
heat. With minor repairs after each heat, brick 
lined ladles run a limited number of heats per 
lining, after which the inner course of brick 
must be entirely torn out and replaced. 

Ingot Practice—Assuming the heat of steel 
in the ladle to be at the proper pouring tem¬ 
perature, the process of pouring into the molds to form a sound ingot may appear 
at first glance to be a very simple matter. On the contrary the operation involves 
a great many complex reactions, the control of which is extremely important since 
in pouring the ingot the steel maker is virtually laying the foundation for every¬ 
thing which comes after. To comprehend this clearly, it is necessary to look briefly 
into the mechanism of the freezing of steel. 

Freezing of Steel—In the molten condition steel is practically a uniform liquid, 
every part being like every other part. The various elements in addition to iron, 
such as carbon, manganese, silicon, phosphorus, sulphur, chromium, nickel and 
vanadium, are all uniformly in solution in the iron or practically so. However, 
upon freezing, the steel no longer has this complete uniformity. The reason 
for this is that like all other metals, steel crystallizes upon freezing, and in so 
doing, solidifies selectively. Solidification begins with the formation of crystals 
rich in the element which raises the freezing point of the alloy. The liquid left 
between the crystals is rich in those elements which lower the melting point of 
the alloy. If cooling is fast, they are quickly trapped between the original crystals, 
which on account of their tree-like form, are called dendrites, and in this condition 
are not harmful, since they are well distributed and In a condition which can 
readily be broken up in hot working. However, if cooling is quite slow, the low 
melting constituents will remain liquid for a sufficient length of time to allow 



Fig. 1—Section of a Bottom Pour 
Ladle (Boylston). 
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them to gather into certain parts of the ingot, particularly the axis. The gathering 
of these low melting constituents is called segregation. The extent and location 
of such segregations depend upon the speed of freezing, which in turn depends 
upon the sectional size of the ingot, pouring temperature, rate of pouring, 
and the design of the mold. 

Upon freezing steel contracts or shrinks, so if the mold is poured full of 
molten steel, it will no longer be full after the steel is solidified. It will be 
found that the steel has not simply settled down, leaving an air space above it, 
but that the location and shape of this air space or shrinkage cavity depends 
largely upon the shape and design of the mold. 

Mechanism of Freezing —^The first metal freezing against the mold wall 
"shrinks slowly, and this shrinkage is immediately filled by the molten metal in 
contact with it. Each succeeding layer freezing parallel to the mold surface 
similarly shrinks and robs molten metal from the center. In a cylindrical or 
prismatic mold, the steel freezes progressively to the walls. The molten pool in 
the center gradually sinks downward as it feeds these shrinking walls. This con¬ 
tinues as long as the chilling effect of the mold wall is felt in the molten pool. 
When this effect is no longer felt, the molten metal freezes slowly throughout, and 
shrinks downward. The net result is an ingot with sound walls, with an axial 
cavity, or pipe, extending a considerable distance downward. This pipe can be 
made to extend deeper into the ingot by designing the mold large at the bottom 
and small at the top (big end down), and it can be made much shallower by 
reversing the procedure and designing the mold big end up. Fig. 2 shows sections 
of big end up and big end down molds and the difference in freezing behavior. 



Another result of the shrinkage of steel during freezing is the behavior of the 
surface metal. The first molten metal coming in contact with the mold wall 
freezes instantly. As it does so, it also shrinks and the surface metal tends to 
pull away from the mold wall, leaving an air gap. Therefore, the shell of 
metal is now supporting the molten metal inside and is no longer in direct con¬ 
tact with the mold wall. * This has two disadvantages: 1. It greatly reduces the 
chilling effect of the mold; and 2. it introduces the danger of the molten metal 
rupturing the shell, resulting in bleeding, and consequently a rough or cracked 
ingot. The round sectioned mold introduces the greatest hazard in this respect. 
The square mold is a considerable improvement over the round, and the fiuted 
or corrugated mold is an additional improvement over the square. 

Therefore, the design of the mold is a very important factor in the production 
ox sound ingots. It should be mentioned, however, that the conditions described 
can be modified by adjustments in the pouring temperature and pouring rate, 
factors which must not be overlooked when discussing shrinkage and segregation. 
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Another characteristic of steel is that it liberates a certain amount of absorbed 
gas during freezing. The amount depends upon the method of manufacture. 
Killed steel liberates a comparatively small amount, but open or rimming steel 
evolves quite large quantities of gas. Tlie evolution of this gas must be controlled 
by proper deoxidation methods and a suitable amount of chill to keep the 
resulting blowholes deep under the surface where they will be comparatively 
harmlesa 

Thus far the conditions considered affect the internal structure of the ingot. 
The surface condition is of equal importance, as this determines the amount of 
expensive chipping or grinding which must be done on the resulting billet to 
insure a finished bar or forging free from surface defects. To produce a good 
ingot surface requires a good mold surface, and a minimum of splashing during 
the pouring of the ingot. This is sometimes accomplished by pouring the ingots 
from the bottom by means of a gate or runner, often in groups. This practice 
is called bottom pouring and is used principally in the production of forging 
ingots. The use of mold washes also improves ingot surface. 

Mold Design—Ingot molds are generally cast iron although a few steel molds 
have been used with indifferent success. Water cooled molds have also been 
used to a limited extent, although these are still in the experimental stage. 
The small molds ranging from 3-6 in. sq. are often of the split or two-piece type 
to facilitate stripping. Molds over 6 in. are usually of the solid type, although 
some larger split molds are used. The solid molds fall into two general classes: 
Big end up and big end down. Big end down molds have the advantages of 
lower first cost and easier stripping. Big end up molds have the advantage of 
higher yields and sounder steel. Molds may be of various shapes such as square, 
rectangular, corrugated round, 8-sides fluted, or 12-sides. Big end down molds 
are open at both ends and are set upon a cast iron or copper stool which forms 
the bottom of the mold. Big end up molds usually have a round hole in the 
bottom which is closed with a tapered plug, as in the Gathmann type. 

Setting the Molds—The method of setting the mold preparatory to pouring 
varies in different plants. In most open hearth plants molds are set on buggies, 
three to each car, and are spotted along a pouring platform on which the ladle 
man stands during the pouring of a heat. In some plants the molds are set on 
the floor, while in others they are set in pits so that the ladle man needs no 
platform. 

Molds are carefully cleaned, then usually coated with a mold wash, either a 
tar compound or whitewash, or smoked with burned rosin. In many plants a 
hot top is used on the top of the mold to eliminate pipe. This is an insulating shell 
made of brick or sand which keeps a reservoir of hot metal in the top of the 
ingot, thus the pipe cavity is progressively fed as the ingot shrinks during freezing. 

In bottom pouring, the stools are especially designed with a hole in the center 
into which is inserted a brick cup. This cup is connected to a built up tube of 
brick, known as a runner, which in turn is elbowed to a vertical brick runner into 
which the metal is poured. 

Pouring Operation—The ladle is spotted over the properly set mold, or over 
the runner in bottom pouring. The steel is carefully poured at the proper rate 
which is often determined by a watch. Sometimes instead of pouring direct into 
the mold, the steel is poured into a pouring box which has one or more nozzles in 
the bottom. This pouring box is used for the purpose of reducing pressure and 
thus eliminating splashing during the pouring of the ingot. 

Where hot tops are used, it is often the practice immediately after the ingot 
has been poured to cover the top with some insulating material to assist in keeping 
the top metal molten. When the ingots are entirely frozen, or set, they are re¬ 
moved from the mold, or stripped. In the case of car type molds special stripping 
cranes arc in use, adapted either to big end up or big end down practice. With 
the ordinary pit practice, stripping is done by hand with the assistance of the 
crane. 

The cooling of the ingot after stripping, particularly in the higher alloy 
steels, is of considerable importance and must be done carefully to prevent 
cracks. Usually when the ingots are not taken hot direct to a soaking pit, they 
are burled in ashes or other insulating material to insure slow cooling. 
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The Manufacture of Hot and Cold Rolled Strip and Sheets’*' 

Composition Suitable for the Various Grades—^Low carbon steels are generally 
considered those with a carbon content less than 0.20%. Often those unfamiliar with 
the sheet and tin plate industry are inclined to regard variations in composition 
within the low carbon range as relatively unimportant, and of only minor influence 
on the physical characteristics of the steel. In fact, it might be pertinent to state 
that the whole fleld of low carbon steel, particularly as it relates to the manufacture 
of sheets and tin plate, has been accorded much less attention on the part of educa¬ 
tional and research institutions than its economic importance deserves. 

Actually, what might be considered small differences in carbon, manganese, 
phosphorus, and sulphur may spell success or failure in the ultimate use for which 
the product is intended. The succeeding paragraphs will attempt to explain, in a 
general way, the influence of the common elements in steel, and what considera¬ 
tions must be taken into account when producing sheets for speciflc requirements, 
for, as in so many other branches of the steel Industry, it is impossible in most 
instances to ship stock sheets; the peculiarities of each requirement must be ana¬ 
lyzed, and a special product manufactured to meet it. 

Hot Rolled Sheets—^For convenience, the product of the old style hand sheet 
mills will be called *'hot rolled sheets’* to differentiate them from hot rolled strip 
sheets as produced on a continuous hot strip mill, and cold reduced sheets as pro¬ 
duced on the continuous cold mills. 

Formerly, the hot sheet mills rolled all of their product from sheet bar. With 
the advent of the continuous hot strip mills, many producers with both types of 
equipment commenced to substitute strip packs for the intermediate breakdowns 
rolled from bar. This resulted in improved surface, more uniform gage, increased 
production, and, to some extent, relieved certain limitations as to chemistry. How¬ 
ever, the same general principles still apply. 

In the pack rolling of sheets in the lighter gages (20 gage and lighter), the 
pressure of the rolls tends to weld the sheets together. This effect can be cdunter- 
acted by adding phosphorus to the steel, which is sometimes done, particularly for 
26 gage and lighter. However, phosphorus is a hardening element, and, in work 
where ease of forming or deep drawing are a requisite, it is often a hindrance. 

Manganese is important in improving surface toughness in drawing, but it 
apparently can contribute to blisters in pickling and galvanizing when its presence 
exceeds certain limits. In rimmed steel, from which the major tonnage of sheets is 
now rolled, the surface tends to be open or porous in pack rolling. If the manganese 
falls much below 0.20%, this characteristic is accentuated, and, where surface is of 
prime importance, it is objectionable. 

Carbon acts as a deterrent to grain growth in box annealing, and, except for 
vitreous enameling sheets, it is desirable to keep the carbon content over 0.03% by 
check analysis. 

Automobile sheets produced on the hand mills are rolled from rimmed steel with 
a ladle analysis approximating 0.05-0.08% carbon, 0.25-0.50% manganese, phosphorus 
under 0.030%, and sulphur under 0.050%. Here, the manganese will assist in produc¬ 
ing a tight surface; the carbon and manganese together will result in a fairly small 
grain size with the desired toughness and ductility, and, after drawing, the stamping 
will have a smooth flnish. 

Typical analyses for various products are as follows: 



Carbon, % 

Manganese, % 

Phosphorus, % 

Sulphur, % 

Copper, % 

Ordinary requirements, 
stock, mild forming. 

. 0.05-0.08 

0.20-0.35 

Depending 
on gage 

Low as 
Possible 

As 

Specified 

Deep drawing and automobile 
sheets . 

. 0.05-0.08 

0.36-0.50 

0.030 Max. 

M 


Surface important, painting, 
lithographing . 

. 0.05-0.08 

0.25-0.50 

Depending 
on gage 

•• 

As 

Specified 

Galvanizing . 

. 0.04-0.07 

0.15-0.30 

M 

Si 

M 

Vitreous enameling. 

. 0.03 Max. 

0.10 Max. 

Low as post. 

m 



Higher carbon steels are used for frames and other structural parts, but as the 
carbon is increased the workability decreases, and 0.35% carbon appears to be the 


^Prepared by the Bubcommlttee on Sheet and Strip. The membership was as follows: J. B. Kead, 
Ohairman:; K. L. Keraehbanm, J. I. Ani^, T. F. OIK R* W. B. Leitor. 
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upper limit of a steel which may be bent cold to a right angle around a radius equal 
to the thickness of the sheet. This limit can be raised by suitable annealing pracUce. 

In the discussion of types of steel for various products, certain modifications of 
the above will be cited, since killed steels, in particular Instances, give much better 
results than rimmed. 

Hot Rolled Strip Sheets—^Hot rolled strip in sheet widths (24 in. and wider) is 
commonly rolled as light as 18 gage. With proper slab conditioning, and good mill 
practice, a smooth tight surface can be obtained regardless of the analysis of the 
steel. Therefore; certain chemical limitations are removed. 

Rimmed steel is generally used for hot rolled strip. Typical analyses will approx¬ 
imate 0.05-0.08 carbon, 0.25-0.50 manganese. 0.03 phosphorus, max., by ladle analysis. 
Where only mild forming is involved, a certain latitude is permissible, particularly 
in respect to phosphorus and sulphur. In sheets for deep drawing, the phosphorus, 
in particular, and the sulphur are held as low as possible. Further variations in 
physical properties necessary to fit the requirement are usually secured by subse¬ 
quent treatments such as normalizing, open annealing, box annealing, cold rolling, 
or pickling. 

Cold Reduced Sheets—Steel quality and chemical analysis are probably of more 
importance in producing a successful deep drawing sheet by the cold reduction 
process than by hot rolling. This may be due partly to the fact that cold reduced 
sheets, after final temper rolling, are in a state of unstable equilibrium which in¬ 
creases the sensitivity of the steel to certain variables. Also of importance, no doubt, 
is the fact that the difference between success and failure may be the loss of one 
stamping, more or less, out of a hundred. There is no question that the most careful 
control from blast furnace to final processing is necessary for the manufacture of a 
consistently satisfactory deep drawing sheet. 

Factors to be considered in selecting the analysis to be used for cold reduced 
deep drawing sheets are: 

(a) Size and Shape of the Drawn Parf—Large deep stampings such as automo¬ 
bile quarter panels require a relatively soft, and, at the same time, ductile sheet. 
Owing to the size and awkward shape of the part, a stiff or hard steel will wrinkle 
in the die, and, if increased hold down pressure is applied, breakage will usually 
result. For such work, the carbon and manganese may be held to the low side of a 
0.05-0.08 carbon, 0.25-0.40 manganese specification. In this particular respect, cold 
rolled sheets produced on the hand mills, with a normalize and box anneal treatment, 
have an advantage over the cold reduced box anneal sheet, since, for the same 
analysis, they sometimes tend to be softer; but other considerations, such as perfec¬ 
tion of surface, and especially uniformity of thickness, tend to offset any possible 
advantage of greater softness. 

Small deep stampings, in which wrinkling is not a hazard, permit of slightly 
higher manganese content with a resultant finer grain size and improved ductility. 

(h) Surface After Drawing--ln deep drawn parts, where surface is of impor¬ 
tance, it is often necessary to exercise as much control as possible over the grain 
size of the finished product, since a relatively large grain will result in a type of 
“orange peel.” Automobile fenders are a good example of a part where the surface 
after drawing demands a small grain. Expressed in terms of the A.S.T.M. grain size 
chart, a No. 7 or 8 grain is usually preferable. Although treatment is important in 
the control of grain size, manganese content is also important. 

Phosphorus is especially harmful in deep drawing work, and is held as low as 
possible. Sulphur is generally believed to be detrimental in deep drawing sheets, 
but its effect is not so clearly known as is the case with phosphorus. 

There appears to be an increasing demand for steels of the low alloy high 
strength type,* especially in the field of transportation. 

These steels have a 50,000-60,000 psi. minimum yield strength, and 65,000-70,000 
psi. minimum tensile strength; the maximum tensile strength will seldom exceed 
85,000 psi. The minimum elongation is usually around 20%. These steels are more 
often found in the heavier gages, but recently sheets as light as 24 gage have been 
rolled. 

Various elements and combinations of elements are used as strengtheners in 
this type of steel to obtain a proper balance. The ranges are as follows: 


O _Mn_P_8_Si_Or_Ou_N1_ Mo 

0.12 0.20-1.00 Residual 0.045 Residual None 0.30-1.75 None None 

Max. to Max. to to to to 

0.200 1.00 1.5 2.25 0.12 
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T 3 rpes of Steel—-The terms, “rimmed” or “killed,” apply to the action* or lack 
of action, of the steel in the molds during solidification of the ingots. Steels con¬ 
taining up to 0.30% carbon can be either rimmed or killed, as desired; but above 
0.30% carbon the steels are killed. Alloy steels, with the exception of copper-bearing 
steels, are usually “killed” or deoxidized in the furnace, ladle or molds. 

Except for special analyses, rimming steel is used for the majority of sheet and 
strip applications. In certain work, such as deep drawing and forming, its softness 
and ductility are particularly well suited. There are other applications where the 
type of steel would make no particular difference; but, as might be' expected, there 
are certain specifications where killed steel is to be preferred. 

A rimmed steel is a natural steel in that the dissolved gases are allowed to sepa¬ 
rate as the liquid metal freezes, and rise to the surface in an effervescent action 
which is controlled by the addition of aluminum or other deoxidizers to the ladle or 
ingot. The rimming action progresses until the ingot is capped or freezes over the 
top. Its effect, when properly carried out, is to produce a thick skinned ingot with 
a heavy “rim” which may be hot rolled with a minimum of sinface defects. The 
rimming action also reduces the carbon, and to a lesser extent the manganese, in 
the outer or rim portion of the ingot. 

The factors controlling the rimming action are composition or analysis of the 
steel, furnace practice, and deoxidation practice in the ladle and the molds. A deep 
etched cross section of a piece of rimmed steel shows a characteristic rim and 
core (or segregate), except at the extreme lower part of the ingot. This segregation 
of metalloids accounts for variations in analysis found in different parts of a sheet 
or order.*' • 

**Killed” steels are made by adding a sufficient quantity of the various deox¬ 
idizers to the furnace, ladle, or molds. The deoxidizing materials have a greater 
affinity for oxygen than iron or manganese, thus forming more stable compoimds, 
and these may be partially eliminated during subsequent processing and cropping. 
As little gas is formed, either due to reactions or to gases coming out of solution: 
the ingot top freezes rapidly and the ingot solidifies as a comparatively homogeneous 
mass. Little segregation takes place; and analyses of the various parts of the ingot 
are more uniform than in a rimmed steel. 

These characteristic differences in the two types of steels have certain effects on 
the sheet and strip produced from them. The rimmed steel has a thicker skin, which 
results in a sheet comparatively free from surface defects. A killed steel generally 
has a more sensitive skin which may or may not be ruptured during hot reduction 
in the mills from the ingot to the bar or slab, and this may result in either surface 
laminations or seams. For this reason, when surface is Important, rimmed steels are 
almost universally used. 

There are certain advantages in favor of the killed steels, such as uniformity 
of analysis; and a properly killed and processed steel is comparatively free from 
aging. However, for the same carbon and manganese content, the killed steel is 
harder than the rimmed steel. 

In sheets hot rolled on the hand mills, killed steel is decidedly superior to 
rimmed in producing a smooth tight surface free from orange peel. Its use is, there¬ 
fore, to be preferred for hot rolled annealed furniture stock, lithographing and 
Japanning stock, and blued stove, pipe sheets. The imiformity of its properties from 
edge to center also makes it desirable for stretcher leveling. 

Its disadvantages lie in its somewhat higher hardness for the same analysis, and 
its susceptibility to seams and skin laminations. 

In the heavier gages, such as are rolled on the hot strip mill, many specifica¬ 
tions require check analyses. Here, killed steels are often used because the sheet 
analysis can usually be depended upon to correspond closely to the ladle analysis. 

Killed steels are not widely used at present in cold reduced sheets except, per¬ 
haps, for stretcher leveling. Even here, equally good results can be secured with 
rimmed steel by heavy top cropping, or diverting the top portion of the ingot to 
other work. 

The characteristics of rimmed steel leave much to be desired, especially in deep 
drawing cold reduced sheets. Although with present methods of control greater uni¬ 
formity from heat to heat is now possible, there still remains the variation in the 
ingot (top to bottom as well as rim to core), and the variation from ingot to ingot 
within a heat. Differences between top and bottom may be somewhat lessened if 
desired by diverting the top portion of the ingot to other work. However, such diver¬ 
sion is not always economical and, at best, is not desirable. In straightaway rolling. 
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the rimmed area is usually in the hold down of the die where it is not detrimental. 

Perhaps the most objectionable characteristic of rimmed steel in cold reduced 
sheets is the aging which occurs after the final temper rolling. This exhibits itself 
in the return of the tendency to stretcher strain, in an appreciable increase in hard¬ 
ness and yield strength, and in a decided decrease in ductility, as measured by cup 
tests, and elongation in tensile testing. Aging begins immediately after the final 
cold working, but it is usually not serious until after 3 or 4 weeks. The extent to 
which it affects performance depends to a considerable extent on the properties of 
the steel at the time of temper rolling. For example, a 20 gage sheet with 45 Rock¬ 
well B hardness and .42 Olsen cup may age harden to 50 Rockwell and .400 Olsen, 
and still draw satisfactorily. However, if the initial Rockwell had been 50 and the 
Olsen .400, and the same amount of aging had occurred, it is possible that breakage 
would result on certain difficult jobs. 

The theory of age hardening has been fairly well established, and nonaging 
steels have been manufactured. It is difficult, however, to produce a soft nonaging 
steel suitable for sheets without excessive losses due to surface defects, and which 
responds satisfactorily to annealing. 

In hot dip galvanizing, tinning, or teme coating, the temperature of the metal 
is high enough to effect complete aging in many cases. This may or may not be 
detrimental, depending on the use. It can be overcome by special treatments which 
eliminate the final temper rolling, or there are requirements which can best be met 
by using a low metalloid steel. In certain tin plate applications, where stiffness and 
rigidity are necessary, rimmed or killed Bessemer steel is often used. 

Classification of Sheet and Strip—The following table gives the size range of 
sheet and strip. Due to Increased accuracy of the strip mill, permitting wider sheets, 
the difference between sheet and strip based on widths has become an arbitrary 
figure. 

Standard Classification of Flat Rolled Carbon Steel 


Width. Inch 

.2500 

or 

Thicker 

2499 

to 

1875 

-Thl< 

1874 

to 

0568 

ckness, Inch- 
0567 
to 

0344 

.0343 

to 

0255 

0254 

to 

.0142 

.0141 

or 

Thinner 

Up to 3 V 2 

Inclusive 

Bar 

Strip 

Hot Rolled 
Strip 

Strip 

Strip 

1 Sheet 

Sheet 

Over 3>/a“6 

Inclusive 

Bar 

Strip 

Strip 

Strip 

Sheet 

Sheet 

Sheet 

Over 6-12 

inclusive 

Plate 

Strip 

Strip 

Sheet 

Sheet 

Sheet 

Sheet 

Over 12-32 

Inclusive 

Plate 

Sheet 

Sheet 

Sheet 

Sheet 

Sheet 

(T.M.Black 

Over 32-48 

inclusive 

Plate 

Sheet 

Sheet 

Sheet 

Sheet 

Sheet 

Sheet 

Over 48.... 


Plate 

Plate 

1 Sheet 

Sheet 

Sheet 

Sheet 


Up to 12 
Over 12-24 
Over 12-24 
Over 24-32 
Over 32.... 

Inclusive 

inclusive 

inclusive 

inclusive 

Strip 

Strip! 

Sheet- 

Sheet 

Sheet 

Strip 
Strip! 
T.M Black- 
TM Black 
Sheet 

Cold Rolled 






special edge or finish, or temper as m A S.T M. Spec. A-109. 
3 If no special edge, finish, or temper. 


Hot Rolling—Sheets and strip can either be hot rolled directly to the desired 
thickness or hot rolled to an intermediate thickness and then cold rolled to the 
desired thickness. The later process is used if improved surface finish or special 
temper and properties are desired. Hot rolling is here classified as including rolling 
operations in which the material is heated before passing between the rolls. Sheets 
are hot rolled by a number of methods: 1. On broad hot strip mills from slabs; 
2. On hand mills from sheet bar; and 3. On hand mills from broad strip sheared 
breakdowns. 

f. Broad Hot Strip Practice—The rolling of broad hot strip or “sheets in coils” 
has been a continuous development since 1927, when the first mill was built capable 
of rolling a strip over 24 in. wide. The strip process differs from the sheet process in 
that in the former the reduction is performed in long lengths, which are subse¬ 
quently cut up or coiled, while in the latter the reductions are performed in unit 
lengths or a small multiple. In strip rolling a slab ingot is cast and rolled to a slab • 
of 3-6 in. in thickness and of a width and length suitable for charging into the slab 
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reheating furnace, where it is brought up to a temperature of 2200-2300 ""F. for 
rolling. 

The broad strip mills consist of a roughing train and finishing train set in tan¬ 
dem, the finishing train being set on close centers so that the strip is in all of the 
finishing stands at the same time. The number of roll stands can be varied to suit 
the variety of products produced in any given mill, but usually vary from 4-7 rough¬ 
ing stands and 4-6 finishing stands. The roughing train usually consists of a two 
high scale breaker to break up the scale on the surface of the slab, a spreading mill 
to spread the slab to the desired width of strip, after which it is turned 90 and 
squeezed to straighten the edges. The slab is then rolled to the desired rough bar 
thickness in the balance of the roughing mills which are usually of the four high 
type and equipped with vertical ed^ng rolls to hold an accurate width in the bar. 
In the roughing reductions, the slabs are usually sprayed with high pressure water 
to. descale the surface of the slab as it progresses through the mills. As a modifica¬ 
tion in practice, the slab can be rolled to a rough down bar on a reversing universal 
miU. After roughing, the bar goes through another scale breaker and high pressure 
spray and into the four high hot strip stands where it is reduced to the desired 
thickness. These mills are so synchronized as to speed that each successive miU 
takes the strip at exactly the same speed that the preceding mill is delivering. The 
delivery speed varies from 1000-2100 f.pjn. The finishing temperature can be 
varied over a considerable range by varying the slab heating temperature and hold¬ 
ing time ahead of the strip mill. In general, the finishing temperature varies from 
ISOO-ieoO'^F. and must be closely controlled wherever it is desired in order to keep 
uniform thickness throughout the length. 

After the strip is delivered from the last stand, it can be either coiled or cut to 
length, fiattened by leveling, and piled. It must be coiled or piled at a temperature 
sufficiently low so that appreciable grain growth^ does not take place. 

The product of the hot strip mill has a wide variety of uses. It may be cut as 
breakdowns for a hot sheet mill if a thinner gage is desired than can be produced 
on the hot strip mill. It may be shipped directly after cutting and leveling, or after 
normalizing and pickling if better properties are necessary for the particular require¬ 
ments under consideration. After pickling in coils, it may be used for the production 
of thinner gages than can be rolled directly on the hot strip mill by continuous cold 
reduction processes and also for applications where a better and smoother surface 
than can be obtained on a hot strip mill is required. 

The process for narrow strip is similar to broad strip, except that lighter equip¬ 
ment can be used and less power is needed. The wider the strip desired, the more 
massive the equipment must be and the greater the power requirements, which are 
approximately 400-500 connected hp. per in. of width capacity. 

2. Sheet Bar Practice—The sheet bar practice for the production of hot rolled 
sheets involves the rolling of an ingot to a rectangular sheet bar which is usually 
8 or 12 in. in width and of a thickness that will allow cross rolling on a hot mill to 
the desired thickness and length. The sheet bar is cut so that its length is slightly 
greater than the width of the desired sheet. The hot mill consists of two stands of 
rolls, known as the roughing and the finishing stands, and two furnaces known as 
the “pair” furnace (so named because the bars are withdrawn and roughed out in 
pairs) and the reheating furnace where, after matching the rough outs are reheated 
for finishing. The rolls are of chilled iron and are driven by constant speed motors, 
or in some extremely old Installations, by a steam engine. The sheet bars are heated 
in the pair furnace to a temperature of 1300-1600 “P., depending on the grade of steel 
and surface finish required, and rolled in pairs to a breakdown gage using single 
passes and then matching the bars and rolling in pairs until the breakdown gage 
is reached. At this point the breakdowns are matched, reheated, and finished to 
the desired sheet thickness. This general method can be modified by pickling the 
bars and breakdowns to produce a smoother and more uniform surface finish. Also, 
sheets 0.025 in. and thinner are usually made “double,” that is, the matched break¬ 
downs are folded over on themselves before reheating. 

After hot rolling to the desired thickness, the sheets in packs are trimmed to 
the desired dimensions and separated and are ready for further processing operations. 

3. Sheared Breakdown Practice—Th!i& process is somewhat like the sheet bar 
practice except that the breakdowns are sheared from broad hot rolled strip of a 
width slightly greater than that of the desired sheet and of a length sufficient to 
make a sheet of the desired gage and length. The breakdown operation is eliminated 
and consequently only one stand of finishing rolls is necessary. This practice lends 
itself readily to the utilization of continuous pack heating furnaces and mechanized 
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feeding and catching tables. It also lends itself to the use of single three high mills 
which roll both under and over the middle roll (from both sides of the mill) with 
greater reductions and increased speed and also the same type three high mills set 
up in a tandem train. Pickling the sheared breakdowns before hot rolling improves 
the smoothness and uniformity of the surface finish. As in the sheet bar practice, 
after hot rolling the sheets are trimmed on all sides and separated and are re^dy 
for further processing. 

Cold Rolling--Sheets and strip are cold reduced to the desired thickness for 
several reasons: 1. To obtain the desired surface finish; 2. To Impart desired physi¬ 
cal properties; and 3. To make gages thinner than the hot strip mill can produce 
economically. 

The cold reduction can be accomplished either in unit lengths or in colls, but 
it is more economical from a yield standpoint to perform the reduction in coiLs. 

There are numerous types of equipment for performing the cold reduction, but 
as in the case of hot strip mills, the wider the material to be cold reduced and the 
thinner the desired gage, the more rigid the mill, and the more power required. In 
narrow widths (under 20 in.) the reductions can be performed conveniently on two- 
high mills, but in the wider widths the four-high mill is used almost entirely. As the 
width is increased or the thickness decreased, the diameter of the backing up rolls 
is Increased. The working roll diameter is kept as large as is compatible with the 
maximum screw pressure allowable. 

The amount of cold reduction performed is governed largely by the application 
under consideration. For example, sheets and strips for drawing applications are 
cold reduced from 30-70% in thickness. Tin plate may be reduced as much as 90% 
in thickness. Increasing amounts of cold reduction will tend to make the resulting 
sheet and strip finer grained and harder after annealing. 

Equipment for cold reducing steel sheets and strips is available which makes use 
of the following applications of power to effect the desired reduction: (1) AH power 
applied to the working rolls; (2) all power applied as forward and back tension; 

(3) power applied partly to the working rolls and partly as forward tension; and 

(4) power applied to the working rolls, also as forward and back tension. 

1, All Power on Working Rolfs—The cold tandem sheet mill or single stand mill 
for the reduction of strip breakdowns in units is an example of this method of appli¬ 
cation of power. This method involves the production of more scrap due to the 
multiplicity of ends sheared from the sheets when heavy reductions are performed. 
This method is also used to a great extent in skin rolling sheets after annealing to 
remove the tendency to form stretcher strains when drawn. Skin rolling involves 
little reduction in thickness of the section. 

2. All Power Applied as Forward and Back Tension —^This method of applica¬ 
tion of power is employed in the “Steckel mill” which is a four high mill with 
small working rolls for rolling coiled material. This type of mill is limited in the 
amount of cold reduction that can be taken in a given pass, but is built to reverse 
and can reduce any number of passes and to any practical thickness desired. The 
small diameter working rolls present a small surface area and hence wear rapidly 
and must be replaced frequently or whenever the surface of the strip being rolled 
is unsatisfactory. This'mill is rather popular for extremely hard or thin materials 
and high priced specialties with extremely close tolerances in thickness variation. 

3. Power Applied Partly to the Working Rolls and Partly as Forward Tension^ 
This method of reduction Is typical of by far the greater number of tandem cold 
reduction mills utilizing coil stock. In general, the reduction mill is made up from 
3-5 tandem stands of four high mills with a powerful reel producing forward ten¬ 
sion. The capacity of this type mill is governed largely by the thickness and width 
being rolled, and the delivery speed of the mill. Cold mills delivering tin plate gages 
deliver up to 1500 f.p.m., whereas the heavier sheet gages are usually delivered 
up to 700 f .p.m. This type mill has the advantage of high capacity and low labor and 
roll cost, although the Investment is high. Disadvantages are lack of flexibility for 
rapid section changes and the fact that material being rolled receives a flxed and 
limited number of passes. 

4, Power Applied to Working Rolls, also as Forward and Back Tensiotir-^ThUs 
application of power is exemplifled by the single stand reversing mill. This type mill 
differs radically from the Steckel mill in that it is not limited in the amount of 
reduction per pass as is the Steckel type. This mill is advantageous from the stand¬ 
point of flexibility of niunber of passes and requires less investment cost and floor 
space than a tandem mill. The energy expanded in back tension is regenerated by 
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driving the back reel as a generator against the line load, the back tension also 
serving to reduce the screw pressure and the net energy required for the deforma¬ 
tion. On the other hand, the investment per ton capacity, labor cost, and roll cost 
is higher than for a tandem mill. 

AnneaUng of Sheets and Strips—It is necessary to perform some manner of 
annealing operation on hot reduced and cold reduced sheet and strip, unless a hard 
temper is desired. This may not be necessary on some hot rolled strip finished at 
1500-1600**F. or over and coiled hot so that an annealing is accomplished in the coil. 
If the sheets are reduced to gage below the recrystallization temperature as they 
are on the sheet bar finishing mill or cold reduction practice, the grain structure 
is fragmented and plastically deformed by slip resulting in preferred orientation. 

There are a number of softening operations used in sheet and strip production, 
the most Important of which are: (1) The cold strain, low temperature recrystalllza- 
tion anneal; (2) the normalizing operation; and (3) the stress relieving anneal. 

1. The Cold Strain, Low Temperature Recrystallization Anneal—This process 
may be used on material cold reduced in excess of 30% (includes hot rolled material 
finished at a low enough temperature to give the equivalent strain of material rolled 
cold). This type of annealing (also known as ''processing annealing’*) is carried 
out by placing stacks of sheets or coils on a bottom or plate and then covering the 
pile. The charge is then heated to the desired temperature, which may vary from 
1200-1400'’F., and allowed to soak imtil the temperature is uniform throughout the 
charge, after which it is allowed to cool to the desired temperature before uncov¬ 
ering. 

This annealing may be carried out in stationary furnaces in which the charge, 
including plate and cover, is inserted in the furnace for the necessary heating and 
soaking and then removed for cooling, or in the radiant tube type furnace in which 
the plate is stationary and the furnace is lifted from charge to charge for the nec¬ 
essary heating and soaking. The charge may vary from 5-100 tons, depending on the 
size sheet or strip and height of stack. The source of heat may be gas, coal, oil, 
or electricity. 

Material that has been cold reduced or descaled before annealing is usually 
annealed in a protective atmosphere or “bright annealed” in order to prevent the 
formation of oxide on the sheet during the heating, soaking, and cooling cycle. This 
protective atmosphere is ordinarily produced by partially burning natural gas or 
butane to a gas composition that is slightly reducing to iron but will not break down 
further and deposit carbon at the annealing temperature. Most of the water vapor 
produced from the partial burning is removed from the protective gas by refrigera¬ 
tion. Material that is desired with an oxide finish is either annealed without the 
protective atmosphere or “steam blued” by adding steam under the cover after 
removal of the charge from the furnace when the temperature has dropped to 1000- 
1100'*F. 

2. Normalizing—The normalizing operation consists of heating the sheet or 
strip to a temperature above the upper critical or Ac 3 point (approximately 1650'*F.) 
and cooling to room temperature. This recrystallizes and refines the grain structure 
tlnough the mediiun of a phase transformation. The normalizing operation is util¬ 
ized to the greatest extent on hot reduced material to produce improved drawing 
properties, as in many cases a low temperature box anneal would result in critical 
grain growth‘s due to a low residual strain in the hot reduced product. 

Normalizing furnaces for sheets are usually of the chain type, roller type, or 
walking beam type. Fuels may be gas, oil, or electricity. With electric furnaces or 
muffle types, it is possible to “bright normalize” by using an inert or a reducing 
atmosphere to protect the surface of the strip from oxidation. 

The grain size and hardness of normalized material can be controlled within 
limits by varying the soaking time above the Ac, point and also the cooling rate 
from the Ar, to the An point.^* 

3. Stress-Relieving Anneal—This annealing operation is a low temperature 
pack or box anneal utilized to remove the internal stresses, produced by the rapid 
cooling in the normalizing operation and in leveling or light rolling operations alter 
normalizing, in order to improve the drawing properties. This operation is com¬ 
monly known as a “second or white anneal’* and is carried out in the same manner 
and with the same equipment as the cold strain box anneal except that the tem¬ 
perature of annealing is in the range of 950-1200®F. A protective atmosphere can 
be used under the cover to prevent oxidation or the charge may be steam blued as 
desired. 
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Typical values of physical properties of mild steel sheets and strips after the 
annealing operations referred to are given in the following tabulation: 


Yield 

Points, psi. 

Tensile 
Strength, psl. 

% Elong. 
in 2 In. 

Rockwell 

Olsen Cup 
(.040 thick) 

Hot rolled (sheets). 

... 50,000 

68,000 

10 

B-70 

.200 

Hot rolled (colled strip). 

... 45,000 

55,000 

30 

B-60 

.350 

Hot rolled + normalize . 

... 38,000 

52,000 

32 

B-55 

.365 

Hot rolled -f 2nd anneal. 

... 30,000 

48,000. 

38 

B-50 

.390 

Hot rolled -}• cold reduced. 

... 85,000 

85,000 

4 

B-90 

.120 

Hot rolled + bright anneal . 

... 28,000 

45,000 

42 

B>45 

.410 

Hot rolled -f normalized. 

Hot rolled -h normalized + 2nd 

... 40,000 

54,000 

30 

B-60 

.360 

anneal . 

... 32,000 

50,000 

38 

B>52 

.390 


Surface Characteristics—The surface texture of sheets and strip can be varied 
between rather wide limits. For chromium plating and similar uses, a smooth bright 
surface is necessary, but for vitreous enameling and many drawing operations, a 
certain dullness or roughness of surface is more suitable. In the case of vitreous 
enameling, the roughness improves adherence; and in certain drawing operations 
where heavy pressures are developed, the duller type of surface draws better. It 
also appears to aid in the distribution of the draw. Minor surface imperfections and 
slight strains are not so noticeable on a dull surface as on a bright one. However, 
the surface should not be so dull that subsequent finishes will not cover. 

The smooth finish can be obtained by grinding and polishing the rolls. The 
dull surface can be obtained in several ways. A chill cast or alloy cast iron roll 
can be dulled by acid etching the ground surface. This develops the dendritic 
structure by removing segregated areas, and leaves a pattern which can be imprinted 
on the surface of sheet or strip, resulting in a light dullness. This pattern will vary 
from roll to roll because of differences in the size of the dendrites. 

Since a hardened steel roll does not have a massive structure which can be 
developed by etching, it is necessary to dull the roll by mechanical means. This 
is done with either sand or shot blasting equipment which can be controlled to give 
a uniform dullness of any desired degree by varying pressure and shot size. Because 
of the control over dullness by this process, it is also used to a large extent on chill 
cast rolls. 

The surface can be dulled in the last stand of a tandem cold strip mill before 
annealing, and the sheet can be either skin rolled dull or bright after annealing; or 
the dullness can be applied to the bright sheet after annealing. 

Metallic Coatings—Three types of metallic coatings are commercially applied to 
sheets or strip by steel manufacturers. These are zinc (galvanized sheets), tin, ahd 
teme, an alloy containing approximately 80% lead and 20% tin. In all three coat¬ 
ings, the hot dip method is commonly used, although sufficient work has been 
accomplished with the electrolytic coating of zinc and tin to indicate that it is 
commercially possible. For information about these methods, see the articles in 
this Handbook on Zinc Coatings and Tinning of Steel. 

Testing and Inspection— Drawingr Factors and Hazards—Appearances of a num¬ 
ber of strips or sheets from different sources may be quite similar; but actually 
there are many ways of obtaining substantially the same appearance with major or 
minor variations In properties. Each mill Is limited to a certain extent by its equip¬ 
ment; as the processing is modified, the properties of the product vary, and yet 
the material may make the part satisfactorily. 

At present there are many variables in testing practice and it would be almost 
Impossible to prepare ‘‘standards’* in all tests which would meet all contingencies 
to the satisfaction of both producer and consumer. There are many cases of break¬ 
age in drawing operations where the material is not at fault. The die practice may 
be bad, due to poor design, improper clearance, too much deformation between 
anneals, improper hold down or drawing adjustments, or poor lubrication. In some 
cases, the sheet Is of too light gage for the amount of deformation it is expected 
to stand. 

Winlock and Kelley* state that; "The manner in which the draw is accomplished 
is, within limits, of equal, if not greater importance to the success of the operation 
than the physical properties of the steel Itself.” Montgomery^ points out that next 
to die design, lubrication is the greatest factor in producing good stampings. “Effi¬ 
cient lubrication of production operations will effect a greater net saving to the 
average stamping plant than any other single factor except die design and con¬ 
struction.” 
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Tlie actual strength of the sheet or strip for most forming and drawing Jobs is 
comparatively low. Except in the harder tempers, where the carbon may be as high 
as 0.25%, the steel used for drawing Jobs is SJ^.E. 1010 analysis. Winlock and 
Kelley* In regard to the strength of the material state: ^'Strength and rigidity are 
usually imparted to a stamping by designing it so that it will most effectively resist 
the forces Imposed upon it in use by virtue of a high section modulus.” 

Aging is another factor influencing the drawing quality of sheets and strip. 
A material at the time of shipment may be perfectly suited for the Job, but if it 
Is not used within a reasonable time, and aging takes place, it is probable that 
Increased breakage will result and surface disturbances will be present in the fin¬ 
ished part. 

The amount of aging depends on the analysis, method of manufacture of the 
ste^, amount of skin rolling, time, temperature, and the original hardness range 
of the material. Whittemore* using random samples over a long period of time, 
determined the average amount of aging in different hardness groups for different 
periods of time. The increase in Rockwell hardness was used as the measure of 
aging. On that basis he recommended that speciflcations make an allowance for 
aging. 

After a material has aged to a certain extent it loses its ductility and if then 
worked or formed stretcher strains occur. Winlock and Lavergne^® along with many 
others have studied “stretcher strains,” “worms,” or “lines of Luder.” They found 
that this disturbance tends to occur in those parts subject to a deformation of 1.5- 
10% during forming. In tension the lines are low spots, in compression they are 
elevations. They attribute the stretcher strains to fluctuations at the yield point. 
Cold working by roller levelling or skin rolling generally eliminates the sharp yield 
point and the tendency to stretcher strain. 

For a true picture of the conditions within a given sheet or strip, it is neces¬ 
sary to select samples with regard to the method of manufacture. In checking the 
analysis of strip or sheet which was “straight rolled” it is necessary to take millings 
from the entire cross section. If the amount of segregation is to be checked, samples 
should be taken from edge and center. If the sheet has been “cross rolled” from 
sheet bar the composite sample from end and center of the sheet will give an aver¬ 
age analysis, and tests on the end and center of the sheet will give a check on the 
amount of segregation present. The same remarks are true for any test applied to 
^eet and strip; the samples should be taken so that the tests give a true picture 
of the whole strip or sheet. A certain amount of nonuniformity is to be expected. 
It is impossible to have Identical properties in all parts of the sheet or strip espe¬ 
cially when it is manufactured from rimming steel. 

/Ttspecfion—There are certain defects which are more likely to occur on strip 
and sheets made by the continuous process, but there are certain defects found in 
sheet mill sheets that are absent on the strip product. The following is a partial list 
of the defects which may be found during inspection; some cause immediate rejec¬ 
tion, others cause the material to be degraded into a lower class, or cause rejections, 
depending on the severity of the defect. 


Annealing sticker 

Bad steel 

Black scratch 

Blisters 

Camber 

Chatter 

Coll break 

Copper stain (pickling) 
Corrugations 
Cutting machine scratch 
Dimple (from annealing sticker) 
Dirt pits 

Enter and end marks 
Fluting 


Grease pits 
Guide scratch 
Hs^ndling scratch 
Heavy annealing border 
Heavy to gage 
Hickey 

Hot mill scale 
Laminations 
Light to gage 
Loose oxide 
Narrow 

Normalizer break 
Normalizer scale 
Not flat 

Pickle house scratch 


Pinchers 

Pipe 

Reel kink 
Roll mark 

Roll stop (for mill adjustment) 
Rolled edge (guides too close) 
Scale pattern 
Short 

Side strains 
Slivers 
Strains 
Stringer 

Tandem mill scratch 
Wavy 


Temper—The processing of cold rolled sheet and strip is varied to control the 
physical properties within the ranges found most suitable. This is done by con¬ 
trolling the amount of reduction, the annealing and the final amount of cold rolling 
after the anneal. These influencing factors are worked out in each plant according 
to their equipment and conditions so that the finished material will have the desired 
characteristics. The amount of cold work can vary from a pass through the roller 
leveler, which does not affect the thickness to any appreciable extent, or a pass on 
the skin mill with reductions up to a maximum of several per cent, to heavy cold 
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rolling which reduces the thickness as much as 50% or more. The increase in hard¬ 
ness over the annealed condition depends on the amount of cold work done after 
annealing, and the ductility falls off rapidly as the amount of cold work increases. 

Table I gives the approximate physical properties of different tempers. The 
values also apply to sheets made by the cold strip process. 


Table I 

Approximate Physical Properties for Various Tenipers of Cold Rolled Strip Steel* 

(These values are given as information only and are not intended as criteria for acceptance 
or rejection.) 


Grade 
or Temper 

Rockwell 

Hardness 

B Scale, 

^ in. Ball 
100 ka. Load 

Depth of Oup 
for 0.050 ill. 
Thickness of 
Strip, mm.* 

Tensile 

Strength.i* 

psi. 

% Elong. 
in 2 in. for 
.050 in., 
Thickness 
of Stripe 

Remarks 

No. 1 
Hard 

90±6« 

6-7 

80,000 
+ 12,000 

3 ± 2 

Intended for flat blanking only 

No. 2 
Half Raid 

80 + 5 

7-8 

64,000 
+ 8,000 

9±6 

Intended for easy bending up to 90* 
across the grain.* (No bending 
along the grain). 

No. 3 
Quarter 
Hard 

69 ± 6 

6-9 

64,000 
± 6,000 

20 ± 7 

For shallow drawing and stamping, 
where a very smooth surface la re¬ 
quired. Bends 180° across the grain. 
Bends up to 90* along the grain.* 

No. 4 
Soft or 
Planished 

58 + 6 

9-lOH 

48,000 
+ 6,000 

30 + 6 

For fairly deep drawing where no 
sign of surface strain is permissible. 
Bends 180* both ways of the grain. 

No. 6 
Dead Soft 

46 + 7 

10-10% 

10-11% 

44,000 
± 4,000 

39 ± 6 

For deep drawing where slight 
stretcher strains are permissible. 
Also for drifting. (Erroneously called 
"extrusion.") Bends 180* both ways 
of the grain. 


•Cup depth varies with thickness of strip. For grade No. 5, dead soft temper, the depth is 
given approximately by the formula D =: 10,6 mm. 6.4 log "t" (t = thickness In mm.). Other 
tempers vary in a similar way. 

^Tensile Properties are based on the standard tension test specimen for sheet metals, Pig. 7, 
A.S.T.M. Designation E 8, 1936 Book of A.S.T.M. Standards, Part I, p. 833. 

^Elongation in 2 in. varies with the thickness of strip. For grade No. 5, dead soft temper, the 
percentage elongation = 4110 log ‘T’ (t = thickness in mm.). Other tempers vary in a sim¬ 
ilar way. 

dpor cold strip !b69 in. and thinner In thickness the Rockwell B hardness range is 96 ±6, with 
corresponding Increase in tensile strength and drop in depth of cup test. 

•To bend across the grain means that the crease formed by the bend shall be at right angles 
to the length of the cold rolling strip. To bend along the grain means that the crease formed by 
the bend shall be parallel with the length of the cold rolled strip. 

•Tentative Specifications for Cold Rolled Strip A.S.T.M. Designation A 109-36 T. 


The Tensile Tesf—Kenyon” points out that the “rate of strain” Is the proper 
method of measuring the speed of testing, rather than the speed of the cross head 
of the testing machine. This permits a better correlation of the test data when 
comparing the results on samples of different gage lengths. Kenyon found that 
variation in the rate of strain from 0.08-0.38 in. per min. raises the yield point 
about 2500 psi., and lowers the per cent total elongation, both in 2 and 4 in., about 
3%. Increased rate of strain also lowers the per cent “uniform” elongation. Although 
total elongation is the usual value recorded, the “uniform” elongation is truly char¬ 
acteristic of the material while the total elongation is not, due to the disturbing 
effect of the shape of the specimen. Kenyon suggests measuring this value on the 
“stress strain” curve as drawn with a 10 X extensometer. This measurement is made 
horizontally from the start of the curve, to where the load ceases to increase. The 
gage length is Immaterial as far as the determination of this quality is concerned. 

Kenyon and Burns” describe a new extensometer, wedge type, designed to draw 
accurate curves so that uniform and total elongation may be measured from the 
curve. Measurements of elongation may also be made in the area of the yield 
point phenomena. They describe test practice and a number of typical curves are 
reproduced. When due to cold work, the jdeld point becomes indefinite, it is con¬ 
sidered to be the stress corresponding to an elongation increase of 0A% of the gage 
length, determined by measurement from the stress strain curve. (On machines 
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not equipped with recording devices this point may be determined with any accurate 
extensometer.) The upper yield point is defined as the stress at which yielding 
begins; the lower yield point is the smallest value of stress to which the load sinks 
during stretching, or the smallest load under which stretching proceeds. A special 
/celluloid scale, designed for measuring these values is described. 

Two requirements for any test, according to Eksergian'* are; “(1) That the con¬ 
ditions of test duplicate those which actually exist—or that a relation between the 
two may be established, and (2) that the test contains sufficient information in a 
form which may be comprehensively interpreted. The simple tensile test, although 
somewhat lacking in the first requirement, fulfills the latter quite well. The general 
extension denotes the extent to which the material will behave uniformly while the 
local extension designates the ultimate capacity of the weakest section. These values 
should be considered with respect to the type of draw when correlating results.” 

Under definite testing conditions, the tensile test results are reproducible in any 
laboratory. The work of standardizing this test has covered a considerable period 
of time and many of the questionable points have been cleared up. For mill pro¬ 
duction testing of drawing quality material during processing and at the time of 
shipment, the tensile test is usually too time consuming. Consequently the simple 
tests, such as the Rockwell hardness and the Olsen or Erichsen cup draw tests, are 
used for this purpose. Mills are generally able to establish a correlation between 
the Rockwell and Olsen tests with actual performance records and feel that the 
two tests, properly considered are indicative of drawing quality, but are not a guar¬ 
antee of performance because of the numerous drawing hazards external to steel 
quality. If a similar number of tensile tests were made, they would imdoubtedly 
establish some relationship. The test is standard on plate and other materials hav¬ 
ing a strength requirement specification. 

Hardness Testing—The useful hardness range on cold strip and sheets is 
roughly B-35 to B-lOO Rockwell. When properly made, the Rockwell test on sheet 
and strip is consistent, reliable, and an effective measure of hardness. There are 
certain precautions necessary to obtain accurate results, and these are discussed 
in the article in this Handbook on the Rockwell Test. 

Ductility Tests—The tests most commonly used to determine ductility are the 
Erichsen and Olsen cup tests, and to a certain extent, they give similar values. The 
Erichsen machine measures the gage and depth of cup in millimeters, while the 
Olsen test measures the same values in thousandths of an inch. The impression 
or draw of the Erichsen test is made with a cone shaped, spherical end plunger, 
while that of the Olsen test is made with a steel ball. It has been found by making 
a number of check tests that when the Erichsen result in millimeters is converted 
to inches, the actual value in thousandths is 10-14% higher than the Olsen test. 
Converting results on this basis will give comparative figures. However, this holds 
true for groups of samples, rather than for individual tests. 

These two tests have never been standardized; consequently there is no gen¬ 
erally accepted method of making either test, but the practice here described, if 
followed consistently, is probably as satisfactory as any. Briefly, cut the sample as 
wide as the machine will conveniently handle, oil the side in contact with the ball 
or plunger, tighten the die as snug as possible without jamming the screw, and 
then make the test. The ”end point” of the Erichsen test is when, by observation, 
the break will just admit light;/that of the Olsen test is when the needle of the 
pressure system begins to drop back. Variables in making the test are: Strip too 
narrow, giving high results; not breaking the cup, or breaking it too much; speed 
of testing; die tightness; lubrication and surface of sheet or strip. The most com¬ 
mon error is to open the break too wide. 

As these tests have never been standardized, there are many who doubt their 
actual value, while others believe that they are as good as any other test, provided 
a good practice is worked out and then adhered to rigidly. 

Watson^ stated that a correlation between laboratory ductility tests and plant 
usage might be worked out in one plant, but the same correlation would not neces¬ 
sarily hold good for another plant. 

Gillett’s'* opinion is, that making tensile tests in both directions and measuring 
the elongation in several gage lengths is rather time-consuming, and for this reason 
the cupping tests such as are made on the Erichsen, Olsen, Gulllery, and Wasau 
testers are generally used for ductility measurements, often with measurements of 
the load required. The cupping test has obvious advantages in that it tests the 
sheet in all directions, it gives a deformation somewhat analogous to that of deep 
stamping and does it without introducing press variables such as die clearance. Gil- 
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lett gives a number of references expressing different opinions of the reliability of 
cupping tests and the actual properties determined by them. 

It may not be possible to get an extremely close agreement between individual 
machines on single sheet samples, but groups of samples average fairly close. There 
is a noticeable spread on individual results. However, results on the same machine, 
by the same operator or groups of operators, using the same practice, will be fairly 
consistent over a period of time. 

The examination of the cup after the test is completed gives additional valu¬ 
able information. The surface near the break gives an indication of the grain size; 
the position of the break gives an idea of the amount of cold work the material 
has received after the anneal; and the shape of the break indicates the thoroughness 
of the anneal and the directional properties present. The ratio of pressure at 0.250 
in. draw and the maximum pressure during the test are also of some significance. 

The bend test, as outlined in Table I, is useful on the harder tempers but is 
not of great value on the deep drawing grades. Some make a practice of opening 
the bend after the test has been made and examining the inside of the bend for 
additional information. Others have found the reverse bend test, made according 
to a definite practice, to be informative; the number of the reverse bends that the 
material will withstand before failure is considered an index of its ductility. 

Microscopic Examination—‘The microstructure of the metal is most important 
in the deep and extra deep drawing grades. Usually the samples are taken parallel 
to the rolling direction but it is often desirable to examine the structure in both 
directions. The samples can be ^bolted together or mounted in bakelite, so that the 
cross section may be polished and examined. It is good practice to take all pictures 
at XlOO, X500, or XIOOO so that the results may be compared from time to time. 

The grain size of the material is controlled within close limits by controlling 
the processing. The grain size is important; for some work it must be fairly large, 
on other Jobs it must be small or “in between.” The permissible grain size depends 
somewhat on the type and depth of draw. The shape of the grains appears to be 
important, and the condition and distribution of the carbides should be observed 
and noted. 

All steels have inclusions or sonims. Whether these are harmful or not depends 
on the number, size, type, and distribution in the material. 

While there are limits to the desirable ranges of grain size, these limits are not 
clearly defined to the extent that these sizes apply to all jobs. What may be desir¬ 
able in one case may not be good in another; but the requirements for any part 
have a certain degree of latitude. Usually the grain size will vary somewhat from 
surface to midthickness due to segregation. The degree depends on the severity 
of the segregation, and in well made steel this difference is negligible. On a straight 
rolled material there will be some difference in grain size from edge to center, and 
the same differences will be found from end to center on sheets cross rolled from 
sheet bars. Any irregularity in normalizing, and the usual temperature differences 
within the annealing box are reflected by slight differences in grain size. These 
are normal and expected differences which cannot be entirely eliminated, and affect 
the drawing quality only when they are severe and abnormally large. 

Large variations in grain size within a given lot are detrimental as differences in 
the hardness and flow of the metal in the dies must be compensated for by chang¬ 
ing the draw ring or hold down adjustment. The smaller grained material must be 
held more tightly to pull out the buckles or wrinkles, while the same adjustment 
would probably break a larger grained sheet or strip. For this reason, it is inadvis¬ 
able to try to work both large and small grained materials with the same adjust¬ 
ment. 
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Heating Steel Bars for Forging* 

General—The details to be observed in the practice of heating and forging 
steel depend to some extent on the type and size of forging, method of forging, 
composition of the steel, and the subsequent disposition of the forging. The follow¬ 
ing suggestions are based on normal good practice for the production of steel 
forgings from bars and billets, up to and including 4 in. sq. or in dia. 

There are six major metallurgical factors which should be considered in the 
heating and forging of the steel. These factors are: 

(1) Rate of heating to forging temperature; 

(2) Overheating and burning of the steel; 

(3) Forging temperatures; 

(4) Decarburlzatlon of the surface; 

(5) Scaling; 

(6) Finishing forging temperature. 

Rate of Heating to Forging Temperatures—The time of heating should be 
just sufficient to bring the center of the bar or billet to the forging temperature. 
In general, for plain carbon steel of 0.50% carbon and less, a minimum time of 
5 min. per in. of dia. or thickness is sufficient for heating bars up to 3 in. Although 
this is common practice, some metallurgists consider a slower heating rate more 
desirable. Bars over 3 in. in dia. or thickness require a slower heating rate. For 
steels having higher carbon content than 0.50%, somewhat slower rates of heating 
should be used. With some steels, even preheating should be employed in order to 
avoid rupturing when forced heating is applied. It is advisable with larger sizes 
or irregular shapes to determine the heating rate by imbedded thermocouples for 
the particular furnace and bar to be forged. To utilize the minimum rate of heating, 
it is necessary that the bars in the heating furnace do not touch, and that the 
furnace is of sufficient capacity. 

Overheating and Burning—Overheating may be produced in the forgings by 
heating to such a high forging temperature that the grains in the steel become 
excessively large. This large grain size results in impaired physical properties of 
the metal imless the grain is refined by proper mechanical or thermal treatment. 

The term “burning” as applied to steel is somewhat misleading, because the 
chemical reaction of the steel with oxygen is not necessary to produce the so-called 
“burning.” This is evident since steel may be burned entirely on the inside, but 
may appear quite satisfactory on the surface. Burning of steel entirely on the 
inside is usually due either to decarburization on the surface or to an inside tem¬ 
perature which is much hotter than the surface at the time of forging. However, 
the presence of turb\ilent, free oxygen in the atmosphere surrounding the*steel will 
usually cause the steel to burn at a much lower temperature than when no free 
oxygen is present. 

Burning is an extremely overheated condition which causes the more fusible 
constituents of the steel to melt and run out into the grain boundaries and leave 
voids between the grains. Burning may occur in the heating furnace before any 
forging is done on the steel. 

Direct impingement of the flame against the steel, especially if of an oxidiz¬ 
ing nature, is likely to produce spot burning or overheating, and should, therefore, 
be avoided. Likewise, Impingement of a jet of air against the steel is to be avoided 
in the heating furnace. Air may be used to blow the scale off the steel during 
the forging operation, provided the forging temperature of 2400°F. is not exceeded. 

Forging Temperature—The safe forging temperature to be employed for steels 
dependS‘ on the composition of the steel, the furnace atmosphere, the temperature 
measming equipment, the furnace equipment, and the type of forging operation. 

In general, for either plain carbon or alloy steels, the forging temperature is 
lowered as the carbon content of the steel is increased. The effect of the various 
alloying elements on the forging temperature must be considered in relation to 
the quantity used and the other elements combined with them. 

The flow of steel or its plasticity at the forging temperature depends upon the 
composition of the steel and the forging temperature. The higher the forging 


*This article was prepared by the Subcommittee on Forging. The membership of the sub* 
committee was as follows: W. E. Jominy, Chairman; H. M. Spears, and A. M. Steever. 
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temperature, the greater the plasticity with resultant lower operating costs, but the 
finishing temperature is then generally higher, producing coarser grairis. With 
higher forging temperatures, the steel is heated closer to the overheating and burn¬ 
ing range and, consequently, good furnace equipment and accurate temperature 
measuring devices are necessary to avoid the danger of burning. 

If optical or radiation pyrometers are used, it should be remembered that 
smoke, the reflection of incandescent flames or furnace walls, the distance from 
the hot object, the presence of scale, and the lack of black body conditions appre¬ 
ciably affect the accuracy of the reading. It is possible to correct for lack of black 
body conditions and the presence of scale, but much smoke or reflection from 
flames may make the readings valueless. On the other hand, if conditions can be 
made ideal, very accurate readings are obtainable with the optical pyrometer. If 
platinum-rhodium thermocouples are used, care should be exercised to be certain 
that the temperature of the thermocouple corresponds to that of the steel. Fre¬ 
quent checks of the accuracy of the platinum thermocouple are necessary since 
the wire is very easily carburized by carbon gases and is often contaminated by 
iron and silicon. 

Decarburization—Practically nothing is known about the rate of decarburiza¬ 
tion in different atmospheres at forging temperatures above 2000®F. It is probably 
safe to assume that increasing the heating time will increase the depth of decar¬ 
burization. All precautions should be taken to avoid decarburization, so that the 
forgings can respond to heat treatment and.thereby produce the physical prop¬ 
erties expected. 

Scaling—Scaling is the cause of more forging difficulties than is usually realized. 
Scale ruins most refractories; it is often hammered into the surface of the forg¬ 
ing, causing machining difficulties and weak spots; and sometimes causes sticking 
in the forging dies. Scale represents an economic loss of metal and loss of time in 
removing it. It is desirable to have as little scale as possible, so a minimum time of 
heating should be employed. The presence of free oxygen in the furnace atmosphere 
causes a decided Increase in scaling. If the presence of free oxygen in the furnace 
atmosphere is avoided, little is gained in reduction of scale by having more than 
a moderate excess of carbon monoxide. It has been found that in a gas fired 
furnace, using ordinary city gas, practically the same amount of scale is formed 
when the atmosphere contains 8.0% carbon monoxide as when 0.5% carbon monox¬ 
ide is present, and that it is necessary to exceed 12% of carbon monoxide before 
a marked reduction in scaling is produced. This applies also to oil flred or butane 
fired furnaces, provided no free oxygen is present. The rate of scaling is also 
Increased rapidly with an Increase of heating temperature. 

The Finishing Forging Temperature—In drop forge work, the finishing tempera¬ 
ture is usually well above the critical range of the steel and practically no strength 
is imparted to 'the steel by the mechanical work of forging, although a certain 
amount of grain refinement results. In many drop forge operations, the finishing 
temperature is so high that large grains remain in the forging. Consequently, for 
best quality forgings, it is advisable to normalize in order to obtain a uniform, well 
refined grain structure. In addition, normalizing usually makes the steel more 
easily machinable, relieves the forging and cooling strains, and produces a more 
refined grain structure, especially if the finishing temperature was comparatively 
high. The normalizing temperature selected should be sufficiently above the critical 
range to completely eliminate any coarse structure that may be present. 

Cooling After Forging—After the forging operation, it may be desirable because 
of the shape or composition of the steel (usually high carbon) to retard the cooling 
rate of the forgings. To retard the cooling, the forgings may be placed in a more 
or less protected enclosure, in ashes or lime, or they may be placed in a hot furnace. 

Forging Furnace—Because of the greater ease of temperature control, better 
control of the induced air, better control of the time cycle for heating the bars 
or billets, and better fuel efficiency, a continuous type of forging furnace equipped 
with pyrometers is recommended wherever possible. 

Care should be taken to avoid the accumulation of oxide slag on the floor 
of the furnace, since the presence of such slag causes pitting of the bars or billets 
which come in contact with it. In oil flred furnaces there is often an accumiflation 
of coke at or near the burners, and occasionally other places. This coke or carbo¬ 
naceous material, if not removed, may fall on the bars and billets, carburi 2 tog 
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them at the point of contact and causing hard spots, and sometimes causing melting 
and pitting. 

Rate of Heating Carbon Steel Bars for Forging—Plain carbon steel of 0.50% 
carbon and less, in sizes up to 3 in. sq., may be heated at the maximum rate of 5 min. 
per in. of dia. or thickness. Although this is common practice, some metallurgists 
consider a slower rate more desirable. For steel having higher carbon content 
0.50%, somewhat slower rates of heating should be used in order to avoid ruptur¬ 
ing from too rapid heating. The rate of heating to be used will depend on the 
size of the bar and its composition. In general, bars of 1% carbon and over and 
1 in. in dia. or over should be preheated to 1300-1400®F. before placing in the forg¬ 
ing furnace. 

Forging Temperature—^The following table gives the maximum temperatures 
recommended for forging plain carbon steels of the carbon contents listed: 


Carbon Steels to be Forged 
% Carbon 

Max. Forging Temp. *F. 

0.10 

2400 

0.30 

2350 

0.50 

2300 

0.70 

2225 

0.90 

2150 

1.10 

2075 

1.60 

1900 


Heating Alloy Bars for Forging—^This recommendation is to cover the heating 
of alloy steels having a carbon content up to 0.60% and a composition corresponding 
to any of the following SA.E. series: SAB, 2300, 3100, 3200, 3300, 3400, 4100, 4600, 
5100, and 6100. 

Heating Rate—^Bars or billets of 0.50% carbon or less may be heated at the 
maximum rate of 6 min. per in. dia. This applies to sections of 3 in. dia. or smaller. 
For larger bars or higher carbon content steels a slower rate of heating is recom¬ 
mended to avoid rupturing from too rapid heating. 

Forging Temperature—^The following table gives the maximum temperatures 
recommended for forging the above listed alloy steels of the carbon contents as 
indicated: 


Carbon % 


Max. Forging Temp., ’P, Carbon % 


Max. Forging Temp., *P. 


0.10 

0.20 

0.30 


2360 

2300 

2250 


0.40 

0.50 

0.60 


2250 

2200 

2200 


Precautions—In addition to the recommendations on pages 663-665 attention is 
called to the following precautions: 

(1) It la suggested that the finish forging temperature be not lower than 1800*P. 

(2) Scale Is more adherent In the chromium and nickel containing steels and additional pre¬ 
cautions to minimize the scale formation should be taken. This can be done by: 

(a) Making sure that no free oxygen Is present in the heating furnace atmosphere. 

(b) Reducing the temperature at which forging is carried out. 

(c) Preheating the bars to not over 1400-F, and permitting them to be at the high tem¬ 
perature for a minimum of time. This is usually done with the larger sections only. 

(3) With larger forgings, slow cooling from the forging heat Is advisable to avoid Internal rup- 
tures. When the section of the forging exceeds 3 In. In dia. for more than 6 In. of length, 
cooling should be slower than natural air cooling. 
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Large Forgings 

By John L. Cox* 

General—The two main reasons for forging steel are to reduce the block of 
metal to approximately the dimensions of the finished article, and to complete the 
work of refining the coarse grain of the steel ingot, which for alpha steels was 
started by the high heat required for forging. Secondary objects of forging are 
so to orientate the unavoidable inclusions in the metal that they will have the mini¬ 
mum injurious effect, and to Increase the physical properties of austenitic steels. 

Both temperature and time are necessary for the first refining action. Ordi¬ 
narily the initial heat should be as high as is prudent for the composition, and for 
alpha steels should be thoroughly soaked through the mass. Subsequent reheat¬ 
ings may be lower in temperature, but the steel should be thoroughly soaked. 
Austenitic steels are preferably soaked out at a moderate heat, brought quickly 
to the forging temperature throughout, and at once forged. In general, forging 
preferably should continue imtil the metal is too cool to permit ready grain growth, 
which in most cases is approximately when the surface of the forging shows pol¬ 
ished die marks, or when breaking scale has ceased to form. 

Ingots for Forging—Ingots must be of the proper chemical composition and 
should be of a dead-melted steel. They may be of any advantageous shape that 
will permit satisfactory solidification. For solid forgings it is highly important 
that the part of the ingot entering the forging be free from secondary, as well as 
primary shrinkage, especially when cuts occur across the ingot axis, as in crank- 
diafts. In general this solidity can be obtained only by using ingots cast big end 
up and fed by a refractory-lined sink-head of ample proportions, unless very exces¬ 
sive top scrap is to be cut. 

Complete freedom from central shrinkage is not so important in ingots for 
hollow forgings, especially in cases where the ingot is bored cold or trephined hot 
by a hollow punch, but it is always desirable. 

The cross section of the ingot should be such as will permit finishing under 
proper conditions after heating, with a reasonable amount of reduction to insure 
thorough working throughout the section to be used so as to cause complete de¬ 
struction of the ingot crystallization. Excessive reductions are not in themselves 
beneficial to good steel. They are injurious to pressure cylinders when forged solid 
and bored out, or even when forged hollow irnless made by expansion of the diame¬ 
ter of a thicker walled cylinder, and may be expected to produce low extensions 
in tangential test bars taken in a transverse plane. The larger it is the more slowly 
an ingot cools; consequently, the coarser is its crystallization, the more pronoimced 
the segregation, and the more serious the internal defects are likely to be. There 
is then little or nothing gained by giving more pronounced orientatioix to more 
numerous and larger inclusions, or by putting more work into breaking up a worse 
initial structure, with always the risk of the defects remaining. 

Excluding forgings with large collars, a reduction of 3:1 should answer for 
nearly all work stressed and tested longitudinally, while a reduction of 2:1 should 
suffice for hollow work stressed and tested transversely. 

For forgings with large collars there must be greater dependence on the heat 
refinement, but a reduction of about 1^:1 should be allowed on the collars. It is 
bad practice to roimd up an ingot that will barely yield the collar diameter. 

To avoid excessive liquation and the coarse crystallization of slow cooling, it 
is advisable that ingots for forgings be cast in iron molds with heavy chill walls. 
Further, the metal cooling in basaltic columns from chill mold walls is cleaner and 
stronger than the interior metal of miscellaneous crystals. Wherever possible, such 
metal should be conserved for the more highly stressed parts of the forging. If 
of a size and of a composition making the step safe, an ingot may be allowed to 
go cold after casting. Conditions will dictate whether cooling be freely or at a 
restricted rate, or only after annealing. If very large, it is preferable to charge 
the ingot into the forge furnace while still hot, to avoid waste of heat and the 
risks of cracking during cooling and reheating. 

Heating—Heating should be done with a soft, noncutting fiame to avoid exces¬ 
sive loss by scaling and the risk of burning the metal. Ample time must be allowed 


*Clitef Bnglneer, The Midvale Co., Nlcetown, Philadelphia. 
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for bringing the ingot to forging temperature if internal fire-cracks or “clinks'* are 
to be avoided, which are formed when the nonplastic center of the ingot is rup¬ 
tured transversely by the pull of the expanded surface metal. The time to heat 
is an increasing function of the size of the ingot, depending, too, upon its initial 
temperature. 

When plain, medium carbon steel ingots of 40 in. in dia. are charged cold, 
safe practice represents heating about 1 hr. to the in., with a soaking time of 
^ hr. to the in. after reaching heat. Alloy steels have much lower coefficients of 
conductivity, so require proportionately longer time to heat. 

For best physical results ingots of austenitic steels should be thoroughly soaked 
at approximately 1700°F., brought quickly to the forging temperature throughout, 
and forged without the usual soaking. However, the surfaces are likely to be tom. 
Better surfaces and more plastic material for forging will follow a heating more 
nearly of the type usual for alpha steels. 

Forging—The forging tool may be a steam hammer or a hydraulic press, with 
sufficient power to work the metal thoroughly. The slow movement of a press 
tends to work large masses more deeply, and although the maximum pressure Is 
limited it can be exerted at any point of the stroke. There is no theoretical limit 
to the pressure produced by a hammer, but the power of the tool decreases rapidly 
with restriction of the stroke and must be proportional to the work if more is to 
be done than move the surface metal. Forging should start by comparatively slight 
reductions on every face to consolidate the ingot structure, followed by the heavy 
reductions of the main roughing step. The preliminary consolidation is of especial 
use before spreading an ingot lengthwise of the dies, as it tends to prevent tears 
in the surface. 

The metal must be worked throughout to weld any clean-walled internal open¬ 
ings that may exist and to refine the grain, as well as to avoid transverse fracture 
of the center, and to avoid mechanical piping of the bottom of the ingot by drawing 
the surface metal over the end. Enough reduction should be left for the finishing 
step to insure work being continued until the piece has fallen to a temperature too 
low for any considerable grain growth to occur. 

Since the orientation of Inclusions profoundly affects the stretch and contrac¬ 
tion of the steel in which they occur, it is important to cause flow of the metal In 
the direction of the stresses to be borne. For this reason upsetting, or expanding 
on the horn or expanding mandrel, at some step in the forging operation greatly 
improves transverse tests. 

When making set-downs with V tools, care must be exercised that the tools 
be not sunk too deeply to allow good reduction by forging below the bottom of 
the cut, either by radius tools or the rounded edge of the die, for the V tool cuts 
and stretches but does not forge. A V tool sunk deeply in metal not quite hot 
is very apt to produce a cavity in the metal below it. 

It is important that sufficient metal be left between set-downs, especially In 
the case of collared shafts, to produce the intermediate final length required with 
a minimum cut on the inner faces of the collars. Excess metal may be turned off 
the shaft, but shortage of metal requiring part of the collar to be tamed to the 
shaft diameter is very bad practice, as it puts into the highly stressed part of the 
shaft metal which has had only the reduction of the slightly stressed collar. 

Long forgings of large diameter or of sensitive composition must often be kept 
hot (by auxiliary heating means outside the forge furnace) throughout those finished 
portions which would otherwise cool too quickly. 

Sufficient top scrap must be cut to remove all trace of central ingot shrinkage 
that would be Injurious in the finished article, and as much more as the specifica¬ 
tions require. Sufittcient bottom scrap should be cut to remove all casting surface 
defects, and if transverse tests be required from an unes^anded forging it is wise to 
cut considerably more. 

Annealing—Except for the softest materials, carefully finished, it is of advan¬ 
tage—and in the case of solid forgings of large dimensions or forgings of high 
carbon or hardenable alloy steels it may be Imperative—to anneal or otherwise 
slowly cool after forging is completed. It is well to check cooling before the tem¬ 
perature has reached about 600®F. if fiakes and internal or external cracks are 
surely to be avoided. 

If only part of a sensitive ingot has been used and the balance is to be reserved 
for future use it should be annealed, or buried in ashes, to avoid cracking. 
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If a large forging has only been buried in ashes from the forge, it must be 
regularly annealed to free it from stresses and refine its grain. 

Annealing substitutes the grain size of its temperature and time for that existing 
in the piece as it left the die. If finishing be done at a high temperature it will 
require a higher heat to refine the existing grain than if the finishing had been 
done at a more suitable heat, and the resulting structure may require one or more 
further annealings at successively lower temperatures to produce the best annealed 
structure of which the piece is capable. Very large pieces often require the repetition 
of a particular annealing step before the full effects of its temperature have been 
obtained. This is better practice than to lengthen unduly the time at that tem¬ 
perature. 

Forgings of austenitic steel, being always in the original phase with no volume 
changes occurring at passage through a critical temperature, are comparatively free 
from stresses and strains. They need only be heated sufiftciently to relieve the 
stresses due to imequal rates of cooling. 

Treatment—When higher physical properties are required than are obtainable 
from a forging in the annealed state an increase may usually be obtained by nor¬ 
malizing, or by quenching and tempering. 

Normalizing consists in heating the piece to a temperature somewhat above that 
at which the metal is in the gamma phase, holding it there for a time sufficient for 
homogeneizatlon to occur and then cooling it freely in the open air. Depending 
upon the size, character and chemical composition of a forging, this step may not, 
or should, be followed by a tempering at a heat well below the critical range. The 
result is usually a moderate increase in tensile strength, a considerable increase in 
elastic limit, with a small loss in ductility. 

When still higher properties are required and the character of the forging 
permits it, the highest attainable figures are reached by a heating such as described 
for normalizing, followed by a quench in a liquid medium, usually oil or water, 
followed by the tempering. 

It is usually considered unsafe to apply this drastic treatment to solid forgings 
of any considerable diameter; it is rarely given to pieces over about 8 or 10 in. 
diameter or having walls over 8 in. in thickness, but under proper conditions it can 
be used on those much larger. 

Austenitic steel forgings in general can only be softened by heat treatment. 
Balanced high physical properties must be obtained by work done cold or at com¬ 
paratively low temperatures; for while some increase in tensile strength can often 
be gained by reheating forgings, with carbides in solution, to a temperature at which 
the carbides will precipitate, there is usually a disproportionate Increase in brittle¬ 
ness and a probable loss in corrosion resistance. 

Internal Inspection—Exposed defects on the surface of a forging are easily 
examined and their seriousness evaluated, but hidden defects may be as serious 
as imexpected. For this reason, it is always advisable to bore an axial hole through 
every major forging when such a step is possible. The hole should be as large as 
the necessary residual strength of the forging will permit. The larger the ingot 
from which the forging was taken the larger, if possible, should be the axial hole. 
Such a hole permits an examination of the interior of the forging by means of a 
bore searcher and will disclose the presence of shrinkage cavities and transverse 
fissures the existence of which otherwise would be wholly unsuspected. Slight de¬ 
fects, if present, may frequently be groimd or machined out without undue loss 
of strength, but transverse cracks are sufficient cause for condemnation. 

Not only does this axial exploration hole allow closer inspection, but it helps 
to reduce the stresses imposed both in heating for treatment and the subsequent 
cooling. Its importance is greatest when a liquid quenching step is involved, and 
it is practically indispensable in the quenching of large forgings, by allowing access 
of the cooling medium to the Interior of the piece. 

In all cases sharp re-entrant angles in any of the steps of manufacture or on 
the finished product should be avoided, as they form starting points for failure 
in treatment and service. The most liberal fillets compatible with the design should 
be allowed. Too small fillets may be a source of trouble in manufacturing opera¬ 
tions as well as in service. 
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Fabricating and Finishing the Stainless Steels 

By V. W. Whltmer* 

The forging operations are not covered in this article as they are discussed 
in the article on the Forging of Stainless Steels on page 841 of this Handbook. 

Types—The use of stainless steels in various Industries is today quite large and 
varied. There are many types available to meet specific conditions insofar as 
analysis is concerned, but nearly all of them can be grouped in two general classes, 
from a fabricating standpoint. The first class, containing chromium as an alloying 
element, with varying amounts of carbon for heat treating purposes, is generally 
known as the straight chromium or ferritic type. The second class, containing 
both chromium and nickel, with low carbon, does not respond to heat treating 
for hardening. It is'known as the chromium-nickel or austenitic group. 

Excluding the higher carbon alloys in the straight chromium group, the two 
most commonly used alloys in these groups are probably those containing 18% 
chromium with low carbon, and the 18% chromium and 8% nickel. In both groups 
there are numerous others containing higher percentages of alloying elements, 
chiefiy for heat resistance, but they are worked much the same as these two. 
Hence, in this article only the two alloys mentioned will be considered with additional 
notes when necessary. 


Hot Working Operations 

Piercing 18% Chromium StccZ—For piercing, heat the same as for forging. A 
higher temperature will generally prove satisfactory. While the 18% chromium has 
been the most commonly used in the group the higher chromiums of 23 and 28% 
have been pierced successfully. 

Piercing 18--8 AZZoys—For piercing heat the same as for forging the 18-8 alloy, 
but to a higher temperature. The 18-8 alloy is the most commonly used in the 
chromium-nickel group. The higher alloys such as 25-12 and 25-20 have also been 
pierced successfully, the latter offering considerable difficulty. 

Welding 18% Chromium Stainless—This alloy can be welded by any commer¬ 
cial method except forge or fire welding. Tight, solid welds are product Insofar 
as fusion and porosity are concerned. A base wire of the same analysis as the 
steel is used with a slightly reducing flame for gas welding. For arc welding use 
a coated electrode which will protect the metal going through the arc from oxida¬ 
tion by the air. It will also cover the deposited bead with a slag blanket which stays 
molten to prevent loss of any chromium by oxidation. Because of the high tempera¬ 
ture employed in welding a large grain will be developed, resulting in a hrittle weld. 
At elevated temperatures such as 400‘’F. and higher some toughness is present. 
However, the 18% chromium is not recommended for welding, because it does not 
respond satisfactorily to subsequent heat treatment. If the chromium should be 
15-16%, it is possible to anneal after welding and produce good ductility and bend¬ 
ing properties. 

The higher chromiums behave in a similar manner, but the lower type, around 
12% chromium, is capable of heat treatment and can be annealed to show some 
ductility after welding. Recent work has shown that additions of columbium, 
titanium or aluminum will reduce air hardening in the 12% chromium alloys. Such 
additions to the electrodes do not produce soft ductile weld metal and hence, if the 
welds are to be placed in service as welded—an austenitic electrode such as 18-8, 
25-12 or 25-20 should be used, depending upon the application. Such welds will be 
tough and ductile but will have a higher coefficient of expansion on heating and 
cooling than the straight chromium alloy. Nevertheless, welding is not frequently 
employed on these alloys. 

Welding 18-8 Alloys—The chromium-nickel stainless steels are well adapted 
to welding and like the others can be welded by any commercial method except 
fire. Fire welding is not successful, as a refractory film of oxide forms on the 
surface of the material at the welding heat which will not dissolve or fuse with 
the commercial fluxes used today. This film acts as a separator, when the pressure 
is applied on the two sections, and prevents adhesion. 


* Metallurgist, Central Alloy District, Republic Steel Oorp., Massillon, Ohio. 
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In gas welding a rod of the same composition should be used with a sUghtly 
reducing flame, having about 1 /22 in. of acetylene feather on the end of the inner 
blue cone to prevent any possible oxidation of the chromium. If more acetylene 
is used the weld may become carburized, and with less the chromium may be burnt 
out. It is also advisable to apply a water paste of a good stainless flux to the bottom 
side of the joint to protect this side from contact with the air. 

‘ The 18-8 alloy has a high coefficient of expansion, about 60% more than com¬ 
mon steel, and it is therefore necessary to hold the work in some manner while 
welding to prevent the edges from moving away from each other. Because of the 
greater expansion, the joint should be so held as to produce as little buckling as 
possible when cooling. Gas welding is used chiefly on 16 gage and lighter sections, 
although it can be satisfactorily used on heavier sheets. 

Electric arc welding is probably the most conunon method used on stainless 
steel. A heavy flux coated electrode of the same analysis is-necessary. This flux 
protects the molten metal, both while going through the arc and after being de¬ 
posited, from oxidation by the air. It should not contain any material which would 
raise the carbon content of the weld metal, as this would reduce the ductility as 
well as the corrosion resistance. Use reverse polarity, that is, the electrode is posi¬ 
tive and the work is negative. The 18-8 alloy has a lower melting point than 
steel, as well as a lower heat conductivity; therefore, less heat can be used and good 
penetration will be obtained in comparison with mild steel. A heavy bead or series 
of heavy beads should not be deposited at one time, as the excessive contraction 
will cause cracks. Deposit light beads about H in. or less in thickness. All 18-8 
welds properly made wiU bend flat back on themselves in either direction on H in. 
plate without cracking. 

Occasionally, columbium or titanium additions are made to 18-8 S to prevent 
carbide precipitation. This is not necessary with low carbon in light plates but is 
desirable in thickness over % in. or where the equipment will operate in the carbide 
precipitation range of 1000-1500®P. and under corrosive influences. Titanium, in the 
welding electrode, is not advantageous, as it is nearly all lost during welding. 
Columbium is more efficient and will be reduced to a less extent. 

Spot, seam, and flash welding are satisfactory on 18-8, but because of the char¬ 
acteristics of the alloy a closer adjustment between current time and upset are 
important. Automatic control is highly advisable with these products. Less total 
neat will be required than with the same sections of common steel. 

The same procedure as with 18-8 should be employed in welding the higher 
chromium-nickel alloys. As these alloys are usually subjected to high temperatures, 
the weld metal as well as the plate or body must withstand the same service. 


Cold Forming Operations 

Cold Rolling 18% Chromium Stainless —^The straight chromium alloys can be 
cold rolled in sheet or strip or drawn into wire similar to steel, except that lighter 
drafts, less speed, and greater pressure are required. High finish surfaces can be 
obtained on cold rolled strip. Very little polishing is required on an article made 
from this product. The hardness on cold working will increase to about x87-241 
Brinell (95-100 Rockwell B) bdt will seldom exceed this range. Annealing will 
reduce these values to about 140-160 Brinell (80-85 Rockwell B). 

Cold Rolling 18-8 Stainless—The chromium-nickel alloys can be cold rolled 
into strip or drawn into wire by methods similar to those employed for the straight 
chromiums, and will yield high flnished surfaces, but considerable hardening will 
result. Cold working will raise the hardness up to, about 400 Brinell (40-44 Rock¬ 
well C), with as high as 250,000-300,000 lb. tensile strength. 

Drawing 18% Chromium Stainless—Tfds alloy has about two-thirds as much 
ductility as ordinary deep drawing steel. In stamping, the draw should therefore 
be generally less for each operation. It is frequently possible to take two or more 
reductions without annealing under certain conditions, although, it is generally 
advisable to anneal after each operation. Annealing should be done at 1450^F., 
followed by air cooling. A good drawing lubricant is necessary in order to adhere 
to the work in the presence of greater pressure than required for ordinary steel. 
Good adhesion and lubrication should be stressed rather than a heavy base. In the 
straight chromium group, the alloys containing over 23% chromium will not be as 
good from a drawing standpoint as the lower ranges. 
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Drawing 18-8 Stainless-~-Because of its high ductility, this alloy is extensively 
used in deep drawing work. * It has a much higher elongation as measured by a 
tensile test than extra deep drawing steel, showing about 45-50% as compared to 
25-30% elongation in 8 in. for steel. Likewise the Olsen and Erichsen test values 
are higher. It is subject, however, to rapid hardening on cold working; hence as 
much work as possible should be performed in one operation. It is difficult to 
produce deep draws without annealing between operations, although two light 
draws can frequently be made without annealing. This annealing consists of cooling 
rapidly from 1950°F. either in air or water. 

Reduction of 30-35% can be made in the first operation, but subsequent reduc¬ 
tions should be about 20%. If too much work is done at one time and the article 
permitted to stand too long before annealing, it is apt to crack from excessive cold 
work. For this reason, if more than 40% reduction is made the Job should be 
annealed at once. The presence of a flange will reduce this tendency considerably. 
About 2-2% times as much clearance should be allowed as for steel or brass. 

Because of the high physical properties and stiffness of the 18-8 alloy, one- 
third more power will be required to produce a given draw, A lubricant with high 
adhesive qualities capable of withstanding the high pressure without squeezing is 
quite necessary. All lubricants should be completely removed before annealing, as it 
will very likely injure the metal surface if left on during the annealing operation. 
The dies, for production work, should be hard, bronze Inserts for the rings and either 
bronze, steel or cast iron for the punch. The ring should be kept well polished, if 
possible, in the direction of drawing. Proper choice of lubricant should assist in 
maintaining this polish to reduce scoring. 

Spinning 18% Chromium Stainless-->The straight chromium alloys, especially in 
high ranges of 17% chromium and over, have not been particularly successful in 
spinning operations. Reductions are less and more annealing is required than with 
the lower alloys. For best results with this type, the chromium should be about 
12.0-17.0%. 

Spinning 18-8 Stainless—TYie alloy 18-8 of spinning quality, having a high 
ductility in the annealed state is well adapted to spinning. Many articles have been 
spun from 18-8 where the number required or the variety of size and shape did not 
warrant making up dies for deep drawing. 

In such cases, 18-8 can be spun, but it may be necessary to anneal, as required 
at certain stages. The ordinary tools or the roller type can be used. A chromium- 
nickel cast iron or oil hardened steel roller works well because of its ability to hold 
the lubricant. A heavy body grease or soap must be employed, keeping the surface 
well covered to prevent scoring or abrading. Do not attempt to do too much 
work before annealing, as cracks are apt to develop. Maintaining a flange while 
spinning has been found to be of value in reducing breakage. 

Soldering 18 and 18-8 Chromium Steels—^Both types of stainless steels are 
soldered readily, as the analysis has no bearing on the strength of the finished 
Joint. If pickled sheets are employed, the ordinary zinc chloride or cut acid with 
commercial half and half solder will give fair results. However, stronger Joints 
will be produced if the special stainless steel soldering fluxes are used, several of 
which are on the market. If the steel is polished, the edges should be roughened 
with a coarse file or emery cloth to obtain adhesion. Use a large soldering iron 
with as low a temperature as possible to keep buckling to a minimum. When the Joint 
is completed it should be washed with about a 5% soda solution. Washing will 
neutralize any remaining acid which, if not removed, will corrode the metal. If 
the Joint is of such a nature that washing on both sides is impossible, it should 
first be tinned with a strong flux and washed, then assembled and finish soldered 
with a flux that is as near neutral as possible, so that if it Is not removed, it will 
not seriously corrode. 

Machining 18% Chromium Stainless—This alloy machines a little differently 
than ordinary steel and more nearly resembles a 0.40-0.50 carbon steel. For best 
results it should be in the cold drawn or cold drawn and annealed condition. The 
same applies to sheet or strip either cold rolled and annealed or Just annealed. 

The 12% chromium containing higher sulphur along with various other ele¬ 
ments is recommended for machine work. On a basis of 100% for screw stock the 
product will rate about 90% or better. It is used on automatic screw machines 
along with regular screw stock. 
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Machining 18-8 Stainless—This product is tough and difficult to machine. 
Best results are obtained with a slow cutting speed and moderately heavy cuts. 
Tools must be kept sharp and cutting, as any dragging will tend to work harden 
the product and will further increase the difficulty. Drills should be groimd flatter 
than usual to produce less wedge effect and the speed reduced to about one-half 
that used for drilling steel. Center punch marks should be as small os possible 
to reduce the effect of cold working. 

* For drilling or cutting a good grade of sulphur base oil should be used. In 
sawing, a high speed blade should be used of the flne tooth, wavy type. A circular 
saw is preferred whenever possible. 

Selenium additions to 18-8 will sharply Increase its machining properties, but 
at the sacriflce of spme corrosion resistance. This is generally not serious and the 
greater ease of machining more than warrants the slight loss in corrosion properties. 

Pickling—Both the chromium and the chromium-nickel groups form an oxide 
when annealed in a reducing atmosphere which is practically impossible to remove 
by pickling. When a neutral condition is maintained, the sheet can be pickled 
in a solution of 10% (by weight) muriatic acid, that is, half and half commercial 
acid at about 130-150^F. or a mixture of 6-8% sulphuric acid with 2-4% muriatic 
at 150-170®F. The former is preferred, but is more expensive. After about 20 min. 
In this solution the section should be removed, dipped in cold water before any acid 
dries, then scrubbed and immersed in a 20% solution of nitric acid, either warm 
or cold. This operation will produce a clean white sheet which should then be 
washed in water and dried. 

Polishing and Buffing—Both types of stainless steel if only rough ground with 
a coarse wheel, will discolor if subjected to a salt spray. However, if a higher finish 
is applied, no rusting will occur on the 18% or higher chromium steels or on any 
of the chiromium-nickel steels. 

Rough grinding should be done with 80 grit, set up with glue and abrasive 
on a cotton wheel. This should be followed by 100 grit with the wheel surface 
greased, then with successive fine wheels, such as 120,150, 180, 200, and 240, depend¬ 
ing upon the finish desired. Grit up to 180 should be of the manufactured type, 
low in iron. Prom 180 up, Turkish emery will give best results, as fewer deep lines 
will be produced. 

For a higher finish, go through the 240 grit with grease, then buff with a stain¬ 
less steel buffing compound on a cotton buff and follow with a few passes using 
green chromium oxide grease stick for final color. Do not buff with chromium oxide, 
as drag pits are likely to develop. 

For cutting, a speed of 5,000-6,000 f.pjn. should be used and for buffing 6,000- 
8,000 f.p.m. 
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The Forging of Stainless Steel 

By Owen K. Panniier* 


General Instructions—The term “stainless steel” may refer to any one of 60 or 
more corrosion resistant steel compositions, each one possessing some special property 
or particular characteristic not found in the others. All stainless steels, however, 
have some properties in common which include “red hardness” or resistance to the 
softening effect of heat and a low degree of heat conductivity. These characteristics 
make forging somewhat difficult. Careful preheating and prolonged soaking afe 
necessary in all cases and some special compositions require extremely narrow 
heating ranges. 

Since it is impractical to outline specific forging instructions for each type of 
stainless steel, in this article, the field has been divided into three general groups 
to include. The Hardenable Types, The Chromimn Irons, and The Austenitic Types. 
Only the most popular and representative steels in each general group are considered. 

Hardenable Types (Semi-martensitic and martensitic chromium-iron steels)— 
The various compositions included in this group possess air hardening properties 
and also red hardness to a limited degree. This makes forging somewhat difficult 
because rather narrow heating ranges are necessary. For all forging operations, 
it is necessary to preheat the stock and soak for a considerable length of time in 
the vicinity of 1450°P., also to hold longer at the required heat than ordinary steeL 
Frequent reheating is advisable. After forging, these steels should be cooled slowly 
and evenly; then they are hard and must be annealed if machine work should be 
required. 

In forging the higher carbon types of stainless steel (above 0.60% carbon), 
care must be taken not to overheat them, for as the carbon content increases, the 
initial forging temperature decreases. The structure of these steels has a tendency 
to become austenitic if overheated, and when such a condition is present, the steel 
does not respond well to hardening. 



Forging temperature ranges for this 

group are as 

follows: 


Type 

No. 

Commonly known as 

Typical 

Carbon 

-Forging Temperatures- 

Composition, % Initial Heat, Finishing Heat, 
Chromium ‘F. ’P. 

501 

5% Chromium Iron (46). 

.... 0.10 

5 00 

1950-2000 

1650-1700 

403 

Turbine Blading Type. 

... 0 12 Max 

12 25 

2000-2100 

1450-1500 

410 

Chrome Iron . . . 

. . 0.12 Max 

13.50 

2000-2100 

1600-1700 

416* 

Free Machining Type. 

,.. 0.12 Max 

13.00 

2100-2200 

1500-1600 

420 

Original Cutlery Type .... 

. ... 0.35 

13.00 

1950-2050 

1650-1700 

440 

Surgical Instrument Type . .. 

.0.65 

16.50 

1950-2000 

1700-1750 

440 

High Carbon Cutlery Type... 

0.85 

17.00 

1900-2000 

1700-1750 

440 

Ball Bearing Type. 

. 1.05 

18.00 

1850-1950 

1700-1750 


•Free Machining—contains high sulphur or selenium. 


Soft Types (Semi-ferritic and ferritic chromium-iron steels)—The nonhardening 
steels comprising this group are highly malleable and ductile. For all forging oper¬ 
ations it is necessary to preheat the stock and thoroughly soak at about 1450®F. 
Forging should be fairly rapid at the initial temperature but should be more gradual 
as the metal cools. Unless there is considerable reduction to be done, the temperature 
should be held as low as is consistent with workability, and in no case should the 
finishing temperature exceed 1400®F. If these steels are overheated, a coarse struc¬ 
ture results and much of their toughness and ductility is sacrificed. Good refinement 
of grain is possible by finishing at a low heat. Although they possess virtually no 
hardening properties, it is sometimes desirable to anneal after low temperature 
working to remove strains. 

Forging temperature ranges are as follows: 


•Metallurgical Eng., Plrth-Sterllng Co., McKeesport, Pa. Prepared for the Subcommiton 
Forging The membership of the subcommittee was as follows: Adam Steever, Chairman R W. 
Thompson, F. B. Foley, O. W. Ellis, H. M. Spears, W. E. Jominy, W. W. Oriley, and J. H. Priedman. 
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.-^Forging Temperature] 


Type 

No. 

Commonly 
known as 

Typical 

Carbon 

Composition, 

% Chromium 

Initial Heat, 
•P. 

Finishing Heat, 
•F. 

480 

17% 

Chrome Iron 

0.12 Max. 

14.00-18.00 

1900-2000 

1350-1400 

430P* 

17% 

Chrome Iron 
Free Mach. 

0.12 Max. 

14.00-18.00 

2000-2100 

1350-1400 

442 

20% 

Chrome Iron 

0.35 Max. 

18.00-23.00 

1900-2000 

1300-1400 

440 

28% 

Chrome Iron 

0.35 Max. 

23.00-30.00 

1900-2000 

1300-1400 


*Pree machining—contains high sulphur or selenium. 


Nonhardenable Types (Austenitic chromium-nickel-iron alloys)—The steels in this 
group possess varying degrees of strength and hardness at the high temperatures 
necessary for forging. All of them are more difficult to forge than ordinary steels 
and require more blows under the hammer to accomplish the same degree of reduc¬ 
tion. Like all high chromium steels, their heat conductivity is low so it is necessary 
to soak them thoroughly at the preheating temperature of about ISOO^'F. The first 
hammer blows should be light. With the exceptions of Type 310 and Type 311 none 
of these austenitic stainless steels should be held for a prolonged period of time at 
the initial heat of forging. All of this group of steels should be finished at a 
comparatively high heat (1700-1800°F.). At forging heats lower than about ITOO^’F., 
these steels are hardened by the comparatively cold working and have a tendency 
toward red shortness. 

Specification for this grade of stainless steel formerly called for 0.20-0.70% 
manganese. Recent experience has shown better hot working properties when the 
manganese content is between 1.25 and 2%. This is particularly true in the austenitic 
stainless steels containing molybdenum, columbium, silicon, and titanium. 

Forging temperature ranges are as follows: 


Typical Compositions, % -* Forging Temperatures 


Type 

No. 

Commonly 

Known 

As 

Carbon 

Chromium 

Nickel 

Other 

Alloys 

Initial 

Heat, 

•P. 

Finishing 

Heat, 

"P. 

302 

18-8 

0.08-0.20 

17.50-19.00 

8.00-9.00 


2100-2200 

Above 1700 

303B 

18-8B 

0.08-0.20 

17.50-19.00 

8.00-9.00 

Si 2.00-3.00 

2100-2150 

•1 

1700 

303 

18-8 FM 

0.20 Max. 

17.50-19.00 

8.00-9.00 

8 or Se 

0.07 Min. 

Mo 0.60 Max. 

2100-2200 


1700 

304 

18-88 

0.08 Max. 

17.50-19.00 

8.00-9.00 


2100-2208 

*• 

1700 

317 

18-8-MO 

0.10 Max. 

18.00-20.00 

14.00 Max. 

Mo 3.00-4.00 

2100-2200 

" 

1800 

321 

18-8S-T1 

0.10 Max. 

17.00-20.00 

7.00-10.00 

Ti Min 4XC 

2150-2200 

•• 

1700 

347 

18-8Ch 

0.10 Max. 

17.00-20.00 

8.00-12.00 

Cb lOXC 

2150-2200 

** 

1800 

325 

8-22-Cu 

0.25 Max. 

7.00-10.00 

19.00-23.00 

Cu 1.00-1.50 

2000-2050 

*• 

1600 

307 

20-10 

0.08-0.20 

20 00-22.00 

10 00-12.00 


2100-2200 

(« 

1800 

309 

25-12 

0 20 Max. 

22.00-28.00 

12.00-14.00 


2200-2300 

M 

1800 

310 

25-20 

0.25 Max. 

24.00-26.00 

19.00-21.00 


2100-2200 

•« 

1800 

311 

20-25 

0.25 Max. 

19 . 90-21 00 

24.00-28.00 


2100-2150 

14 

1800 
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Hot Mechanical Working of Steel* 

Purpose of Hot Mechanical Working—Steel which is cast from the melting fur¬ 
nace into ingot molds must be reduced from the ingot by mechanical force through 
the isjll^ediate stages of bloom and billet to bar, sheet, strip, coil, or forging, 
which we the common hot finished forms of steel. This mechanical force is applied 
to the steel while hot for several essential reasons. 

The ingots into which the steel is cast from the melting furnace usually repre¬ 
sent a con^derable mass of metal which is slow to solidify and cool to room 
temperature; hence it has a very coarse crystalline structure. Material in this 
condition is deficient in ductility and very heavily strained. These strains are of 
sufficient mafi^iitude to cause rupture of the mass if subjected to unequal or sudden 
temperature changes. To refine this structure is then one of the primary reasons 
for hot mechanical working of steeL By Ideating steel to its plastic state and 
mechanically working it, the coarse (uystals of the cast ingot are rearranged, and 
the metal flows along desired lines. This results in a reduced section of greater 
homogeneity and refined crystal structure. By the proper selection of temperature 
and the application of mechanical work through rolls, dies, and the like, the phy¬ 
sical prop^es of the forged steel may be increased over those of the original cast 
ingot both statically and dynamically. 

Hoi Working Range and Effects—Heating steel above a certain blue heat range 
of about 700^P. constantly decreases the strength and increases the plasticity until 
a temperature is reached where the lowest melting constituent of the steel starts 
to melt. At this particular temperature the strength is greatly decreased and the 
mass also loses plasticity and tends to crumble under applied stress. When this 
point is reached, mechanical work cannot be performed as the steel will crumble 
rather than flow. 

The optimum hot working temperature is, therefore, a balance or average 
between decreasing strength and Increasing plasticity. This temperature will vary 
with different compositions of steel and is covered by a range called the hot work¬ 
ing range. The top of the range is limited by a margin of safety below the melting 
point of the lowest melting constituent, and the lower end by the temperature at 
which strength Increases and plasticity decreases to the extent that excessive pres¬ 
sures are required to cause flow, thus limiting the efficiency of the process and 
possibly causing ruptures in the metal t 

Finishing Temperatures—Although the final properties of the finished steel are 
usually determined by heat treatments applied subsequent to the hot mechanical 
working, the temperature at which the mechanical work is finished (so-called fin¬ 
ishing temperature) is important in governing the final treatments necessary and 
the properties obtained. It is generally conceded that the lower the finishing tem¬ 
perature, the finer the structure of the mechanically worked piece and the more 
amenable it will be to simple heat treatments. The actual temperature is, how¬ 
ever, limited by mass, shape, process, and other considerations. A special applica¬ 
tion of this principle is illustrated by the austenitic steels, wherein certain desirable 
physical properties can be obtained only by closely controlled finishing tempera¬ 
tures. Large forgings, and intricate shapes to be flowed into dies require relatively 
high finishing temperatures, and the required refinements of structure must be 
taken care of by subsequent heat treatment. With small and simple pieces, the 
finishing temperatures can be at or near the lower critical point, which produces 
refined structures that respond readily to simple heat treatment. A good example 
of the latter is the Damascene swords, which received repeated light workings at 
the critical and subcritical temperatures. The extremely refined structure thus 
produced responded to subsequent hardening, and a blade of remarkable prop¬ 
erties was obtained. 

Ingot Stmctnre—The ingot of cast steel is made up of a mass of grains of vary¬ 
ing sizes. The central portions of these ^ins are comparatively pure iron or fer¬ 
rite, whereas the portions near the grain boundaries are correspondingly higher 
in the alloying elements and impurities. The resultant chemical heterogeneity is 
not entirely destroyed by dlffiislon or forging. Mechanical hot working causes 


^Prepared by the Bttbeommlttee on the Hot Meohanleal Working of Steel. The membership 
of the sttboommittee was as follows: 8. C. Spalding, Chairman; J. P. Fleming, A. O. Schaefer, 
and W. R. Shinier. 
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these nonhomogeneous graixis to be elongated in the direction of the working. 
Macroetching of a section parallel to the direction of working shows laminations 
or lines resulting from the chemical heterogeneity. Such lines are known as **flow 
lines’* because they indicate the direction in which the metal ''flowed** or was 
worked. 

The physical properties of steel may differ markedly, especially in ductility and 
resistance to shock, in a direction parallel to these flow lines and perpendicular 
to them, particularly if the metal is not clean. Coxislderatlon must be given in 
forging practice to the service to which the forgink is to be put. An example of 
this is the forging of rings. If rings are forged from a slab produced by elongating 
the ingot into a long block of rectangular section and subsequently trimming it to 
shape, certain sections of the rings will show radial flow lines and wiU probably 
have less ductility than the portions 90* away, which have tangential flow lines. 
For this reason, rings and, forgings subject in service to tangential stresses are best 
upset or expanded in such a direction as to increase the physical properties in the 
desired way. 

Mechanism of Hot Mechanical Working—The actual mechanism of the hot 
mechanical working of steel is divided into two classifications: Rolling and forging. 
The subdivision is by method of application of mechanical force. Rolling, as the 

term implies, works the metal by rolls; forg¬ 
ing works metal by means of hammers, presses, 
and forging machines. 

Hot Rolling—Hot rolling is a mechanical 
method of hot working metal by causing the 
metal while hot to be fed between two rolls 
rotating in opposite directions. Hot rolling 
accomplishes three main purposes: First, re¬ 
duction of cross sectional area; second, refine¬ 
ment of structure; and third, shaping of the 
metal into desired forms such as bars, sheets, 
rails, angles, and I-beams. The flow of metal 
in the rolling operation is continuous and 
almost entirely in a longitudinal direction 
(Pig. 1). 

Blooming MflZ—The rolling mill in which 
the first hot mechanical working of the cast 
ingot is done is known as the “bloomer” or 
“blooming mill.” The function of the bloomer 
is to take the hot ingot as received from the 
soaking pit and break it down or reduce it to smaller size called a bloom or billet. 
This bloom is a semifinished product to be subsequently rolled on a billet mill or 
finishing mill, or used for forgings. The sizes of the majority of blooming mills 
range from 28-54 inches. The size is based on the distance from center to center 
of the pinions. Most bloomers are of the two high reversing type, which consists 
of two rolls mounted one above the other and reversible in the direction of rotation 
to allow for the passage of the metal back and forth through the rolls. Grooves 
or passes are cut in the rolls of a size and shape to accommodate the ingot and the 
various reductions desired. The usual procedure is a flat center pass called a “bull¬ 
head,” used for breaking down the ingot to the size of the first pass, which is usually 
13-14 in. wide. In addition, the blooming rolls contain several small passes, usually 
8, 6, or 4 in. wide, depending on the finished bloom sizes required. 

Operations on Blooming Mill—For an example, in rolling a 24 in. corrugated 
ingot to a 4x4 in. bloom on a reversing bloomer, the following method (which is for 
alloy steels and requires about 27 passes) is used: 

The ingot is broken down under the bullhead (to 18x13 in.) by giving light 
drafts and turning each pass for the first four passes; it is then given 2 passes 
each way while being slabbed to 18x13 in. It is then turned and entered into the 
14 in. pass, given 2 passes and turned; then 2 passes to 14x8 in.; turned and 

entered the 8 in. pass, given 1 pass and turned; then 1 pass to 5x8 in.; turned and 

entered into the 6 in. pass to 6x6 in.; turned and given 1 pass to 6x4 in.; then turned 

and entered into the 4 in. pass, and finished to a 4x4 in. bloom. 

Billet MUJr^ln order to produce the size of billet necessary for use in the smaller 
flnifihing mills, it is customary to reroll the blooms, either with or without reheat- 
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ing, In some type ot billet mill. The billet mill may be of the 3 high type, or may be 
continuous. 

Finishing ilfiZl—The billets or blooms, if not used for forging purposes, are rolled 
on smaller mills into bars of varying shapes and sizes. They may be rounds, hexa¬ 
gons, flats, or special shapes. Round bars generally are rolled in open pass rolls. 
Fig. 2 shows the passes and reduction of a 4x4 in. billet to a % in. round. For 
special steels, more passes may be required, and the shape of the passes may not be 
the same as shown. 

Flat bars are sometimes rolled in open pass rolls and many times are rolled in 
tongue and groove rolls. 


Pig. 3—Pastes and reductions of a 4x4 In. billet 
to a % in. round bar. 


5Aeets<--The practice covering the rolling of sheet and strip is given on page 818. 

Shape Rolling-Steel is rolled into 
. . many varying shapes and special 

—— passes are made in rolls, depending 

/ \ / \ / \ VLpon the shape of the finished prod- 

-j-^——A- ^——/" \ ) majority of cases, these 

\ \ / \ / shapes are roll^ from a square or 

— I — \/ \|/ Y rectangular bloom or billet, all the 

' ^ ^ ^ ^ shaping being done in the intermedi- 

lH ill ,|l ill I ate passes of the mill. In some cases. 

Jv\ A il A I however, the shape of the finished 

X I \ /l\ Xix /!\ . product controls the preceding opera- 

\T7 MX \t/ ^ * 

W 111 Forgrinfif-^Forging is used as a 

sf el 7 II 5 1 gf general term^ describe the method 

" " ‘ of hot mechanical working of steel 

t by the use of hammers, presses, and 

I r| 1 i i forging machines. A distinguishiiig 

/\ T 4- I A Jl, point in the working of steel by forg- 

''X “1 Y i” ing is that the working for reduction 

toT fl'P I 13 «' i 8T or ^ 

' * ^ applied force which displaces the 

Pig. s—Pawea and reductions of a 4x4 In. billet metal under compression, after which 
to . % to. round bar. 

subjected to the working force. 
In rolling steel, the force is 

----V ^ exerted by passing the material 

between constantly rotating rolls, 
and hence is continuously pro- 

---gressive in nature. A simple con- 

^ ception of the two processes is 

J I that forging exerts more of a 

^^ I n J kneading or hammering action, 

J^ 9 ot X Ingot while rolling is more of the na- 

, ture of a drawing operation 

H P"! ,-, f\ I fl (Figs. 1 and 4). For specific forg- 

LJ' '-* I ! J ing practices, see articles in this 

Sillet ' Handbook on forging. 

^ ^ ^ 1/ I \1 Hammering—All steam ham- 

■^“7^*. I Finished Section P^^^s made t^ay except drop 

I Finished Sections hammers, are double acting; that 

Fig. 3—Shapes rolled from ingots. is. the falling weight or die is 

driven down onto the work by 
steam. This increases the velocity of the head and increases the power of the blow. 

The steam hammer consists primarily of a rigid frame supporting at the top 
a vertical steam cylinder. The piston is on the upper end of a rod which has the 
hammer head, termed **ram,” and upper die at the lower end. The valve controlling 
the admission and exhaust of the steam' is controlled by a lever usually attached 
to the lower part of the frame. The lower die and anvil is on a separate founda¬ 
tion from the remainder of the hammer in order to take the shock. 

Various other types of power hammers find special uses today. Some are ac¬ 
tuated by compressed air, others by motors. 

Action of HammeringS^e action of the hammer on the mass of hot met al is 
different from that of either the rolling mill or the press, because it strikes a more 


1^1 _ /4\ estaO 

W “-—tp 


^ X I Finished Section 

Finished Sections 

Fig. 3—Shapes rolled from ingots. 




MECHANICAL WORKING OF STEEL 


847 


or less sudden blow. The pressure is applied to the metal for a moment only, and 
before the metal has fully yielded, it is relieved. The metal, being elastic, recovers 
somewhat. For this reason, penetration of the effect of hammering tends to be 
limited. The surface of the metal is worked perfectly, whereas the center, if the 
piece is large, may hardly be affected. 

Prcssinsr—As the need for larger forgings grew, correspondingly larger ingots 
were cast. It was found that larger Ingots had looser textures at the centers, and 
that it was difficult to thoroughly work these central portions under the hammer. 

Forging presses consist essentially of a 
cylinder into which water at high pressure 
is admitted. The cylinder is located at 
the top of the press. The admission of 
water into the cylinder pushes down a 
ram to which is attached the cross head, 
on the lower side of which the upper die 
is fastened. The cylinder is held by verti¬ 
cal columns, which usually act as guides 
for the cross head. The lower die is sup¬ 
ported on a base plate held by these col¬ 
umns at the lower ends. Thus the whole 
unit is self contained. Auxiliary lifting 
cylinders, supplied with either steam or water are usually attached to the main 
cylinder or its entablature. 

Tools for Hammers and Presses—Tools similar to those used by the blacksmith 
are applied to the steam hammer, such as tongs of different sizes with Jaws of 
shapes suitable to handle the work. Swages are a form of semicircular die for fin¬ 
ishing round bars. Heading tools and bolster blocks are used to forge upset ends 
on shafts. Forgings too heavy to be held on the dies by man power are carried by 
large tongs supported by a chain. Larger forgings are fastened onto a porter bax 
by means of a chuck on the end of the latter. 

Rectangular sectioned blocks, held under the hammer on long rods, are called 
''pegs,*' and are used as gages or spacing blocks in bringing forgings down to size. 
Slicing bars are used to cut off and turn forgings. 

Working imder the press is simplified by the absence of shock in the process. 
Forgings can be held on the dies by direct suspension from cranes. Chain slings 
are used for the largest types, and the chain runs over a power sprocket on the 
upper end so that the forging may be turned; in some instances turning is done by 
ratchet levers. Many varying types of manipulators are used, suspended from over¬ 
head cranes, or running on tracks on the fioor, which are designed to hold one end 
of the forging in a grip and move or turn it to any desired position. 

Hammer Die The 
sizes and shapes of dies 
used under the steam ham¬ 
mer are many and varied 
and depend on the tools, 
the forgings to be made, 
and the forging practice 
followed. For the manufac¬ 
ture of bars or forgings 
similar to shafts, flat dies 
are usually used with the 
hammer, and the reduction 
from the ingot generally 
takes the bar to the form 
of a hexagon or octagon. It 
can subsequently be round¬ 
ed up by knocking off the 
corners of the polygonal section, or better, it can be finished with a top plain die and 
a bottom V. For the smoothest finish the bar may be trued up between swage dies 
each of which is practically semicircular. If this type of die is used, not much 
further reduction is often needed. Many roimd shafts are finished between flat dies 
on the hammer, ending up with a series of very light or "saddening” blows. Swage 
dies are generally used for tool steel bars. Simple forms of forging dies are shown 
in Pig. 8. 



V DIES 

Fig. 5--Slmple foring of forging dies. 
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SIDE VIEW end view 

Fig. 4—^Action of forging. 
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Press Dies--The dies used on a press are similar to those used on the hammer 
except that V-shaped bottom die Is more general. The greater the power that can 
be exerted by the press, the larger the die surface that can be used, and therefore 
the more effective the press can be in working the central portions of the mass to be 
forged. It is also possible on the press to use a very narrow top die for expanding 
or drawing out the metal in any one direction. 

Hammer and Press Operations—Except as covered in the next section, the prin¬ 
cipal forging operations performed either by the hammer or press are as follows: 

1. Rounding up, cogging, or roughing. These first operations on the ingot aim 
to refine and rearrange the surface crystals and to consolidate the central portion 
of the ingot. 

SL Cutting or slicing. This operation cuts blocks, billets, or forgings to length. 

3. Forging down or drawing. This operation increases the length and de¬ 
creases the diameter of the billet. 

4. Upsetting the forging in a direction perpendicular to the longitudinal or 
major axis. 

5. Setting down. This reduces the cross-sectional area of a portion of the 
forging, as the journals of a shaft are forged down. Large “set-downs” are accom¬ 
plished under the press, using a V-tool to start the reduction. Large fillets should 
always be allowed. 

HoUow Forgings and Piercing—Many machine parts require forged cylinders or 
similar sections. Large rings, cylinders, or hollow shafts can be advantageously 
worked in this way. For this purpose the ingot or block is pierced, punched, 
trephined or bored. As the name implies, piercing consists of boring into the mass 
with a pointed punch. The punch has to be of a material hard enough to pene¬ 
trate, resist abrasion, and not be too severely affected by the temperature. Cylin¬ 
ders with one solid end may be pierced while held in a cylindrical die. In cases of 
this sort, the pointed punch would be followed by successively larger, slightly 
tapered, and blunt nose pimches to increase the bore and forge out the walls of 
the cyl^der against the die. 

Punched Forgings—Blocks intended for ring or similar forgings are often 
punched under the hammer or press. The punch may be in the form of a tapered 
cylinder with a slightly rounded flat nose. It is usually pushed part way through 
on one side, the foi'ging turned over, and the hole punched through from the other 
side with a slightly larger punch. 

Forged Expanded Rings—Rings may be expanded under the hammer, using a 
horn attached to the bottom die. Large rings are expanded under the press on a 
mandrel supported on standards close to the ends of the forging. Large cylinders 
are drawn out on mandrels under the press, the mandrel being supported for ex¬ 
panding, and unsupported for forming to shape, using a top plain die and a bot¬ 
tom V die. 
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Hot Die Forging 

(Drop Forginr) 

By B. W. Thompson* 

Die forging conducted under a hammer is most commonly referred to as **drop 
forging." It is the operation of forming a metallic shape by repeated blows on a 
bar or billet between a pair of dies which have the .desired impression of the finished 
forging shape. 

The drop forging hammer contains a ram which carries a die operating in a 
vertical plane and an anvil block in which is keyed a stationary die. The two dies 
are matched together so that the impressions in*each are in perfect alignment 
permitting the impact to cause the metal to fill the cavities for the production of 
the prescribed forging design. The means by which the ram is lifted deteimines 
the name by which the hammer is known. 

Steam Drop Hammers—The ram and movable die are actuated by a steam valve 
which regulates the height of drop and force of the blow through the action of a 
piston rod operating in a steam cylinder. These hammers are known as double 
acting hammers, because the steam is utilized for lifting the die upward, as well 
as for forcing it downward. Steam hammers range in capacity from 500-50,000 lb. 
and are so rated on the basis of the combined falling weight of the ram and piston 
rod. Because of their great force of impact and rapid operation, steam hammers 
are generally used for drop forging the heavier forging parts and also those designs 
which require numerous hammer blows to complete the various die operations in 
their manufacture. 

Air Drop Hammers—Hammer construction is the same as for steam drop ham¬ 
mers with the exception of the valve mechanism. Power is derived from compressed 
air Instead of steam and with operation equally satisfactory. The selection of air 
for power is a matter to be judged by the economical advantages offered in the 
particiilar plant or location. 

Board Drop Hammers—In a board drop hammer the ram is lifted by means 
of one or more boards keyed to the ram which pass between two rollers at the top 
of the hammer. The boards are rolled upward and then mechanically released, 
permitting the ram to drop when the desired height is reached. The power for this 
operation is either by direct motor drive or by line shaft and pulleys. 

In tht> board drop hammer the force of the impact is dependent upon the 
gravity attraction of the ram and for this reason it is sometimes known as a gravity 
hammer. These hammers built to standard specifications have a falling weight or 
capacity of 400-10,000 lb., and naturally are used in the production of the smaller 
and lighter forging parts. 

Helve Hammers—Some die forging is conducted with hammers in which the 
force is not dependent upon the vertical fall of the ram. This type of die forging 
work is not ordinarily considered as drop forging. These hammers operate by an 
oscillating wooden beam pivoted at one end and carrying at the free end the ram 
head and movable die. The beam is lifted by a rotating shaft carrying a series 
of cams which raise the hammer and allow it to drop suddenly in a succession of 
blows with lightning-like rapidity. 

Forging hammers of this type do not deliver a very forceful blow and therefore 
depend upon their fast and continuous operation for forging production. Only 
small forging designs are made with these hammers, being used more often as an 
auxiliary unit in conjunction with a drop hammer wherein they serve to draw or 
reduce certain sections of a forging part. 

Dies and Tools—A blueprint or sketch of the forging showing the necessary 
draft angles, radii, fillets, and amount of finish required, is submitted to the die 
shop for their guidance in making the dies for the forging. It is the purpose of 
tl^e forging dies to produce as many forgings as possible, each to the tolerances 
prescribed and commercially duplicates of each other. 

Forging dies are designed so as to give the required mechanical working to a 
bar or billet in order to produce the finished forging shape with a minimum of 


* *6ale8 Bnglneer, Transue a Williams Steel Forging Oorp., Alliance, Ohio. Prepared for tho 
Subeommlttee on Forging. The membership of the subcommittee was as follows; Adam Steerer. 
chairman, J. H. Friedman. R. W. Thompson. F. B. Foley. W. W. Criley. H. M. Spears. W. B, 
^ Jominy. and O. W. Ellis. 
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intenial stress. Their construction is also designed so as to maintain the grain 
fibers inherent in the rolled bar in a continuous and imbroken manner in the forging 
and whenever possible at right angles to the direction of stress or shock in service. 

Forging dies for small forgings are oftentimes designed with multiple impres¬ 
sions, producing several pieces in one flcushing. The use of a larger hammer in 
producing the forgings in multiples is generally thought more economical, providing 
sufficient quantities are to be made to Justify the extra die expense. 

Die blocks in most general use are made of alloy steel and are heat treated 
to a hardness which is governed by the size of the block and the design of the 
forging for which they are to be used. It is common practice to use dies hardened 
before sinking when the hardness required is less than 60 scleroscope. For dies 
requiring a hardness of 60 scleroscope or over, the hardening of the blocks is con¬ 
ducted after the die sinking is completed. 

The necessary impressions in a die for a certain forging may be described 
as fuller or swager, edger or roller, blocker, finii^er, and cutoff. The fuller reduces 
the side of the section of the material. The edger conforms the material to the 
area of the respective sections of the piece to be forged. The blocker gives the 
forging its general shape, and the finisher completes the forging design. The cutoff 
is used to cut the forging from the bar so the operations may be repeated. 

In addition to the impressions which are used for the various operations of drop 
forging production, the dies are also provided with a gutter, which is the portion 
of the die around the impression that has been relieved to provide space for the 
excess stock. 

Standard draft angles in the dies of T are in general use, although quite often 
in cases where forgings are designed with deep holes it is desirable to use 10** draft 
for better forging results. The draft or taper on the side walls of the die impres¬ 
sions are necessary for the removal of the forging from the die, and should be taken 
into consideration at the time the forging is designed. 

After a set of dies has been completed, the two halves are matched together 
and molten lead and antimony are poured into the finishing impression, producing 
a model of the forging which is known as a lead cast. The lead cast is used for 
checking purposes and is measured with a shrink rule which compensates for the 
shrinking of the material. The amount of ^rinkage varies a little with the type 
of material and shape of the forging, but may be generally considered as A in. 
to the foot. 

The flash or excess metal forced out between the dies in filling the impression 
to its complete contour is trimmed from the forging in a mechanical press. Trim¬ 
ming dies are furnished for either hot or cold trimming, depending upon the 
method desired. Hot trimming is done on large forgings and certain alloy steels 
which would fracture if cold trimmed, and usually is conducted in a press adjacent 
to the hammer at the time of the forging operation. Small forgings are usually 
trimmed cold. They are likewise trimmed in a press and most generally in a 
separate department. 

Trimming dies are made of tool steel and are shaped to fit the outline of the 
forging at the parting line of the dies. The trimmixig punch, also of tool steel, 
is shaped to the contomr of the top of the forging to be trimmed. The trimming 
tools for cold trimming are alwaii$rs quenched and tempered to a hardness that will 
produce the best wearing and cutting edges for the particular forging design. Hot 
trimming tools, except trimming dies, are usually quenched and tempered, but are 
sometimes used in either the annealed or normalized condition. Trimming dies are 
either quenched and tempered or surfaced with a hard facing alloy. 

General—Dfop forging operations are conducted by working from the bar end, 
cut slug, and individual billet. In working from the bar, one or more forgings are 
made before the end of the bar is reheated. The number of forgings cut off at each 
heating is dependent upon the size and design of the forging. 

Cut slugs of a weight necessary for the-forging of one piece are forged by jbhe 
hammer upset method. The slug is placed on end on the die and upset or pan¬ 
caked to form the forging. This method has a particular advantage in the control 
of grain fibers and is used generally in the production of gear blanks, hubs, and 
flange forgings. 

Forgings of medium and larger sizes are made from billets sheared or sawed 
to the individual length required for the production of one piece. Large and 
massive forgings oftentimes require two or more hammers to effect their com* 
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pletion; each hammer providing progressive steps by aid of proper dies and tooling 
for the necessary operations. 

In forging the bar or billet into a completed drop forging design, the metal 
is further relined into a dense tough liber structure throughout the entire cross 
section. This relinement of the forging bar improves the physical properties, increas¬ 
ing the impact, tensile, torsional and compressional strength. 

For information on heating, see the article in this Hfthdbook on **Heating Steel 
Bars for Forging.*' 

Inspection—Forgings are checked periodically during hammer operations for 
mismatch, dimensions, and tolerances, as well as for detection of laps, cold shuts 
and seams. 

After trimming, the scale or surface oxide is removed by any one of a number 
of methods. The principal ones are pickling, sand or shot blasting, and tumbling. 

The final inspection, in addition to a recheck of conditions examined for during 
hot inspection, may be further classilled as to mistrimmed, scale pits, not filled, 
underweight, overweight, and any physical or microscopic tests prescribed in the 
specifications. 
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Hot Upset Machine Forging 

By W. W. Criley* 

Definition—-Hot heading, upset forging, or more broadly machine forging are 
terms applied to the hot deformation or plastic flow of steel in an upsetting forging 
machine commoifly in \ise. It primarily consists of holding a bar of uniform cross 
section, usually round, between grooved dies and applying pressure with a heading 
tool on the end in the direction of the axis of the bar so as to upset or enlarge 
the end. 

Description of Forging Machine—Present day forging machines, some of which 
weigh in excess of 200 tons, and are capable of 2000 tons pressure, are an outgrowth 

of earlier small machines 
built mainly for hot 
heading bolts and for 
producing nuts by an 
added ptmchlng opera¬ 
tion. Such machines 
were rated on the basis 
of the maximum size 
bolt they were capable 
of heading, and this 
method of rating has, 
after a fashion, been 
adhered to and extended 
to include even the 
largest machines, while 
the same fundamental 
forging processes are 
employed to produce a 
great variety of upset 
and pierced forgings, 
weighing from a few 
ounces up to several 
hundred pounds. Any of the malleable materials can be forged by this method of 
compression defounation including wrought iron, alloy steel, copper, bronze, aluminum > 
and others. 

A plan view of a forging machine is given in Fig. 1. The machines in gen¬ 
eral use are mechanically operated from a main shaft which drives a main 
or header slide horizontally by means of an eccentric and pitman, and also drives 
a die slide or grip slide with horizontal movement at right angles to the header 
slide, usually through a toggle mechanism. Power is supplied to the machine fly¬ 
wheel by electric motor or line shaft, and, excepting on small continuous motion 
machines used for forging and shearing off bolts and rivets from long bars, a 
clutch provides for “stop motion” operation, placing the movement of the slide 
under the control of the operator. 

The die elements in which forging takes place consist of two “dies” or “gripper 
dies,” one stationary and one moved by the die slide, which have matching faces 
with horizontal grooves to grip and hold by friction the forging stock, and “headers” 
or “heading tools,” carried by the header slide in the plane of the die work faces, 
afld matching the die impressions. The travel of the moving die is designated as 
the “die opening” and its timed relation to the movement of the header slide is 
such that the dies close during the early part of^ the header slide stroke. That 
part of the forward header slide stroke which takes place after the dies are closed 
is termed the “stock gather” and the amount of header slide return travel before 
the moving die starts opening is called the “hold on” or simply “hold.” 

For forging, the operator places a bar of forging stock heated on the end in 
the first groove in the stationary die against a movable stock gage to secure the 
correct volume of stock in the forging impression. When he trips the clutch, the 
moving die closes, grips the stock and holds it while the heading tool advances and 


•General Manager. The Ajax Manufacturing Co., Cleveland. 
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Fig. 1—A plan view of a forging machine showing arrangement 
of working parts. 
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upsets the end of the bax which projects beyond the gripping grooves and is termed 
^^working stock/* The operator then transfers the bar to other die grooves, striking 
it generally but once in each groove, the number of grooves depending upon the 
steps required to complete the forging. 

For^g is not limited to simple gripping and heading operations, as the trans¬ 
verse action of the moving die and the longitudinal action of the heading tool is 
available for forging in both directions, either separately or simultaneously. The 
die motion, in addition to gripping, can be used .for swaging, bending, shearing, 
slitting, punching and trimming; and the heading tools, in addition to upsetting, are 
used for pimching, internal displacement, extrusion, slotting, trimming, bending 
and other operations. 

As the cavities formed by the two dies and the heading tools open in two planes 
at right angles, and as the working stock can frequently be totally confined in these 
cavities during forging, and 
subjected to a hydrostatic¬ 
like pressure causing it to 
completely fill the impres¬ 
sions, a great variety of 
shapes can be forged and 
removed from the dies 
without difficulty as shown 
in Fig. 2. 

Forging Machine Re- 
qiiirements—In order to 
produce forgings to the 
close Standard Tolerances 
drafted by the Drop Forg¬ 
ing Association, February 
11, 1937, accurately filled 
out and free from defects, 
the modem forging ma¬ 
chine must have (1) a rigid 
frame with minimum trans¬ 
verse and longitudinal dis¬ 
tortion under forging pressures; (2) a powerful die grip to hold the stock securely 
and prevent the dies from spreading open with resultant formation of fiash; (3) 
accurate die slide and header slide alignment to prevent mismatch of the impres¬ 
sions of the two dies and heading tools, and to produce deep concentric holes; 
(4) ample heading power to forge to accurate thickness and drive the stock into 
remote parts of the die impressions to properly fill them; (5) a fast starting clutch 
and operating convenience so that the multiple operations required to produce 
difficult forgings can be performed before the working stock loses its forging 
temperature. 

“Die opening** is the factor which determines the maximum diameter upsets 
which can be formed on a given machine, transferred between the dies, and with¬ 
drawn through the throat without pushing forward of the dies and lifting out over 
the top. The “stock gather** determines, not so much the amount of stock that can 
be upset, as the diameter of stock itself, but has important bearing on the depth 
to which internal displacement can be carried in a single operation. The die height 
determines the number of progressive operations which can be accommodated in 
one set of dies. 

Die Construction and Design—-Proper dies are also essential to the production 
of sound forgings. So that impressions will retain their correct shapes, particularly 
at the part line, the dies must be constructed of suitable grades of die steel for hot 
work with resistance to heat, pressure, and abrasion, and selected with reference 
to the specific properties required, the speed of forging, and the quantity of forgings 
to be produced. See Steels for Forging Dies, page 1018. The absence of impact 
in tills method of forging makes it possible to build up dies with inserts, thereby, 
without prohibitive cost, utilizing a variety of high grade steels to exactly meet 
the needs at different locations in the Impressions. This gives increased durability 
and makes the more vulnerable points inexpensively renewable. Fig, 3 illustrate 
inserted dies and tools for upsett^ gear blanks. 

Factors Governing Upsettlng->The number of operations employed to produce 
a forging are determined by the length and diameter of working stock, the shape 



Fig. 2—A group of upset forgings, some of which show the 
successive forging operations. 
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of the forging itself, and any special internal fiber arrangement necessary to 
produce the desired physical properties in the finished forging. Successive upsetting 
operations should each fill the die cavity completely, consequently be of the same 
volume and sound, as subsequent operations rather than ironing out defects, tend 
to imbed them. The most common defects to be avoided are cold ^uts, that is, 
Ids in the surface metal, re-entering fiber or internal folds, and included 

generally recognized rules governing the upsetting or gathering of stock 
without injurious bendi^ and resulting cold shuts are: 

I. Working stock up to a maxi¬ 
mum length of three diameters can 
be upset without support to prevent 
bending. Working recommendation 
L = 2%d. 

n. Working stock longer than 
three diameters, in order to prevent 
injurious bending, must be supported 
by either die or heading tool impres¬ 
sions of a maximum diameter of 
one and a half times the diameter 
of the working stock. Working rec¬ 
ommendation D = l%d. 

Die impressions should be as 
nearly the full length of the work¬ 
ing stock as will permit gaging, and 
the recess in heading tool should 
be at least two-thirds the length of 
the working stock and belled at the 
opening to prevent a sharp shoulder. 
Supporting impression should not be 
partly in the die and partly in the 
tool. 

Repeated applications of the second rule make possible the upsetting of great 
lengths of original bar stock, and with the progressive increase in the diameter of 
the **working stock,” the amoimt of “stock gather” can be increased on succeeding 
operations. Preference is given to recessed heading tools for stock gathering, owing 
to their greater durability and freedom from the fiash, which tends to form at 
the die part-line when upsetting in grooves in the die and around the periphery 
of the plimger-llke heading tool. 

Square stock is governed by the same 
rules as round, using “d” as the mean of 
the fiat and diagonal dimensions, but rec¬ 
tangular stock bends so easily fiatwise that 
the short rectangular dimension is the one 
that must be used in the above formulae. 

Fiber Arrangement—In gear forgings 
particularly, and other highly stressed parts, 
effort is made to secure maximum strength 
through advantageous internal fiber arrange¬ 
ment, as illustrated in Fig. 3. This can be 
controlled by the shape of the preliminary 
upsets, and re-entering or sharply folded fiber 
can be avoided. Progressive operations should 
be shaped so as to be easily filled by hydro¬ 
static pressure within the hot metal. 

Flash—Flash can be avoided best by 
locating the part line between the heading 
tool and the die at the point of the impres¬ 
sion which fills last, and, if flash is unavoid¬ 
able, it should be located where it can be 
easily removed by trimming, chipping or grinding. 

Pierced Forgings—Internal-recessed, or deep-pierced forgings are produced most 
easily by the progressive piercing method as contrasted with extrusion, in this 
method, as Illustrated in Fig. 4, the metal from the interior of the full length blank 



Pig. 4~Progre8slve steps In deep piercing 
a shell t >7 Internal displacement method, 
showing cross section of progressive opera¬ 
tions In die Impressions prior to being 
acted upon by piercer. 





Fig. 3—Inserted dies and tools for upsetting gear 
blank with a final combined shearing and punching 
operation with progressive forging steps and section 
showing looping fiber arrangement of completed 
forging. * 
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is progressively displaced to the outside of the die cavity without excessive pressures 
or abrasive flow to cause rapid deterioration of the die elements. 

Tubular Upset—With the extensive use in the oil industry of seamless ste^ 
tubing with threaded joints of full body strengtii, and the use of both seamless and 
welded tubular structiural members, where minimum dead weight and maximum 
strength are required, the upsetting of tubing has assumed importance. Light wall 
thickness being easily collapsible, offers difficulty in gripping between the dies to 
prevent slippage, frequently necessitating the use of. a backstop; rapid cooling makes 
reheats necessary; and the wall thickness limits the extent to which upsetting can 
be carried in a single operation without injurious folds. Since buckling occurs to the 
outside, an increase in wall thickness of only about forty per cent can be accom¬ 
plished by a single outside upset; whereas, with the outside closely supported by the 
dies, the wall thickness can be practically doubled by a single inside upset. This 
makes it advantageous, where permissible, to gather the stock with internal upsets, 
then force this stock into an external impression by means of a tapered nose on the 
heading tool. 

Since each upset forging offers its own particular problem, each must be 
handled on an individual basis in a manner adhering to the broad fundamentals 
of sound upset forging practice. 
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The Piercing of Steel 

By Stevenson Findlater* 

The forging operation in the production of seamless steel tubes is classified 
under four general headings: rotary piercing, hydraulic piercing, cupping, and ex- 
^sion. Of these four methods, rotary piercing is employed almost universally for 
quantity production. 

Rotary Piercing-—In the rotary piercing of steel (Pig. 1), the principle of helical 
rolling is employed. The two steel rolls which bring into play the forces used to 
produce the cavity in the work piece are positioned side by side and have their 
axes inclined at opposite angles (6-12^) with the horizontal centerline of the mill. 
The shafts of these rolls are mounted in bearings, which can be adjusted laterally in 






Tig. 4 


Pig. 1—Mannesman!! pierces, piercing solid billet. 
Fig. 2—^Hydraulic piercing, solid blank. 

Fig. 3—Cupping operation, plate. 

Fig. 4—Extruding solid billet. 


Che housing to permit the space between the rolls to be properly set for the size of 
work piece being rolled. The roll surfaces are contoured so that in a horizontal 
plane through the centerline of the pass, the space between the rolls converges 
toward the delivery side for a length of about ten in. to a minimum, called the 
“gorge,” and then diverges for approximately twelve in. to form the pass outlet. 
The elevation of the centerline of the pass is determined by two guides, one of 
which is mounted above and the other below the center of the mill. 

Between these guides in the pass outlet a tapered piercing mandrel is held in 
position on the end of a water cooled mandrel support bar located on the delivery 
side of the mill. The opposite end of this bar is mounted in a thrust bearing which 
is carried in a reciprocating carriage that is latched stationary during the piercing 


*Natlonal Tube Co., Pittsburgh. 
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operation. The pointed end of the piercing mandrel extends Just beyond the gorge 
toward the entering side of the rolls. 

A solid round bar or billet of the proper length and diameter (2-14 in. dia. by 
various lengths to 18 ft.) to make the size and weight of tube desired, is heated 
uniformly to the usual temperature for rolling light sections. With the rolls re¬ 
volving at a constant speed (800-1000 surface ft. per min.) the heated billet is 
transferred to a horizontal trough which positions the axis of the billet coincident 
with the centerline of the pass. 

The heated billet is pushed forward into the space between the rolls, which has 
been adjusted so that the gorge is approximately % in. less than the dia. of the 
billet. As soon as the billet has contacted the rolls, the force of the pusher is re¬ 
moved. Owing to the obliquity of the roll axes, the motion Imparted to the billet 
by the rolls is one of rotation and axial advance. When the leading end of the billet 
has advanced to the gorge, it encounters the nose of the piercing mandrel. The 
grip of the rolls is sufficient to continue the advance of the work piece against the 
retarding effect imposed by the piercing mandrel. Once the end of the piercing 
mandrel has penetrated the axial center of the billet, the mandrel serves as a third 
roll so that, with a properly designed pass, the metal of the work piece is helically 
rolled over the piercing mandrel (rather than extruded) to produce the hollow shell. 
These shells are produced in lengths up to 40 ft., in from 10-30 sec. It is to be 
especially noted that the amount of metal displaced increases considerably as the 
size is increased. Difficulty with this condition has been overcome by further reduc¬ 
ing the wall thickness of the hollow shell through additional rolling in a second 
piercing mill. This practice has permitted the total displacement to be divided 
between two operations when large tubes are made. Additional rolling operations are 
performed on the pierced shells to produce finished tubes. 

Hydraulic Piercing—In hydraulic piercing, a heated solid blank, usually of square 
section, is dropped into a cylindrical container located directly in line with the 
plunger of a hydraulic ram. The descending plunger causes the piece to assume the 
shape of the cylindrical container as it is displaced up and around in the space 
between the plunger and container. When the down stroke has been completed, 
the plunger is withdrawn by reversing the direction of the ram, after which the 
pierced blank or cup is ejected by a kicker pin. When this process is augmented by 
hot drawing, whereby a powerful plunger forces the cup through a push bench in 
which a series of annular dies or grooved rolls are installed, the length of the piece 
may thereby be extended to form a tube. 

Hydraulic Piercing (Fig. 2) is used in the production of large and small cylinders, 
such as water bottles, gas, and air bottles, and as the primary operation in manu¬ 
facturing tubes by the ‘‘push bench” method. 

Cupping—In the cupping process (Fig. 3), steel plate of required thickness is 
sheared, machined or gas cut to circular shape. The heated plate is accurately 
positioned over a die which is centrally located beneath the plunger of a hydraulic 
ram. The descending plunger forces the plate through the die to form a cup which 
is removed when the plunger has been withdrawn. To avoid buckling when cup¬ 
ping, the annular opening between the plunger and the die is proportioned to 
exceed the initial thickness of the plate. Requisite alterations in the length, wall 
thickness, and diameter of the heated cup are subsequently made in a push bench. 
This process is in common usage in manufacturing containers for oxygen and 
acetylene and for other cylinders which require a closed end. 

Extrusion—The extrusion process (Fig. 4) has not been used for thq production 
of steel tubes in the United States, although several European plants employ it. 
The elevated temperatures essential to effect the necessary plasticity of a steel 
work piece requires that the operation be rapid to avoid temperature drop and 
severe tool wear during the working stroke of the press. This requisite has re¬ 
sulted in the development of the practice known as “impact extrusion” in which 
the work stroke in extruding tubes 30 ft. long is completed in less than three 
seconds. In this process, either bored or solid rounds are heated and dropped into 
a cylindrical container, in the bottom of which a die is mounted directly below a 
crank or hydraulically operated plunger. When solid rounds are used, a differen¬ 
tially actuated piercing punch is enclosed within the extrusion plunger. In opera¬ 
tion, the weight of the extrusion plunger is allowed to rest on the upper surface of 
the work piece, while the piercing punch is forced through the work piece and 
die. When the end of the piercing punch has passed through the die, the piercing 
and extrusion plungers are locked together, permitting the piercing punch to act 
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as a moving mandrel, while the rapidly descending extrusion plunger forces the 
work metal through the annular opening between the die and piercing punch. 
Pressures in excess of 90,000 psi. are produced within the container in producing 
the 20:1 section reduction usually employed. When the plungers have been with¬ 
drawn, a flash which remains in the bottom of the container is sheared off, thereby 
releasing the extruded tube from the die. 

When bored rounds are used, the piercing punch is usually attached directly to 
the lower end of the extrusion plunger. The operation is the same as when solid 
rounds are used, except that piercing is omitted. 

Because of the terriflc pressure required, the application of the extrusion 
process to the manufacture of steel tubes has been limited to tubes less than 
5 in. in dia. 

Steels for Piercing—The piercing processes described above have enabled seam¬ 
less tubes to be made from most types of steels and many nonferrous alloys. Usually, 
killed open hearth and electric furnace steels are preferred, but satisfactory seam¬ 
less tubes have been made from capped open hearth steels when melted under certain 
prescribed conditions. 

Most commercial steels are available as seamless tubes. The S.AJS. steels, high 
sulphm free machining steels, ball and roller bearing race steels, and many stainless 
and heat resistant alloys are now satisfactorily pierced. In general, steel alloys 
whioh are two phase, austenitic and ferritic, at forging temperatures (2000-2300*F.) 
are difficult to pierce by the rotary process but can be formed in the cupping or 
extrusion processes. Nonferrous alloys which contain more than one phase are also 
more readily pierced by extrusion methods. Extrusion is little used on steel because 
the high forging temperatures and high pressures are severe on extrusion tools, but 
the process has been highly successful on nonferrous alloys. 

The steels used for seamless tubes must have good characteristics, both with 
respect to surface and internal soundness, on account of the severe forging opera¬ 
tions involved in piercing. Sound dense steel, as shown by deep etching tests on 
cross sections, free from porosity and ingot pattern, is most satisfactory for seam¬ 
less tubes. Tube steels must also be free from surface defects, so it is common 
practice before piercing to peel rounds or plane square sections in addition to 
treating them by conventional chipping methods. 
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Extrusion of Metals 

By D. K. Crampton* 

Introduction—The term '^extrusion** as applied td metals comprises essentially 
the application to a relatively massive billet or blank sufficient pressure to cause 
the metal to flow through a restricted oriflce, thereby forming a greatly elongated 
section of uniform but relatively less massive volume. The extrusion may be either 
hot or cold. As the terms indicate, hot extrusion is above the recrystallization point 
of tfle metal which continuously recrystallizes and is not work hardened during the 
process. In cold extrusion the metal never reaches the temperature of incipient 
recrystallization. It may, therefore, be considerably work hardened by the process. 

Both mechanical and hydraulic extrusion presses are used but the tendency 
today is almost exclusively toward the hydraulic type. These are more flexible, 
compact, easier to control, and less subject to damage from improper operation. 
The presses most used at present vary in capacity from 200-4000 tons. 

Hot Extrusion of Lead and Lead-Base Alloys—The ordinary extrusion of low 
melting point metals such as lead, tin, zinc, lead-tin alloys, pewter or britannia 
metal is usually carried out either at room temperature or at least fairly low 
temperatures. 
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Fig. 1—Section through die block assembly used In making lead cable. 


The pressures required to extrude will vary considerably with the alloy as well 
as with the temperature, size of section, and number of sections per die. Soft lead 
usually will require unit pressures from about 40,000 to about 60,000 psi. For any 
given section the copper-bearing leads will require roughly 10-20% more pressure, 
and the antimonial and tin-bearing alloys possibly 50% more. 

The speeds permissible also vary greatly. With soft and copper-bearing leads 
and large sections, this is limited only by the capacity of the pumps. In small 
sections it may in some instances run as high as 200 ft. per min. However, with 
the other alloys mentioned, speeds of from 20 to not over 80 ft. per min. are necessary 
to prevent checking. The physical properties vary somewhat with the speed, better 
values resulting from the lower speeds. 

Cable £fbeatA—The equipment for extruding cable sheath includes a melting 
kettle with connection to the extrusion press. The usual press is hydraulic and 
so arranged as to take Intermittent charges of molten lead from the kettle. This 
press is vertical, and the cylinder in a commercial machine might hold approxi¬ 
mately 1800 lb. of lead. At the lower end of the cylinder, there is a die block 
forming an annular path for the flow of lead around a core through which is fed 
the cable to be sheathed. A section through a die block assembly is shown in Fig. 1. 
The molten lead is charged into the press at about 750''F. and it normally requires 
approximately 7-8 min. for solldiflcation and reduction to a suitable temperature 
for extrusion (about 425°F.) at which time the pressure is applied. The now soM 
lead is forced through an annular orlflce between the core block and the die and 


^Director of Research. Chase Brass and Copper Co., Waterbury. Conn. 
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on to the cable, the product normally being coiled on a large drum as it comes 
from the press. The presses commonly used for this work have a capacity of from 
about 600-2500 tons and can produce up to 5500 lb. per hr. or slightly better. 

One of the difficulties encountered in the finished cable sheathing is a seam 
due to entrapping oxides or other foreign materials between successive charges of 
lead. There is, of course, at all times a layer of dross on the surface of the molten 
lead and even with the utmost care, some of this may be entrained, tending to 
prevent perfect coalescence of the divided lead stream as it flows around the core 
block or at the interface between two successive charges of lead fed into the 
cylinder. When an appreciable quantity of such dross is occluded a seam or a 
weak spot results, which is likely to fail in service. 

Hose Encasing—In the manufacture of rubber garden hose and of rubber cov¬ 
ered wire it is common practice to vulcanize the rubber while it is encased in a 
sheath or mold of lead. This lead mold is extruded over the hose in quite similar 
manner to that used in the production of cable sheath. In the present Instance, 
precast lead billets are fed into the press instead of molten lead. This is possible 
because no particular precaution against forming of seams or the inclusion of dross 
need be taken. By eliminating the necessity of waiting for the molten metal to 
freeze, approximately double the production is obtained. 

While cold billets may be fed, they are preferably heated to about 260**F. The 
container itself ordinarily is heated to a temperature of approximately 350'*F., and 
the actual temperature of the lead, as extruded, approximates the latter figure. 
Pure soft lead is ordinarily used, and this is extruded as fast as the equipment 
permits, speeds up to 100 ft. per min. being attained. After the lead encased hose 
is taken from the press, it is vulcanized by hot water under pressure which varies 
from 150-250 lb. pressure. The lead is subsequently stripped from the hose and is 
remelted for further use in the same operation. Under ordinary conditions billets 
weighing approximately eleven to twelve hundred lb. are used, and the lengths 
obtained depend upon the size of the hose encased. The lengths run from 250-1000 
ft. in normal production. 

Lead Pipe—Vertical presses are used for extrusion of lead pipe. Usually, but not 
always, the lead is poured in and solidified before extrusion. The die is held in the 
hollow ram and the extruded pipe comes out at the top of the press and is coiled 
as produced. The presses commercially used normally run from about 400-1000 tons 
capacity and the individual charges vary from 200-500 lb. depending upon the size 
of the pipe made. Soft lead can be extruded quite fast, the speed being determined 
largely by the capacity of the pumps. Speeds of 50-60 ft. per min. are not uncom¬ 
mon in practice. 

Hot Extrusion of Tin-Base Alloys—^Various solder alloys are extruded in the 
form of wire. These are mostly tin-lead alloys containing from about 40-60% tin. 
Many other tin-base alloys are produced in lesser amounts. A large part of this 
production is in the form of solid wire, but a considerable amount also is resin or 
other flux-cored solder. In the case of the solid wire, solid billets are extruded in an 
ordinary rod extrusion press, but in the case of flux-cored solders, resort is made 
to a procedure roughly similar to that employed for hose encasing or cable sheath¬ 
ing. The presses used for solders piay be either vertical or horizontal but are small, 
ranging from about 200-500 tons and using billets about 2^-4 in. in dia. and 8-16 in. 
long. Resin core solders are extruded in a single strand, but solid wires in multiple 
strands, sometimes as many as 12 per die. 

Most solder alloys must be extruded at fairly low speeds to prevent checking of 
the surface, about 30 ft. per min. being usual. The pressures and temperatures run 
about the same as in the cable sheath extrusion. 

A considerable quantity of various ornamental shapes are extruded from pewter, 
or as it is sometimes called, britannia or white metal. The alloy is of variable 
composition, of tin-base, and normally contains anywhere from 5-15% antimony, 
from 0-3% copper and 0-15% lead. These extruded shapes are used for moldings 
on various pewter pieces such as vases and pitchers. They are attached to the 
plates by the use of low melting point solders. 

An ordinary horizontal rod press of about 250 tons capacity is used, the billets 
beiiig about 2^ in. in dia. by 8 in. long. The alloy is extruded at a temperature of 
140-150*’F., but very low speed must be used to prevent checking of the edges. In 
some cases this might be as low as 10-20 ft. per min. The pressures used will vary 
from 40,000-100,000 psi. 
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Hot Extrusion of Copper and Copper Alloy^The equipment used for extruding 
copper-base alloys is different in many respects from that employed for the low 
melting point alloys although the principles Involved are much the same. Both 
mechanical and hydraulic presses have been used but the mechanical ones are much 
in the minority and the present tendency is entirely toward the hydraulic. 

Rods are always extruded from horizontal hydraulic presses, but for tubes 
both horizontal and vertical ones are used. For tube extrusion the smaller presses 
of capacities up to perhaps 1100 tons are prevailingly vertical and the larger ones 
invariably horizontal. Tube presses up to 4500 tons are in use and rod presses up 
to about 3500 tons. 


The extruded nickel silvers are used mainly for their white color, high strength 
and fair machinability. While they can be extruded quite readily, the permissible 
temperature range is narrow compared to the other extruded alloys and it is rela¬ 
tively difficult to extrude them in small sizes or very complicated sections. 

The linear speed of extrusion in rod presses varies enormously with the com¬ 
position of the alloys, the size and shape of the section, the temperature and the 
presence or absence of an accmnulator. In rod presses, speeds from approximately 
20 to well over 500 ft. per min. are commercial. In tube extrusion presses using an 
accumulator, the linear speed is in some instances as high as approximately 1000 
ft. per min. 


The pressure required to extrude also varies quite widely depending on much 
the same factors as those which control speed. With the softer alloys, larger sizes, 
and simpler shapes, pressures as low as approximately 30,000 psi. are used. With 
harder alloys, more complex shapes and relatively smaller sections, pressures up 
to 120,000 psi. are founa necessary. In general, when the press is operated direct 
from the pumps, the pressure required to start flow through the die is fairly high. 
Immediately after starting, the pressure falls to a fairly low figure which holds 
relatively constant until near the end of the extrusion when the pressure may rise 
to at least double that required for 
starting. This effect, as well as the 
marked effect of temperature, are both 
shown in Fig. 2. 

Rods are usually extruded straight, 
on to either a stationary or traveling 
cooling bed, and are subsequently 
drawn to finish. Any material which 
is ultimately to be drawn into rather 



as it comes from the die. In these 
smaller sizes, several rods may be ex¬ 
truded from a die, sometimes as many 
as four. Two-hole dies are commonly 
used up to about 1 in. but larger rods, 
are invariably extruded through a i 
gle hole die. “Pipe” is a defect more 
or less inherent in the extrusion of 
brass rods and is caused primarily by 
the flow of the oxidized surface of the 
billet to the center during the extrusion 
process. In the higher copper con¬ 
tent alloys having a single alpha solid 
solution structure little or no central 
pipe is incurred, because the oxidized 
material comes to the surface of the 
extruded rod, frequently giving the ap¬ 
pearance of a shag bark hickory tree. In such instances the defective surface has 
to be removed by scalping before the rods can be drawn to final size. In Table I 
and II are given the copper-base extruding alloys and-their physical characteristics. 


J200 J500 MOO 1500 

Extrusion Temp,,°F, 


1600 


Fig. 2—Effect of temperature and pressure In 
extruding free cutting copper alloy through a 
two-hole die 0.65 In. in dla. 


Hot Extrusion of Aluminum-Base Alloys—The equipment used for extruding 
aluminum alloys is similar to that employed for the copper alloys. The presses are 
usually horizontal ones with capacities ranging from about 500-4,000 tons. 

Although practically all aluminum alloys can be extruded if necessary, only a 
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few are ordinarily employed for the production of extruded products. The oom« 
mercial designations and nominal composition of these are shown in Table m. 

Table H 

Copper-Base Extruded Alloys—Tube 


Approx. Mech. Properties 


After Final 
condenser 


AUoy 

Cu 

Approximate Composition 

11 I 1 

1 1 

Temp. 
Range for 
Extrusion, 
®P. 

As Extruded Tube Anneal 
Elong. 

Tensile, Elong., Tensile, % In 
Pel. % In2In. Psl. Sin. 

High brass. 

66.6 


0.5 

33 

1226-1276 

45.000 

65 

50.000 

56 

Admiralty brass... 

70 


1 

29 

1200-1250 

46.000 

66 

52.000 

60 

Red brass. 

85 



15 

1425-1475 

38.000 

60 

44.000 

42 

Aluminum brass... 

. 76 


2 

22 

1350-1400 

48.000 

65 

62.000 

60 

Nickel silver 18%.. 

. 65 

18 


17 

1600-1650 

65.000 

45 

60,000 

40 

20% Cupro-nlckel.. 

. 75 

20 


5 

1800-1850 

48.000 

40 

53.000 

35 

30% Cupro-nlckel.. 

. 70 

30 



1860-1900 

54.000 

35 

63,000 

30 

Silicon bronze. 

. 96 


381 

1 

1350-1400 

53,000 

65 

60,000 

60 

Nickel-aluminum 










bronze . 

. 92 

4 

4 


1600-1550 

50.000 

46 

60,000 

30 

Aluminum bronze.. 

. 95 


6 


1475-1525 

50,000 

56 

58,000 

35 


^Properties shown are average, not to be used as minimum requirements. 


Table HI 


Designation 

Cu Si 

Mn 

Mg 

Cr 

2S 

(99 Min. Aluminum) 




3S 


1.25 



518 

1.0 


0.6 


53S 

0.7 


1.25 

0.25 

A178 

2.5 


0.3 


178 

4.0 

0.5 

0.5 


248 

4.S 

0.5 

1.5 



The relative ease of extrusion of these alloys is approximately in the order 
listed, the first being the most readily worked. 

Alloys 2S and 3S are subject to strain hardening only and can, therefore, be 
produced only in the annealed or as extruded tempers. The remaining alloys can be 
produced in the same two tempers and in addition, heat treated tempers. In all 
cases the extrusion temperature ranges from about 700-950''F. and velocities vary¬ 
ing from about 5-300 ft. per min., depending on the size, shape and alloy. 

Even though the annealed and as-extruded tempers of the heat treatable alloys 
are commercially available, all of these except 538 are generally used only in the 
heat treated tempers in order to secure the niaximum mechanical properties and 
maximum corrosion resistance. Alloy 538 has essentially the same corrosion resist¬ 
ance in all tempers. 

The aluminum alloys are subject to the same extrusion defect as are the 
brasses. 

Hot Extrusion of Magnesium-Base Alloys—The magnesium-base alloys are of 
relatively recent introduction but for certain applications have already gained fairly 
wide acceptance. Several of the magnesium-base alloys are commercially extruded, 
using equipment essentially the same as that for copper-base or aluminum-baae 
alloys. 

As a class, magnesium alloys are quite hot short as compared to other alloys 
already dealt with. Therefore, only a narrow range of temperature is permissible and 
the extrusion rate is low as compared to that employed in the brasses. Commer¬ 
cially, speeds of approximately 2-12 ft. per min. are used. 

Normal^ the temperatures are maintained between 600-800*F. for any of the 
magnesium alloys, the higher temperature being best for producing thin sections 
and the lower temperature for relatively heavier sections. The physical properties are 
somewhat affected by temperature, being decidedly better at the low temperature 
due to greater grain refinement. 

In Table IV are given the properties of four alloys which can be extruded 
commercially. 
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In most commercial work the temperature and speed of extrusion is such that 
the pressure on the metal during the extrusion is between 40,000 and 60,000 psi. The 
starting pressure is naturally somewhat higher than this and is greatly dependent 
on ^e temperature. 


Table IV 


Extruded Magnesium Alloys 


Alloy 

Aluminum 

Manganese 

Zinc 

Magnesium 

Approximate 

Tensile, 

Psi. 

Approximate 
Blongation, 
% in 2 In. 

A 

8.0 

0.2 

.... 

Remainder 

47,000 

13 

P 

4.0 


.... 

Remainder 

40,000 

16 

J 

6.5 

0.2 

0.75 

Remainder 

43,000 

18 

M 

... 

1.5 


Remainder 

42,000 

7 


These alloys are particularly useful where advantage can be taken of their 
extreme lightness. For parts that have to be stopped and started very rapidly, the 
low specific gravity of 1.8 typical of these extruded materials is decidedly advan¬ 
tageous. Another advantage is their excellent machinability. 

Hot Extrusion of Zinc-Base Alloys—The hot extrusion of zinc and zinc alloys 
has not been commercialized to any large extent because of the expense of the 
process. The expense lies in the greater extrusion pressure necessary than with 
brass and aluminum and the lower extrusion speed caused by the tendency of zinc 
and zinc alloys to check and crack as the extrusion speed and consequently the 
temperature build up. 

High grade zinc has been extruded at speeds up to 75 ft. per min. The extrusion 
pressure approached 100,000 psi. initially. This material had ultimate tensile strengths 
of 14,500-20,500 psi. and elongations in 2 in. sections of 5-26% depending upon 
impurity content. 

The zinc alloys containii^g copper or copper and magnesium show strengths up 
to 32,000 psi. and elongations of 3-7%, but the extrusion speeds decrease to 12 ft. 
per min. on ^ in. dia. rod and the extrusion pressures run up to 120,000 psi. In 
extruding these alloys, the billets must be preheated to 520-570''F. and the container 
to 660°F. in order to start the extrusion. 

Hot Extrusion of Nickel Alloys and Stainless Steel—Considerable experimental 
work has been carried out on the high melting point alloys but only recently has 
any commercial application been made. There is at present one installation where 
stainless steel tubing is being produced in commercial quantities using a 2,000 ton 
pre^. There is another installation using a 600 ton vertical press now commercially 
extruding nickel. Monel metal, and similar alloys. The basic difficulty is that several 
of the outstanding properties of these alloys are precisely those which intensify the 
difficulties of extrusion. Their great mechanical strength at high temperature and 
considerable resistance to deformation particularly militate against their produc¬ 
tion by extrusion methods. 

Of course, several copper-base alloys containing considerable amounts of nickel 
are regularly produced in quantities but these are not looked upon as nickel alloys, 
being referred to in the section on copper-base alloys. 

Cold Extrusion—Hooker Process—In the Hooker process relatively heavy walled 
cup shaped blanks are extruded at high speeds, using ordinary crank presses instead 
of the usual extrusion press. This operation differs essentially from the hot extrusion 
in two important respects. First, the metal is invariably fed into the press at room 
temperature and there is little, if any, rise in temperature during the process. At 
least the temperature of the metal remains well below that of incipient recrystalliza¬ 
tion so that a hard worked structure and corresponding properties result. Second, 
the process is carried out at relatively high velocities and on relatively small masses 
of metal. The Hooker process is commercially applied to two classes of products; 
first, small arms cartridge cases, and second,' small thin walled seamless tubes. 

In Fig. 3 there are shown four steps in the making of a small brass cartridge 
ease. The alloy used is high grade 70-30 or cartridge brass. The first two steps com¬ 
prise a cut-and-draw and a redraw, each performed in the ordinary manner on a 
pltmger press. The third and fourth operations illustrate the application of the Hooker 
process. The two sectional illustrations show the position of the tools and the metal 
Just at the start of and near the finish of the application of the Hooker process. 
It will be seen that with the application of pressure by the shoulder of the pimch. 
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the metal is made to flow (extruded) through the restricted annular space between 
the punch and the opening in the bottom of the die. 

This process is well adapted in general to small tubular articles in copper or 
aluminiun where a large number of the same size piece are to be made. For instance, 
in 70-30 brass cartridge cases, this procedure is justified in competition with the ordi¬ 
nary drawing procedure on runs of approxi¬ 
mately 10-15 million pieces. In the mak¬ 
ing of these cartridge cases, extremely high 
tool pressures are encountered, naturally re¬ 
sulting in considerable wear on the dies and 
punches. 

In the manufacture of copper tubes, the 
sizes which are found economical, run from 
aoout in. O. D. to approximately % in. but 
as yet not in commercial production. The 
wall thicknesses usually will vary from 0.004 
to about 0.010 in. Anything less than about 
0.004 in. is not commercial as it causes exces¬ 
sive tool breakage, and tubes with wall thick¬ 
nesses over 0.010 in. can be produced at less cost by other methods. The length 
extruded is usually about 8-12 in. and the maximum feasible length about 14 in. 

Although any type of copper probably could be used, oxygen-free copper is the 
one actually most employed. This, of course, is a homogeneous soft material, well 
adapted to this operation. 

In the sizes ordinarily made the actual velocity of extrusion is much higher 
than ever attained in the ordinary hot extrusion of either rod or tubes on hydraulic 
presses. The actual working stroke consumes but a small fraction of a second and 
velocities through the die as high as about 2000 ft. per min. are attained. This is 
so rapid that there is little temperature rise in the die and the material itself 
is heated only slightly. The metal is severely cold worked and quite high strengths 
are found in the finished tubes. These may run from about 50,000-60,000 psi. in 
copper. 

The Hooker process also is used in making a considerable range of small seam¬ 
less aluminum tubes. Like copper, the aluminum is severely cold worked in this 
process but the extruded tube may be softened by suitable annealing subsequent to 
the extrusion. 

Imp|ict Extrusion—-This process is somewhat similar to the Hooker process but 
differs from it in some fundamental respects. Whereas in the Hooker process the 
metal is extruded ahead of the punch through an annular orifice between the die 
and the punch, the flow of metal in the impact process is in the reverse direction. 
Here a solid bottom die is used and a flat slug of metal in place of the cup shaped 
slug of the Hooker process. Here also the punch has no shoulder and when the 
pressure is applied by the end of the punch to the flat slug, the metal flows back¬ 
up over the punch. This process is sometimes erroneously referred to as the Hooker 
process and also sometimes by the misleading term **cold drawing.” The term ^impact 
extrusion” seems to be the more logical one to use. 

In the making of flat bottom cans or cups of all types, this process frequently 
competes with similar shells drawn from sheet metal. The relation between the 
lengths and diameters of the can largely determines which process is the more 
economical. Relatively shallow articles are cheaper to produce by drawing but with 
increasing length the advantage swings toward the impact extrusion process. The 
impact extrusion process is applied to the making of various aluminum articles. 

Shells or cups up to approximately 10 in. in length are found well suited to 
this process. The diameters may vary % in. to about 4 in., and the wall thicknesses 
from about 0.003 in. to about 0.045 in. In general the wall thickness is more or less 
in proportion to the diameter of the tube or cup. 

This process is also applied to making an enormous quantity of collapsible 
tubes such as used for tooth paste, paint pigments, and shaving creams, ii5dng 
pure tin or lead or tin-lead alloys. The pure tin is required for foodstuffs or 
materials for human consumption, but the lead alloys are found suitable and are 
naturally less expensive for containers for other types of -products. 

A great deal of zinc is extruded by this process, using blanks from %-2 in. dia. 
and in. thick. The dia. of the slug or blank usually equals the outside dia. 
of the flnished cup, and a sufficient thickness is used to provide the desired length 






Fig. 3—Diagrammatic sketch ahowlnf 
the steps in making a small brass cart¬ 
ridge case by the Hooker process. 
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at required wall thickness. In the application of the process to sine, it is desirable 
to start with metal having a random orientation or at least a structure such that 
the blank has no directional properties. Otherwise the tops would be uneven, 
resulting in distortion of the side walls and causing an excessive loss in trimming. 
It is customaiy with zinc to heat blanks to a temperature of 390-480*F. in order to 
reduce the pressure required. It has been fotmd that with common zinc a pressure 
jof 87,000 psL is required at SOO^’F. and 40,000 psi. at 480«F. 
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Forging by the Blacksmith 

By William Teller* 

When selecting the material of the correct dimensions, the blacksmith first 
must decide how the part is to be forged. One procedure would be to select stodk 
a little larger than the largest dimension and obtain the smaller dimension by 
drawing down. If the forging is to be short, stock comparable with the smaller 
dimensions could be used, and the larger dimensions could be obtained by upsetting. 
In either case it would be correct procedure to figure the approximate cubic contents 
or weight of the finished forging before selecting the stock, and allow enough for 
squaring up the end, and for loss due to scaling. The loss due to scaling varies with 
the number of reheatings and with the atmosphere and temperature of heating. 

Blacksmith Tools—The tools used at the anvil with hand hammers or sledge 
hammers are swages, fullers, set hammers, flatters, punches and chisels with tongs 
to hold the work. The swages, fullers, set hammers and flatters are usually made * 
of 0.70-0.80% carbon steel, and the hot and cold chisels of 0.80-0.90% carbon stedl. 

A 0.45-0.50% carbon steel could be used for the bottom fuller and swage which 
flt in the square hole of the anvil. Cast medium carbon steel or a good gray iron 
will answer the purpose for the swage block. 

FttUers —When shoulders 
are required on both sides of 
the forging, it is worked be¬ 
tween the top and bottom 
fullers, the top being struck 
with a sledge. The top fuller 
is often used alone to make 
depressions on one side of the 
forging as it lies flat on the 
anvil. The radius of the de¬ 
pression or fillet will determine 
the size of the fullers to be 
used. Fig. 1 shows a top and 
bottom fuller. 

5tcapes—These tools (Fig. 

2) are used for finishing round 
or semi round work at the 
anvil after it has been drawn 
nearly to size by the use of 
either the hand hammer, 
sledge, or power hammer. 

The depth of the impres¬ 
sion should be about one third 
the diameter of the part of 
the forging to be swaged, 
and the edges should be well 
rounded. If the bottom swage 
is made to come flush with 
one or both sides of the anvil, 
it will have a greater range of 
usefulness. 

Set Hammer and Flatter^ 

Both are used on flat surfaces, 
but if necessary to work on 
square shoulders or in depres¬ 
sions which are too small for 
the flatter, the set hammer 
usually answers the purpose. 

The set hammer and flatter 
are both shown in Fig. 3. 

Cold Chisel^ome steels in the hot or cold worked condition can be notched all 

'Instructor In the Working, Treating and Welding of Steel, University of Michigan, Ann 
Arbor. Mich. 

Prepared for the Subcommittee on Forging. The membership of the subcommittee was as 
follows: Adam Steever, Chairman; R. W. Thompson, F. B. Foley. O. W. Bills. H. M. Spears. W. I. 
Jominy, W. W. Crlley, and J. H. Friedman. 



Fig. l—Top and bottom fuller. 

Fig. 2—Swages. 

Fig. 3—Set hammer and flatter. 

Fig. 4~Cold chisel, hot chisel, and hardle. 
Fig. 5 and 6—Power hammer swages. 

Fig. 7—Power hammer fuller. 

Fig. S—Power hammer cutters. 

Fig. 9—Stocks for turning forgings. 

Fig. 10—Scarflng operations for lap welding. 
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or part way around by the use of this chisel and a sledge, and then broken by a 
sharp blow (Fig. 4). 

Hot C/ifsel—This is much thinner than the cold chisel (Fig. 4), and is used on 
steel at increased temperatures. The cut is usually made all the way through. 

Hardie—This tool should lit in the square hole in the anvil. It can be used 
on some steels both hot and cold. The metal is placed on the hardie and struck 
with a hand hammer (Fig. 4). 

When belt, air or steam hammers are used the tools are somewhat similar to 
those used for sledge hammering but modified to permit their use with power 
hammers. 

Power Hammer Swages—Swages are usually made of 0.45-0.50% carbon steel, 
and the shape is obtained by sinking hot either by the use of a round bar or some 
£fpecial shape. Most of the work done by swaging is round in cross section, but 
special shapes can be produced by the use of these tools. Where the forgings are of 
a large diameter, the top and bottom swages are usually not attached by spring 
handles because of the weight to be handled by the helper. Fig. 5 and 6 show the 
hammer swages. 

Power Hammer Fuller—TYie hammer fuller shown in Fig. 7 is used for drawing 
diort sections where the dies are too wide, and also for forging a taper. The rounded 
side of the fuller is used for breaking down or roughing, and the fiat side could 
be called a “fiatter” for finishing. 

Power Hammer Cutters—Hot cutters (Pig. 8) usually consist of a straight blade 
with a handle about 3-8 ft. long depending on the size of the forging. Some are 
made with curved blades and others form an angle of QO**. The handle near the 
blade should be fiat so as to act as a spring and prevent injury to the wrists or arms 
of the blacksmith. 

Stocks—These are used for turning and handling the forgings at the hammer. 
Pig. 9 shows how they are used. 

When the quantity of forgings of the same kind justify the making of dies, 
the blacksmith first makes one forging, taking special care with the shape and 
dimensions. This sample or master forging then is made use of to sink the die or 
dies. The die blanks are usually forged with handles drawn out. The next step 
would be to heat the blanks to a high temperature, and put the master in between, 
and then force them together by the use of heavy blows. Sometimes the dies are 
partly sunk before using the master forging. These dies or swages, as they are 
sometimes called, are held in line by spring handles or guide pins, or both, and held 
on the bottom hammer die by the helper. The smith has used this method of 
increasing production for many years. It has been used for some time, but on a 
much larger scale, by the producers of drop, forgings. 

Forge Fire—A cast iron hearth with a bowl or depression in the center for the 
fire, and an opening in the bottom for the tuyeres will answer the purpose for light 
work. For heavy work an Inexpensive forge can be constructed from % in. steel 
plate formed into a square or a cylinder about 4 ft. in dia. and 2 ft. 6 in. in height. 
Space below the tuyere can be filled with broken brick and ashes. The distance 
between the top of the hearth and the tuyere should be about 10 in. for heavy, and 
about 4 in. for light work. Provisions should be made for removing ashes from below 
ttie tuyere. The clinkers can be removed from above. After starting the fire, wet 
coal is banked on both sides, this not only supplies coke for surrounding the metal 
to be heated, but acts somewhat like the fire brick wall of a furnace. 

The object is to heat the steel uniformly to high temperature with as little 
oxidation as possible. This can be accomplished by keeping a good bed of coke 
between the tuyere and the steel to consume the oxygen in the blast, and a good 
covering is necessary. Better control of the atmosphere and the temperature can 
be obtained in a furnace, but in a forge fire, the heat can be concentrated at some 
given point of the bar or forging. 

On building a forge fire for medium and heavy work, a block of wood corre¬ 
sponding to the size of the fire required is placed on the tuyere, and wet coal is 
firmly packed around it to the depth required. Two boards are then used as forms 
to build the banks to the length and height required. 

The fire is started bjr shoveling hot coke into the hole left after the wood is 
removed. The banks usually stand undisturbed for a half to a whole day, and hard 
coke broken to a convenient size is used as a fuel. 

The banks of coal coke to the depth of several inches during the day and this 
coke is used along with the hard coke on the following day, after the fire is rebuilt. 
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Fine coal is more desirable for forge fires, as it packs much better when wet 
than coal consisting of lumps. A good grade of bituminous coal, low in ash and 
sulphur, high in fixed carbon, and good coking qualities, is usually the fuel for the 
forge. 

Hammer Size—During the forging of the steel, the size will determine the 
method of applying the force. If the temperature is close to the upper limit of 
the plastic range, a 1% lb. hammer would supply enough force for % in. dia. low 
carbon and ^ in. high carbon steel, and a 14 lb. s}edge would answer the purpose 
up to 1% in. low carbon steel. Of course, if the smith has access to a power 
hammer, time would be saved by using it. 

Precautions in Heating and Forging Steel—Too rapid heating will cause uneven 
expansion of the metal, starting internal cracks. This is especially dangerous in 
high-carbon and high-alloy steels. When such steels have to be heated near the 
upper limit of the plastic range, it would be advisable to use a preheat furnace at 
temperatures between 1,200 and 1,400 °F., depending upon the composition, size, and 
previous treatment. 

Forging temperatures too high for the amount of work to be done will result in 
large grains in the finished forging. Excessively high temperatures used might be 
in the melting range, and when forged, will cause voids and oxide inclusions. This 
is commonly called burning. 

Not enough force applied will cause a rupturing of the steel by working the 
outer layers beyond the inside metal. Sufficient force should be applied to affect the 
whole cross section, and this should be continued until close to the finished forging 
dimensions. 

Continuing the forging at temperatures too low will leave the steel in a highly 
stressed state, and, II not followed by some form of heat treatment, will result in 
short life for the machine part. 

When a great reduction in size is necessary, the steel should be forged down 
on the square or rectangular shape. The stock should be turned so that the sides 
will form an angle of 90®. If the finished cross section is to be round, forging 
should be continued on the square until close to the finished dimension. The comers 
can then be forged to produce an octagonal shape, and little rolling is necessary to 
finish. 

If the above procedure is not carried out, the metal might be in shear some of 
the time, instead of compression, and if the steel is slightly rigid due to low tem¬ 
peratures or a hard alloy steel, such as high speed steel, it will be ruptured. 

Overlapping of the steel, forming cold shuts, is often caused by using hammer 
dies and tools with sharp corners. 

The above applies to both forging on the anvil using a hand hammer and 
forging between the flat dies of a power hammer or press. 

Welding at the Forge—When wrought iron or steel is heated to high tempera¬ 
tures, such as used in welding, and are exposed to the air, they oxidize rapidly. 
To secure a good bond between two pieces, this oxide must be so fluid that it can 
be squeezed out from between the surfaces. The fusion point of the oxide is lowered 
by the use of fluxes. 

Clean silica sand and borax are two common fluxes used at the forge. Borax, 
having a comparatively low fusion point, is used on high carbon steel. It can be 
placed on the steel at low temperatures, after “scarfing,” consequently supplying a 
protective coating. Also, it can be sprinkled on the steel while heating. It might be 
said it serves a double purpose, lowering the fusion point of the oxide, and prevent¬ 
ing further oxidation. 

Sand has a high fusion temperature, but when combined with iron oxide it 
becomes fusible at lower temperatures. It is generally sprinkled on the metal when 
close to the welding temperature. 

Silica sand is cheaper than borax and can be used on the low carbon steels. 
Fluxes are not necessary in forge welding of wrought iron and very low carbon steel, 
because it is possible to melt the oxide without burning or melting the metal. 

The operation of preparing the pieces for welding is known as "scarfing.” Pig. 
10 shows the shape used in lap welding. Other types of welds are known as butt, 
V or split, T, comer, and jump. 

Precautions in Forge WeMing—Before shaping the "scarfs” upset the end of 
the pieces to be welded sufficiently, and far enough back from the "scarf” to allow 
for enough mechanical working during and after welding. 
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The grain size of the metal in the weld and adjacent to the weld will depend 
on the amount of work it receives and the finishing temperature. 

The **8carr’ surfaces should be well rounded so that contact will be made in 
the center. The curved surfaces will force the liquid oxide or dirt out from between. 

Guard against excessive oxidation on heating by keeping a good supply of coke 
in the bottom of the fire, and have the metal well covered with fuel. The scarfed 
ends should be face down in the fire. 

*When up to the weldin;< temperature, enough speed should be used to get 
the pieces together before tlie oxide solidifies. 

Blows should be heavy enough to work the metal uniformly, using a power ham¬ 
mer when necessary. 

The metal in and adjacent to the weld may be annealed to produce a more 
homogeneous structure, and consequently obtain greater ductility, which usually 
is low in forge welds. 

The properties of a forge weld will depend on the following factors: (1) The 
skill of the welder; (2) The weldability of the material; (3) The fuel used—sulphur 
and ash will interfere; (4) The amount of flux used and the time of application; 
(6) Uniformity of temperatures of pieces to be welded; (6) Atmospheric condition of 
the fire or furnace; (7) Amount of oxide or fuel ash trapped in between the “scarfs”; 
(8) Method of working—too much rolling on the anvil or between the dies of a 
power hammer when welding round stock will be detrimental, and (9) Force of 
the blow. 
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Straightening Bars, Shapes and Tubing 

By J. D. Annour* 

Many types of straightening devices have been developed for straightening bars, 
shapes and tubes from the simple hand straightening to very complicated stndght- 
ening machines. However, the fundamental principle Involved in all of these 
straightening methods except twisting and straightening by stretching is the same. 
This principle may be explained by referring to Pig. 3. The bar is supported at 
points A and B with the convex side of the bow or* kink towmrd point C. Sufficient 
pressure is applied at O to cause the bar to become bowed in the opposite direction. 
The pressure must be sufficient to exceed the elastic limit of the material and set 
up Just sufficient strain in the bar to allow it to return to the straight position but 



FigAO I o Fig 11 

Fig. l-~Hand twist stralghtener. 

Fig. a—Hand stralghtener. 

Fig. 3--Punch stralghtener. 

Fig. 4—Rotary stralghtener. 

Fig. 6—Five roll rotary type stralghtener. 

Fig. e—Six roll rotary type stralghtener. 

Fig. 7—Two roll rotary type stralghtener. 

Fig. S~Flat, square, and hexagon bar stralghtener. 

Fig. 9—^Wlre stralghtener. 

Fig. 10—Horizontal and yertieal stralghtener for flat, square, and hexagon wire and bars. 
Fig. 11—Straightening by stretching. 

*Chlef Metallurgist. Union Drawn Steel Dlv., Republic Steel Corp., MasstUon^ Ohio 
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no farther when the pressure is released. The greater the bow in the bar and the 
higher its elastic limit the greater the pressure required to produce the correct 
amount of strain. To straighten a bar by this method, the material must possess 
the property of resilience, it miist be capable of cold deformation, and it must strain 
harden. In the diagrams, Fig. 2-10 inclusive, the arrows show the location of the 
points corresponding to points A, B and O of Fig. 3. As mentioned above, this same 
principle applies in all of the bar straightening methods except twisting and 
straightening by stretching. 

In straightening to remove tii^st, the bar is twisted in the opposite direction 
until the elastic limit is exceeded and Just sufficient strain set up to allow the bar 
to return to the straight position but no farther. 

In straightening by stretching, the bar must be stretched until the elastic limit 
is exceeded and sufficient strain set up to prevent the bar from returning to its 
original position. The bar must be permanently elongated and reduced in cross 
section to remain straight after the stress is removed. 

Hand Straightening—While many mechanical methods have been developed for 
straightening bars and shapes, the original method of hand straightening is still 
used extensively on Jobs where great accuracy and precision are required or where 
odd shapes make mechanical straightening impractical. 

For accuracy and precision, surface tables and wooden mallets are used while, 
for odd shapes, grooved wooden blocks as illustrated in Fig. 1 and 2 are used. Hand 
straightening requires great skill on the part of the operator and it sometimes 
requires several years for an operator to acquire sufficient skill to do particular 
Jobs of hand straightening. 

Punch and Press Straightening—Punch and press straightening are semimechan¬ 
ical methods, the principle of which is illustrated in Fig. 3. The operator usually 
locates a kink or bow in round bars by holding a piece of chalk close to the surface 
of the bar and then rotating the bar so that any high spots will be marked by the 
chalk. The high spot is then brought under the ram of the strsdghtenlng press 
and sufficient pressure applied to take out the kink or bow. In the case of shapes 
other than rounds, the out-of-straight condition must be detected by eye or with 
the aid of a straight edge. The type of straightening requires considerable skill on 
the part of the operator. A straightening press is sometimes referred to as a gag 
press and the straightening operation as '^gagging.** 

Rotary Straightening— Rotary straighteners are straighteners in which the bar 
is rotated at the same time it is fed into the straightening machine and are nec¬ 
essarily confined to straightening round bars. The simplest form of rotary straight- 
ener is illustrated in Fig. 4. The top roll can be set at any desired angle which 
controls the speed of the bar. It can also be adjusted up and down to control the 
pressure of the bar. It can readily be seen by referring to Pig. 4 that the same 
principle of straightening is involved here as for punch or press straightening. 

Pig. 5, 6 and 7 show diagrammatically other popular types of rotary straight¬ 
ening machines. While they are more complicated in design than the simple rotary 
straightener to obtain such features as speed or polishing effect, they nevertheless 
Involve the same straightening principle as can readily be seen by a little study of 
the illustration. 

Pig. 8 illustrates the principle of a straightening machine used for flats, squares 
and hexagons. It will be seen that as the bar passes through the machine it is sub¬ 
jected to a double straightening action similar to that employed in Fig. 3. In some 
straighteners for these shapes, both horizontal and vertical rolls are used which 
give a setup similar to that shown in Fig. 10 for wire. 

Wire Straightening— Fig. 9 shows the type of straightening machine used for 
straightening coiled round wire into straight bars. In this case, the wire does not 
rotate as it feeds through the machine. A cylinder with adjustable dies rotates 
around the wire and produces the straightening action. Some straightening is also 
provided by the feed rolls on the entering end as will be seen from the illustration. 

Fig. 10 illustrates the setup for a wire straightener for shapes other than rounds. 
It amounts to a double setup similar to Fig.’S, one horizontal and one vertical, so 
that the wire will be straightened in both directions with one pass through the 
machine. 

Stretching—Fig. 11 shows how a bar must be changed in size to be straightened 
by stretching. The change of shape is of necessity exaggerated in the illustration as 
the increase in length and decrease in cross section need actually be very slight to 
produce the required effect. This method is well adapted to straightening odd 
shapes. 
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Flattening of Mild Steel Sheet and Strip 

By B. S. Bums* 

« 

Sheets are ordinarily sold in two grades of flatness: (1) commercial flatness, In 
which the sheets are to be severely drawn, and hence, the original flatness does 
not have much effect on the shape of the drawn article; and (2) stretcher level 
flatness, in which the sheets are used for panel work where little forming is done on 
the sheet, and the flnished product is desired flat and free from buckles. 

Simply because sheets are flat before moderate forming does not necessarily 
mean that they will be flat after fabrication, unless care is taken by the fabricator 
to insure that buckles are not thrown into the sheets during forming. 

Commercial flatness can ordinarily be produced on a roller leveler or cold rolls, 
but where it is required that sheets be very flat, producers must resort to stretcher 
leveling. For the most part, steel sheets are flattened as a final operation before 
shipping; however, there are Instances where measures are taken to flatten sheets 
as an intermediate operation, in which case the flattening is done both to improve 
the flatness of the flnished product and also to aid in the performance of succeeding 
operations. 

The normal flatness varies somewhat according to the grade; and as a rule the 
lighter the gage and the wider the sheet, the less flat the sheets will naturally run. 

The permissible variations in flatness for commercial cold rolled and stretcher 
leveled sheets as set up by the Association of American Steel Manufacturers 
Technical Committees are as follows: 


Ordered Gage Ordered Width. Max. Height of 

(U.S.S. Ga. No.) in. Buckles, in. 


48 or under % 

2 to 11, Incl. Over 48 to 60 incl. % 

Over 60 to 72 incl. 1 

Over 72 iy 4 

48 or under % 

12 to 16, Incl.. Over 48 to 60 incl. 1 

Over 60 to 72 incl. IV 4 

Over 72 1^ 

36 or under % 

17 to 30, Incl. Over 36 to 48 Incl. 1 

Over 48 to 60 Incl. IV 4 

Over 60 IW 


For stretcher leveled sheets. 22 gage or heavier, the height of buckles of a 
sheet lying on a hat surface shall not exceed Vh in This permissible variation 
cannot be assured for sheets lighter than 22 gage. 

The permissible maximum height of buckles given for stretcher leveled sheets 
and for sheets not stretcher leveled applies to not more than two buckles on a 
side or in the middle of the sheet. 


Roller Leveling—^A roller leveling machine consists of two sets of several hori¬ 
zontal small diameter rolls held in a housing and so arranged that the top and bot¬ 
tom rows are offset, permitting the rollers to mesh. The upper and lower rolls are 
so staggered or meshed that the sheet passing through the leveler is flexed alter¬ 
nately up and down (Fig. 1). This has the effect of cold working the surfaces more 
than the interior of the sheet. The layers of rollers are movable with respect to each 
other; so that by means of a screwdown the rollers may be made to mesh more or 
less as desired, thus controlling the pressure exerted on the piece during the opera¬ 
tion. On levelers with the proper amount of staggering of the rolls, flatness may 
be obtained with essentially no increase in length of the sheet. At the entrance side 
of the leveler, the axes of the bottom and top rolls are closer together than at the 
exit side. This results in heavier flexing in passing through the earlier rolls of the 
machine. At the exit side the action is chiefly that of straightening. Sheets are 
ordinarily passed through the roller leveler one at a time; however, ih some cases 
several may be passed through at a time, depending on the thickness. 

Hot roller leveling is usually a part of the treatment for hot rolled ^eets and 
plates over .060 in. in thickness. This has the effect of removing much of the 
distortion caused by hot rolling and open annealing. When roller leveling hot. It 
is not necessary to temper pass material before leveling to prevent breaks or fluting. 

* Research Engineer, The American Rolling Mill Co., Middletown, Ohio. 
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However, before it is possible to cold roller level a dead soft annealed sheet, the 
sheet must receive a pass on the temper mill to minimize the yield point elongation, 
and hence, prevent **roller level breaks” or fluting as the sheet is bent around 
the rolls. 

Witn the advent of 
wider and thizmer cold 
rolled sheets, roller leveler 
manufacturers have re¬ 
sorted to machines with 
small roll diameter. To get 
the same amount of stress 
in the extreme fibers of a 
sheet, it is necessary to 
bend the lighter gage sheet 
aroimd a smaller diameter 
roll. With the use of small 
diameter rolls in the lev¬ 
eler, it has become neces¬ 
sary to back the rolls up 
with rolls of larger diam¬ 
eter to decrease the fiexing 
of the roll when pressure is 
applied. Then, too, with 
the recent developments in 
high tensile steels, it has 
been found that these 
Sheets cannot be flattened 
on the ordinary leveler but 
must be run on the leveler with small rolls in order to create a stress high enough to 
get the necessary deformation. Roller levelers are not ordinarily used to eliminate 
^e tendency to stretcher strain unless the sheet has first been temper jrolled. Some¬ 
times if the sheets are unused for a period long enough to cause an appreciable return 
of the yield point of elongation due to aging, the tendency of the sheet to stretcher 
strain may be eliminated, for a short time, by roller leveling immediately before 
drawing. In this case the roller leveling is not done as a flattening operation but is 
done to prevent stretcher strain during drawing. 

Roller level corrugations or chatter, consisting of small waves running across the 
sheet, constitute the main defect caused by this operation. Ordinarily this defect 
occurs because the leveler is not properly adjusted for the gage of the sheet being 
leveled, or when the sheets are badly buckled before roller leveling takes place. 
Roller leveling is only a semieffectual means for flattening sheets, and sheets having 
a full center are easier to flatten by roller leveling than sheets with long or wavy 
edges. It is a relatively inexpensive operation, and sheets of commercial flatness can 
readily be produced. 

Stretcher Leveling—Stretcher leveling is a positive means of producing flatness 
in finished sheets, if the sheets have been properly processed for good flatness in 
stretcher leveled sheets. In this operation sheets are gripped on each end by Jaws 
attached to pistons which are fofced apart slowly by hydraulic pressure (Fig. 2). 
The number of sheets stretched at one time depends on the gage. However, it is 
rare that more than two sheets are stretched at one time, because the grips do 
not hold tightly enough to stretch the center sheets. The effect produced is actually 
one of stretching the sheet gradually, taking up all the slack which may exist in 
the form of waves or buckles, continuing until the sheet is stretched taut and 
its shape is practically a flat, plane. The stretching proceeds, theoretically, past the 
elastic limit of the steel, being in the neighborhood of 1-2% elongation, so that 
the sheet will not spring back into its original shape but will spring back uniforzi^ 
across its full width and remain flat. This means that the sheet takes a permanent 
set in its flat condition, which shape is not materially altered when stretching is 
stopped and the sheet is removed from the grips. 

For stretcher leveling, it is obvious that dieets must be soft and ductile and 
have an elastic limit low enough to permit them to take a permanent set with a 
pull which is within the limit of the stretching machine. Dead soft sheets are not 
usually stretcher leveled without first giving them a temper pass on the cold mill. 
Unless sheets are given a temper pass prior to stretcher leveling they have a 


Fig. I 




Pig. 2>-Dlagrammatic sketch of a stretcher leveler. 
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tendency to stretoher strain when stretcher leveled and even if the stretching 
proceeds far enough to pull through the stretcher strain, strain markings are left 
on the sheet and are undesirable for many applications. 

Material that has a variation in physical properties across the sheet usually 
does not stretcher level satisfactorily. The differences in unit stress produce varia¬ 
tion in strain, within the elastic range, across the Sheet, with the result that 
release of the load produces different amounts of elastic contraction which causes 
noi^tness. 

Nonuniformity in gage across a sheet of material frequently gives trouble in 
stretcher leveling. This is due to difficulties in obtaining perfect gripping. Slippage 
in the ^ps will produce different unit stresses in different parts of the sheet. If 
this slippage is high enough so that stretching is not carried definitely beyond the 
yield point in all parts of the material, varying amounts of elastic contraction 
will result upon release of load, which in turn produces nonflatness. 

As the physical properties of sheet material increase, the leveling operation 
becomes more difficult because of the greater elastic contraction upon release of 
load, as well as greater difficulties in obtaining perfect gripping in the leveler. 

In stretcher levelii^ light gage sheets (.031 in. and thinner) the difllculties are 
greatly increased, owing to inability to elongate the sheets sufficiently to flatten 
them without producing cross breaks or buckles parallel to tiie direction of stretch 
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Cold Drawing Steel Wire 

By E. E. Leffire* 

Wire is ordinarily thought of as consisting of long circular sections. Yet it 
naay have any one of an Infinite number of cross sectional shapes. The most com¬ 
mon shapes are circular, square, hexagonal, octagonal, oval, half-oval, half-circular, 
triangular, and fiat or rectangular. In general, wire consists of innumerable products 
shaped by pulling metal through a die. 

The limits of wire drawing range from .001 in. to approximately 1 In. Wire la 
classified with respect to size as coarse wire—coarser than No. 20 (.035) gage—and 
fine wire (No. 20 gage and finer). 

Historical—Iron wire was first manufactured in Bavaria, In the middle of the 
fifteenth century. In America, the first steel wire was drawn by Nathaniel Miles, 
in 1775. Later, in 1831, Ichabod Washburn and Benjamin Goddard drew steel wire 
in Northville, now Worcester, Mass. 

General Description of Process—The process of drawing steel wire begins with 
a hot rolled rod in coll form, weighing from one hundred to six hundred pounds, 
depending upon the type of rod mill used and the quality of rod surface desired. 

The wire requirements determine whether Bessemer, acid or basic open hearth, 
or electric steel should be used. Special alloying elements are rarely used except 
for the larger sizes of wire because alloys are not required in small sections to 
produce a uniform heat treatment throughout the entire cross section. Combinations 
of cold working and heat treating of rods and process wire make it possible to develop 
a wide range of physical properties which will meet almost every demand likely to 
be made upon steel wire. 

The range of analysis of plain carbon steel is carbon 0.05-1.30%, manganese 
0.15-1.65% with the other elements normal fbr the type of steel. 

Most wire is drawn dry, with ade¬ 
quate lubricants; however, fine sizes 
and special finishes are drawn by the 
so-called wet process. Neither of these 
processes involves any change in the 
actual operation of drawing, but in 
the preparation of the wire for draw- 
ing, they differ widely. 

In diy drawing, the wire is cleaned 
with acid, coated (usually with lime), 
baked, and drawn dry through a lub¬ 
ricant in the die box. The wire is first 
pointed by suitable means and then 
pulled through the die with tongs 
until sufficient wire is available to 
attach to the wire drawing block 
(Pig. 1), When this block revolves, 
it coils the wire about itself, con- 
tinuously draws the wire through the 
die, and brings about the fixed de¬ 
crease in sectional area. 

In wet drawing, the wire, after 
acid cleaning, is immersed in a dilute 
solution of copper or tin sulphate, or 
a mixture of both, depending upon the 
color desired. The colls are then re- drawine week, 

moved and placed in a vat of fer¬ 
mented liquor made from rye meal and yeast from which they are drawn wet, with 
the liquor serving as a lubricant. 

Cleaning and Baking—The cleaning of hot rolled rods before the wire drawing 
is the basis for success or failure in the production of good wire. Eoll scale, if 
left on the rods, will not only reduce the life of the wire drawing dies but win 
cause scratches and surface imperfections that never draw out. Overcleaning with 
pitting will produce rough surfaces. Muriatic acid is sometimes used, but a hot (185*F.> 

•District Director of Recearch, American Steel ft Wire Co., Worcester, Masa. 
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solution of sulphuric acid is more commonly used for cleaning or ‘*pickling/* Acidity 
of the clOani^ solution and time of immersion are regukted according to the 
analysis and the type of steel being cleaned. High carbon steels are cleaned in 
stronger acid solutions and for relatively shorter periods of time; low carbon steels, 
in the lower acidities, for longer periods of time. Low carbon basic steels require 
stronger acid than Bessemer steels. Inhibitors should be used to prevent excess 
waste of steel and acid; also to prevent pitting and excessive fuming. 

Wire rods, after being cleaned in acid, are rinsed in cold water and washed 
with a high pressure hose. Usually they are then dipped into a vat of lime emulsion 
for coating, although they may be dipped in copper sulphate or be given a sull coat¬ 
ing (a brownish wet rust produced by water spraying after acid cleaning) before 
the lime dip, if it is so desired. Lime emulsion is used either cold (120*'F.), or hot 
(180°F.). Ck)ld lime, when used, has a concentration of 3-5%. Hot lime is used in 
the following concentrations: light 3-5%, medium 6-9%, heavy 10-12%, extra 
heavy 12-15%. The larger the number of drafts, the heavier the lime coating. The 
limed rods are baked at a suitable temperature for a period of time sufficient to dry 
thoroughly and to remove acid brittleness. 

Drawing—Dies—While chilled cast iron, cast chromium steel, and forged steel 
dies are still used, tungsten carbide dies are rapidly displacing them. Diamond dies 
are still preferred on very small sizes of 0.010 in. dia. and under, up to 0.025 in. dia. 
for finishing drafts. Because of limited production of '"shape” wire, hardened , 
punched chromiiun steel dies are employed. 

Machines—Vfire drawing Is usually accomplished by means of an equipment 
known as a wire drawing frame. Each frame is composed of a bench with several 
wire drawing blocks. Fig. 1 shows one block of such a section, with the die box, 
die holder, and the draw-out mechanism for drawing the first few feet of wire 
through the die. Frames are usually referred to as “rod frames” and “wire frames,” 
according to the use to which they are put. 

Bull Blocks are used for very large sizes of wire up to H in. dia. This equipment 
is a large single block, built for tremendous strength and power. On such equip¬ 
ment, rods are usually drawn one draft with A-A in. reduction. 

Draw Benches are used for the large sizes of rounds and shapes which are 
later to be straightened and cut to length. See the article on Cold Finished 
Carbon Steel Bars and Shapes. 

Double and triple deck wire drawing blocks are so arranged that two and three 
drafts may be drawn at the same time by a special arrangement of die holders with 
respect to the two or three elevations of blocks. 

Continuous dry drawing machines are used for successively drawing several 
drafts by suitable equalizing of the successive speeds from one block to the other, 
or by arranging storage capacity on each succeeding block to make up for the net 
increase of wire at each stage. 

Continuous machines for wet drawing fine wire are used from 4-13 successive 
drafts. They generally consist of cone-like wire drawing blocks, so designed that 
the steps of the “cone” accommodate the increase in the length of wire with a 
minimum of slippage. The lubricant is forced in a stream to the dies in some types, 
while in others the dies are immersed in the lubricant. 

Lubricants—A. large variety of drawing lubricants are used, depending on the 
number of drafts and the finish desired. The most common lubricants are: 

OreoMe, used for one to three draft wire; 

Soap, used for one to six draft wire; 

Liquor, used for wet drawing, made from water and rye meal flour which is 

allowed to ferment. The metallic coating of copper, or copper and tin. requires i 

no other lubricant than this liquor; but the percentage of reduction per draft 
must be less than in the case of dry drawing. 

Reductions—The per cent reduction of area per draft is figured thus: 

100 (S-s) 

% reduction of area =- 

S 

Where S equals area of original section and s final section. 

Low and mediiun carbon wires are reduced 40% and less per draft, whereas 
higher carbons are reduced only 30% and less per draft. Wet drawn wires are 
reduced only 18% and less per draft. 

Process Heat Treatments—In order to obtain the desired properties for certain 
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Pig. 2 —“A” bard drawn structure before annealing, C 0.09%, X 260. *'B” structure aftw 

^nniiAiing “A,” X 260. "C” spheroldized structure, O 0.98%, X 1000. "D” structure after air pat¬ 
ented, C0.70 and sm. 0.73%, x 1000. ‘"E” same steel as in “D" after lead patented, x 1000. 

wires, the rods or process wire are given a heat teatment to develop the proper 
xnicrostructure. 

For low carbons, the most common heat treatment is annealing at tempera¬ 
tures in the vicinity of, or slightly lower than, the critical range. 



Per Cent Peductton Pen Cent Reduction 

Fig. 3 Fig. 4 

Fig. 3—^Increase in tensile strength with increase in reduction. 

Pig. 4—Bffect of reduction on elongation. The carbon content varying from 0.08-1.00% 

Process annealing recrystallizes the ferrite so that further drafting may proceed 
to finer sizes. Fig. 2A shows a hard-drawn structure before such an annealing. 
Fig. 2B shows a structure after annealing. 

Medium and high carbon steels are sometimes spheroldized, when soft wire is 
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required, or when this structure is desired before a final heat treatment (Fig. 2C). 
Medium and high carbon steels are more frequently patented either in air or in 
lead to give a fine pearlitic structure, often referred to as “sorbite,” in order to obtain 
a high initial strength and the best characteristics to permit drawing to high 
tensile strengths. (Fig. 2D, air patented, and Fig. 2E, lead patented.) 

Finishes—Many of the finishes are the natural result of the coatings and lubri¬ 
cants used in the wire drawing practices. Others are the result of special coatings 
added to the wire after drawing. The more common finishes are designated as black, 
bright, black annealed, bright annealed, liquor finish, coppered, tinned, and gal¬ 


vanized. 

Colls and Straightened and 
Cut Lengths—The following coil 
sizes are employed, with the ap¬ 
proximate wire sizes: 

Size Dia. of Coil 

0.027 in. and liner 8 in. coils or spools 

0.028-0.073 in. 12 or 16 in. coils 

0.074-0.375 in. 22 in. colls 

0.375-0.687 in. 26 or 28 in. colls 

Coarser than 0.887 Straight and cut to 
in. length 

If desired, all sizes may be 
straightened and cut to specified 
lengths, bundled and burlapped, or 
boxed. 

Physical Properties — Regard¬ 
less of the Initial tensile strength 
of a low, medium, or high carbon 
steel in the green, annealed, or 
patented condition, the gain in 
tensile strength, owing to increased 



drafting, follows a reasonably def¬ 
inite trend as shown by Fig. 3. 
The elongation also follows a def- 


Fig. 5—Effect of reduction by cold drawing on tho 
properties of carbon steel. Initial size of rod was 0.804 in. 
dia. The initial condition was OP Patented 


inite trend, and the losses are shown-in Pig. 4. The physical properties of t 3 rpical 
medium carbon steel are shown in Fig. 5 as the percentage of drafting increases. 
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Cold Finished Carbon Steel Bars and Shafting 

By EL W. Graham* 

Definition and Application—The cold finishing of steel, generally used for bars 
and shafting, may be defined as the process of reducing their cross sectional area, 
without any heating, by one of five methods: 

1. Cold rolling; 2. Cold drawing; 3. Cold drawing and grinding; 4. Turning and 
polishing; and 5. Turning and grinding. 

Cold finishing is employed principally for one or more of the following reasons: 
(a) Special size accuracy; (b) smooth or bright surface finish; (c) improved physical 
properties; and (d) better machhiablUty. 

The selection of the method to be used is governed either by economic reasons, 
section, or the necessity to meet requirements characteristic for one of the mettiods. 
For example, the usual practice is to cold draw the smaller sizes of rounds up to 
about 3% in. and turn the larger sizes. Whenever a superior finish or size accuracy 
is required the material is ground. Turned and polished bars, usually over 1% in., 
are furnished where hot rolled physical properties and cold finished size accuracy 
are desired plus a finish that is reasonably free from the normal surface imperfec¬ 
tions of hot rolled bars. 

Historical—Cold finishing first appeared in 1859, as a cold rolling process for 
wrought iron, Invented and patented by Bppigrd Lauth. Later, the same process 
was used on steel, primarily for shaft- 
ing for power transmission units, 
machinery, and agricultural imple¬ 
ments. ^ 

Cold rolling, as a means of cold 
finishing, gradually lost ground after §* 
developments in the wire industry 60 
disclosed that drawing the larger ^ 

wire sizes through dies produced ^ 
practically the same Improved physi- § 
cal properties. Finally, in about 1890, § 

the two processes were considered in- 
terchangeable from the standpoint 
of effect, and although cold rolling 
was never replaced completely, and 0 
is still used for certain piurposes, 0 *4 .60 .4 .8 0 .4 ,6 

such as wide flats, the principal ElongationJnches 

method of producing cold finished Fig. 1 — ^Typical stress-strain diagrams of hot 
Steel today is by cold drawing. rolled and cold drawn steels. 

The growth of the cold finished industry during the past thirty years is largely 
attributed to the demands for the cold finished product that accompanied the rapid 
development of the automotive, electrical equipment, and machinery industries. The 
producers of cold finished steels have kept pace with the progress of these industries 
by providing a variation of standard and special analyses, finishes, and treatments 
in order to satisfy a diversified range of requirements. 

Description of Cold Finishing Processes— General —Since the surface defects and 
Imperfections present in the hot rolled product are accentuated by cold drawing, 
it is necessary that the preparation of the hot rolled material for this purpose be 
surrounded with precautions to assure the proper cold finished surface quality, size 
and finish. In fact, the surface requirements of hot rolled bars for cold finish ing 
purposes are similar to those practiced for forging steel;* that Is, the surface must 
be substantially free from seams, pits, and excessive scale. 

Prior to cold drawing, the hot rolled material is usually immersed in a bath of 
4-8% sulphuric acid, at a temperature of about 150*F. imtil the scale is completely 
removed. It is then washed and dipped in a lime solution which neutralizes any 
acid that may be remaining on the bars, and also serves as a rust preventive and 
a lubricant in the finishing. Drawing through a die, straightening, and then cutting 
to length complete the sequence of operations. 



*Qeneral Metallurgist, Jones Ss Laughlin Steel Corp., Pittsburgh. 
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Cold Rolling--Co\6. finishing by cold rolling involves passing the hot rolled bars, 
cleaned of scale, repeatedly through a set of rolls, thereby subjecting the material 
to a light reduction in each pass, until the final size is obtained. Cold rolling imparts 
a bright surface finish, accurate size, and an appreciable increase in the tensile 
strength with an even greater increase in the yield point. 

Cold Dratoing—In this method, a hot rolled bar of practically any shape, after 
having been cleaned of scale, is pulled cold through a die whose bore section is 
generally in. smaller than the hot rolled dinjension or thickness. The amount 
of draft, however, may be varied from in., depending upon the analysis of the 
material being drawn, the hot rolled size, and the physical properties desired. The 
effects of cold drawing are similar to cold rolling, the final product having a bright 
smface finish, accurate size with its tensile strength and, particularly the yield point, 
materially increased. 

Cold Drawing and Grinding—Tor purposes where the size accuracy, surface finish, 
straightness or concentricity imparted by cold drawing, or turning and polishing are 
inadequate, grinding after cold drawing is resorted to. The physical properties 
of this type of cold finished product remain unchanged from those of the cold 
drawn bar. 

Turning-and PoZfs/iInflr—Whereas cold drawing reduces the cross sectional area 
by subjecting the bar to compressive and elongating forces, turning and polishing 
accomplishes the same by turning a A-A in. from the diameter, depending on the 
bar size, usually followed by polishing and straightening in a combination straight¬ 
ening and polishing machine. B} l^ls method, close size accuracy is obtained, 
similar in degree to that of cold drawiii.^ but the finish of the surface is somewhat 
brighter, and surface decarburization, Sv. face seams, and other minor hot rolled 
defects which are not affected by the cold drawing operation are removed. Since 
the steel has not been cold worked in any appreciable manner, the physical prop¬ 
erties of the hot rolled bar follow through to the turned and polished product. 

Turning and Grinding—In this process, after the hot rolled bar has its rough 
and Imperfect surface removed by turning, it is ground, usually in the centerless 
type of machine, resulting in a product whose finish and characteristics are similar 
to cold draw^ and ground material, except that the hot rolled physical properties 
have not been changed. 

Size and Finish—^Prom the above discussion, the various methods of cold finish¬ 
ing may be grouped as follows according to superiority of size and finish: 

Size Accuracy Finish 

First—Turning and grinding or cold Turning and grinding or cold drawing 

drawing and grinding. and grinding. 

Second—^Turning and polishing or cold Turning and polishing. 

drawing. Cold drawing or cold rolling. 

Third-Cold roUing. 

One of the outstanding advantages of cold finished steel is the close size toler¬ 
ance that can be maintained. Cold finished bars are straightened commercially 
within A of an in. in 5 ft. Rounds for shafting purposes are held considerably 
closer, and even better straightness requirements can be met by special processing 
in straightening. 

Physical Properties—Table I gives average physical properties of cold drawing, 
hot rolled bars of the various analyses listed. The data presented are general in 
nature, and should therefore not be interpreted as values necessarily obtainable 
in all cases, sizes, and conditions. Also the stress strain diagrams in Fig. 1 give 
a general idea of the marked increase in tensile strength and particularly yield 
point that occurs in this process. The tensile strength is not raised as much as 
the yield point, but since permanent distortion is a function of the yield point 
rather than of the tensile strength, this effect upon cold drawn materials is of 
vital importance in applications in machinery. 

The increase in yield point is accompanied by a decrease in elongation and 
reduction in area, but not enough to materially interfere with the use of such mate*- 
rials where the higher yield points are necessary. A cold drawn bar of prox)erties 
intermediate between the extremes in yield point and elongation can be obtained 
by annealing or normalizing treatments. 

Because of its desirable physical properties, cold drawn bar stock is often 
applied in substitution for heat treated bars, since it is not as costly, and is easier 
to machine. Also, in applications where it is desired to have heat treated properties 
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Table I 

Average Physical Properties of Cold Drawn Steel 
Sizes in. Dia. Test Specimens 2 x 0.505 in. 


S.A.E. 

Bteels 

Tensile 

Strength 

Yield 

Point 

Elongation 

In 2 In., % 

Red. of 
Area, % 

Brlnell 
Hardness No. 

1010 

67,000 

55.000 

25.0 

57.0 

137 

1015 

71,000 

60,300 

22.0 

55.0 

149 

1020 

75,000 

63,700 

20.0 

52.0 

156 

1025 

80.000 

68,000 

18.5 

50.0 

163 

1030 

87,000 

73,900 

17.5 

48.0 

179 

1035 

92,000 

78,200 

17.0 

45.0 

187 

1040 

97.000 

82.400 

16.0 

40.0 

197 

1045 

102,000 

86,700 

15.0 

35.0 

207 

1112 

87,000 

73,900 

17.0 

45.0 

183 

1120 

78,000 

66.300 

19.5 

49.0 

159 

3C1314 

80,000 

68,000 

19.0 

51.0 

163 

X1315 

82,500 

70,100 

18.5 

50.0 

167 

X1330 

98,000 

83,300 

18.0 

40.0 

201 

X1335 

105.000 

89,200 

16.0 

35.0 

217 

X1340 

112,000 

95.200 

14.0 

30.0 

223 


along with the more accurate size tolerances, hot rolled bars may be heat treated 
in accordance with the requirements and then turned and ground, or turned and 
polished. 

Of late, some attention is being given to the effect of strain drawing cold drawn 
bars at temperatures in the neighborhood of 500 and GOO^’F. Such low temperature 
treatments have practically no deleterious effect on the close size or smooth finish 
of the cold drawn bar, and are instrumental in boosting the tensile strength and 
yield point without sacrificing ductility. This phenomenon is of value for further 
increasing the strength of cold drawn steel. 

Machinability—Another important advantage of cold finished materials is its 
superior machinability as compared with a hot rolled product. This superiority 
depends upon several features including an improved machining quality in the steel 
itself if cold drawn, resulting from the effect of cold drawing and if cold finished 
under any of the standard methods better machining performance because of free¬ 
dom from hot rolled scale, close size accuracy, and greater degree of straightness. 
These advantages are recognized generally by buyers interested in machining quality 
as indicated by the large percentage of cold finished steels used by machine shops, 
particularly automatic screw machine work where the machining requirements are 
most exacting and severe. 

Inspection and Testing—To insure a cold finished product that will perform 
satisfactorily for the diversified application of its users, it is necessary for the steel 
producer to furnish a quality of the highest caliber. The standards of practices 
adopted for steel making, preparation and inspection of semifinished sections, and 
inspection of the final bar are the equivalent of those enforced for forging steels. 

Precautions are taken during the making and rolling of the steel to minimize 
chemical irregularity, seams, pipe, and other defects, surface or internal. After 
cold finishing, the bars are inspected closely for these same defects, as well as in¬ 
spected for size, straightness, out-of-roimd, appearance cutting, and suitable bun¬ 
dling, marking, and loading. 

Shafting—It is believed appropriate to include in this discussion a brief mention 
of shafting formulas; more detailed discussions are published in bulletins of Ameri¬ 
can Standards Association. 

Shafts for transmission of power are subjected to transverse and torsional 
forces. The loads producing these forces are the torque resulting from the resist¬ 
ance offered by the power load to the revolving shaft; the belt pull, the weight of 
the pulleys, gears, sprockets, drums, and the weight of the shaft itself. In design¬ 
ing a shaft, it is therefore necessary that the stresses to which the shaft is sub¬ 
jected be within the safety limits of the material used. 

For ordinary transmission of power through shafting, experience has shown 
that when velocity of rotation and spacing of shaft hangers are kept within defined 
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limits, the following formulas answer all practical requirements of design (the limi¬ 
tations of these formulas are that the shafts be supported at no greater intervals 
than 8 ft. and that the r.pjn. be no greater than 400). 


D=diameter of shaft in inches. 

N = number of revolutions per minute. 

H=horsepower. 

D* X N 

Por head shafts...H=-- 

, 125 

D» X N 

For line shafts.H =- 

90 

D* X N 

For short countershafts and single powet’ transmitters.H = - - ■ 

50 


Conclusion—The uses of cold finished steels have become so widespread that 
their applications are too numerous to attempt to cover completely. The more 
common uses are for spark plug shells, radio speaker cores, bolts, nuts and screws, 
gears and pinions, typewriter, sewing machine and cash register parts, chain pins 
and rolls for silent chains, motor and transmission power shafting, motorcycle 
crank axles, oil pump shafts and gears, piston pins, steering gear arms, bushings, 
pins and worms, tie rods, wringer rolls, gun parts, and commutators. Industries 
such as manufacturers of automobiles, motorcycles, sewing machines, tirpewriters, 
adding and calculating machines, textile machinery, shoe machinery, railroad, agri¬ 
cultural implements and electric equipment are particularly large consumers. 






884 


SWAGING 


Fe 5511 


Blade Sect/on of Die Groove 


'flare 


Taper 
Sect/on of 
Die Groove 


yUork 


Swaging 

By W. L. Bowen, Jr.* 

The term “swaging,” as used here, refers only to rotary swaging (rotary reduc¬ 
tion), and is not to be confused with coining or other types of press work. 

Construction and Operation of Swaging Machines—The modem swaging machine 
is simply a mechanical means for rapidly opening and closing two dies (sometimes 
four dies). The dies are carried in a slot in the face of a revolving spindle and 
are told between a pair of steel blocks called backers. Outside of and around the 
spin&e is a circular roll cage containing loosely a number of hardened steel rolls. 

The revolution of the spindle causes the backers 
(and dies) to pass between successive pairs of oppos¬ 
ing rolls, thus forcing the dies together. With a 
spindle r.p.m. of 500 and with 10 rolls, there would 
be, approximately, 3,000 die blows per min. Actu¬ 
al^, this is reduced somewhat because the roll 
cage rotates slowly, thus lessening the number of 
blows. 

The dies are blocks of hardened steel which 
have upon their inner faces the impression of the 
shape or the diameter of the work it is desired 
to produce, with one end of the die groove flared 
to allow the unreduced stock to enter. Fig. 1. 

Uses of Swaging—-Since the dies rotate around 
the work, it is obvious that the swaged portion 
must assume a round cross section, even though 
original work can be of any regular cross section 
such as square^ or hexagonal. 

The tapering of tubes (welded or seamless) or 
drawn steels can best be performed by swaging. 

Rods, bars and wire are also reduced or tapered 
economically by swaging. Gold plated wire, for 
instance, can be swaged with the plate kept intact 
and evenly distributed all the way to the end of 
the swaged section. 

Speed of Swaging—Naturally the speed of 
swaging depends upon many factors, such as kind 
of material, angle of taper, amount of reduction, 
or flnish desired. In general, the speed varies from 
1 in. per sec. up to 4 in. or perhaps 5 in. per sec., 
making little difference whether the work is fed 
into the dies automatically or by hand, although 
automatic feeding is always slower than hand im- 
less hydraulic equipment is used. 

Physical Effect of Swaging—Swaging is actually 
performed more by pressure than by blows. Hence 
there is a flow and readjustment of the grains of 
the swaged metal. 

Most metals tend to work harden when cold 
swaged so that annealing may often be necessary 

after one, two, or three swaging passes, depending upon amount of reduction and 
type of material. This is particularly true of stainjess steels. 

Some extremely brittle metals, such as a tungsten bar, when hot swaged in a 
series of passes, can be made ductile enough so that further reductions can be 
made by drawing. 

Since the entire volume of the metal being swaged is not lessened to any 
appreciable extent, but rather is changed in shape, it follows that solid work, when 
swaged, tends to elongate. In the case of tubing, swaging tends to thicken the 
wall, since a volume equal to only 10% of the cross section goes into elongation. 

*Sales Manager, Swaging Machine Dept., The Torrington Co., Torrington, Conn. Prepared for 
the Subcommittee on Forging. The membership of the subcommittee was as follows: Adam Steever, 
chairman; R. W. Thompson, P. B. Foley, O. W. Ellis, H. M. Spears, W. E. Jominy, W. W. Criley, 
and J. H. Friedman. 
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Fig. 1—^Three views of the same 
die showing different values for 
•’L.” A shows the total available 
length, "L,** of the die. B and C 
show two different Jobs as swaged 
with the same die. In B the en¬ 
tire length of the blade section 
of the groove is used, plus approxi¬ 
mately one-half of the taper sec¬ 
tion of the groove. In O only the 
length of the taper Is being used. 
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The thickening of the wall is simply due to the flowing metal following the line 
of least resistance. 

Amount of Reduction—The amount of reduction in any one pass depends upon 
various factors such as type of material and angle of taper, but in general the maxi¬ 
mum reduction in one swaging pass should not be over 30% of the cross sectional 
area. 

Because the die pressure is in a radial direction around the work, it will be 
obvious that steep angles or abrupt tapers are to be avoided. For easy, commercial 
swaging the included angle of taper should not be over 10-12^ or less, depending 
upon force available for feeding. 

Swaging Machine Capacities—Various metals have differing ultimate compres¬ 
sive strengths and therefore require varying swaging pressures in order to obtain 
a reduction. For all practical purposes, flowing or swaging pressures may be con¬ 
sidered to be 1.75 times the ultimate compressive stress of the material being cold 
swaged. (No flgmes are given for comparative pressures for hot swaging because 
of the large number of variable factors.) 

It must be borne in mind that the flgure for swaging pressures given above 
does not hold good when the length of swage within the swaging dies exceeds ten 
times the diameter of the work (this applies to solid work only), due to the restric¬ 
tion of endwise flow of the work resulting from surface friction between the dies 
and the work, which creates pressures in excess of the strength of the dies. 

To obtain the maximum capacity of any given swaging machine the following 
equation may be used: 

T 

-= D 

S X 1.75 X L 

Where D = the dla. of the work, in Inches 

L = the length of the die being used, in inches (See Fig. 1) 

S s the ult. compressive stress of the work in psl. 

T =r the total capacity of the machine in lb. 

The flgure for ‘‘S” can be obtained from any materials handbook and the value 
for “T” from the swaging machine manufacturer. Obviously the value for “L” de¬ 
pends upon the Job, so may have a different value for each Job. 

Example—-A manufacturer has some material of a certain dia. to be swaged 
and wants to know if it can be handled without overloading his swager. The 
swaging machine has a total capacity of 400,000 lb. with a die length of 3 in., all of 
which length is to be used (Fig. 1). 

The material to be swaged has an ultimate compressive stress of 150,000 lb. so 
the example is solved as follows: 

400,000 

- = 0 507 in. dia. 

150,000 X 1.75 X 3 

Thus 0.507 in. dia, work could be safely swaged in this instance. 

From the above equation, it is obvious that as “S” is reduced “D** is increased and 
vice versa, so the allowable projected area in the swaging die grooves (the length 
of taper x average dia. of taper) varies inversely as the compressive strength of 
the material being swaged. 

Similarly when only a part of the available length of the swaging die Is used, 
larger dla. work can be safely handled (Fig. 1C). 

The limiting factor for *'D,” of course, is the actual width of the dies. For 
instance, if it was required to determine the maximum dia. of zinc or a similar 
material that could be sVaged on a certain machine, the value for “S,” 70,000, might 
be so low as to cause the value for (dia. of the work) to be greater than the 
width of the swaging dies. 
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Coining 

By Guy R. Hou^rlitaling* 

Introduciioii>-Coining Is a method of cold forming or sizing, by compression, 
an article made of gold, silver, copper, zinc, tin, nickel or other metals. In recent 
years, iron and steel parts have been subjected to cold sizing for the purpose of 
imparting smooth finishes and close tolerances and in numerous instances this 
coining operation is more economical than producing this finish by cutting tools. 
A gasoline engine connecting rod is an example where coining is used extensively 
to size the bosses at crankshaft and wrist pin ends, to within limits of plus or minus 
0.001 in. The dies used are generally plain, hardened blocks, having stepped parallel 
surfaces between which the steel forging (which is about A in. larger) is squeezed 
to size. 

Nothing definite can be stated about the percentage of reduction by coining, 
as each Individual job has its limits, which are usually governed by the ability of 
the steel (in the dies) to withstand constant pressure. A good rule is to use 25% 
of the ultimate compression strength of the dies in question, for work which is 
confined. On work which is not confined 50% of the ultimate compression strength 
of the die steel can be used on production runs. 

Methods of Coining—Drop hammers can be used when the pressure is not 
extreme and where the material will flow readily into the dies. Drop hammers 
exert instantaneous pressure on the article being struck. 

Coin presses are usually associated with powerful presses whose slide movement 
is actuated by a knuckle joint between the slides which is operated by an eccentric 
or crankshaft. 

Screw presses (percussion) utilize a multiple thread screw to which is attached 
a heavy fly wheel which stores energy and, on a fast downward movement, exerts 
a powerful pressure on coin dies. 

Hydraulic presses are fast becoming adapted to coining work. The modem one 
unit press can be made to operate fast and with high pressures. These presses can 
be so regulated that only a definite pressure can be exerted upon the dies. One 
distinct advantage is that the action of the hydraulic press permits the metal to 
take a more definite set due to the length of time in compressive action. 

Annealed mild steel, with about 0.20% carbon, requires about 50 tons psi. to 
start plastic flow. This increases as the article becomes harder and the operation 
must be stopped before reaching the compressive strength of the coining die steel. 

Hydraulic presses permit using the greatest amount of the operating time cycle 
in actual squeezing, having a fast closing of the dies and a fast opening. This 
sometimes runs to % of the time cycle In squeezing, and Ms each to close and 
open the dies. 

Coining Die Steel—The steel for the coining dies is largely a matter of personal 
prelerence. Carbon steel, formerly used, is usually shallow hardening and although 
it becomes very hard on the surface it will not withstand intense pressures. Tool 
steel manufacturers supply a chromium-nickel-molybdenum drop forge die block 
steel havli^ about 0.65-0.70% carbon which is pack hardened and oil quenched. 
This steel has a high compressive strength, holds its shape well during heat treat¬ 
ment and upon proper tempering gives a coining die of long life. Many other steels 
are suitable, and where simple finishing by machining and grinding can be done, 
the high carbon high chromium steel is excellent. Modem high production schedules 
require coining dies to withstand tremendous pressures repeatedly and only steel 
having the ability to be heat treated for deep hardness fills the above requirements. 

Coining Dies are usually made by sinking a hardened Ifub into a soft die block. 
This hub is a faithful reproduction of the article to be coined, and from its impres¬ 
sion in the die block comes the article to be manufactured. Most of the details 
in the actual making of coining dies are arrived at by long experience, careful 
observations, and the most careful and painstaking heat treatments. Metals will 
work harden when squeezed between coining dies, so to get economical production 
from the dies, it is important to control this condition by annealing. 

Because of the large amount of flow required on numerous articles being coined 
(for example, men's finger rings), the metal will work harden before it is possible 


*Rickok Mfg. Co., Rochester, N. Y. Prepared for the Subcommittee on Forging. The member¬ 
ship of the subcommittee was as follows: Adam Steever, chairman, R. W. Thompson, F. B. Foley. 
O. W. Ellis, H. M. Spears, W. E. Jominy, W. W. Crlley, and J. H. Friedman. 
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to fill the die completely. It is then necessary to anneal the blank and sometimes 
to restrike a number of times with an anneal between each strike. As the work 
hardened metal requires such enormous pressure to make it flow* the coining dies 
do not have sufficient compression strength to resist sinking* so it is most important 
to anneal the blanks whenever necessary. 

It is very important to have clean blanks at the start of the coining operation 
and perfectly clean blanks after annealing and before restrlking. Most copper base 
alloys require a red heat to anneal and unless protective atmosphere is used 
during heating* the parts will have to be pickled and washed. Coining dies must 
be kept clean. This can be done with degreasing solvents and frequent use of bristle 
brushes. Small particles are bound to be removed from blanks during coining and 
a die can easily be split because of this condition. Another important precaution is 
to keep the smallest drop of moisture (water or oil) from getting into deep cavities. 
Metal will not flow into cavities containing moisture. 

Various Methods of Coining—Usually* money is coined in a hardened ring* 
inside of which are the upper and lower dies. Just enough metal Is used in the 
blank to size the coin accurately. Spectacle frames are made from '*foimd blanks’* 
(blanks with Just enough metal and proper dimensional sizes to flU the dies). 
Spectacle parts and Jewelry items made of gold filled metal must come from the 
coining dies with the surface gold imbroken. 

Numerous Jewelry items are made purposely with a surplus of metal, which 
surplus is called flash-selvage. These dies are economical to make where it is not 
necessary to hold thickness to exact dimensions. Therefore* any surplus not needed 
to fill either upper or lower dies is flowed over the edges of both upper and lower 
dies. This surplus or flash must be carefully controlled. Generally, a good rule is 
to limit the width of flash to not more than three times its thickness. Where it 
must be more, flash gutters can be cut in one-half of the die, next to the die line. 
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Roll Threading and Knurling 

By L. A. Ward« 

Roll threading is the process of producing a thread by impressing helical 
grooves in a metal object by means of suitable rollers or dies. Likewise in knurling, 
a design is impressed in a solid or hollow metal article by means of a roller or 
rollers which are forced against the work while it is being rotated, the rollers being 
embossed with the desired design. When considering mass production of bolts, 
screws, screw caps, and the host of other threaded articles now being produced, 
the economic advantages of roll threading at once become apparent. 

In the case of solid articles such as screws, there is a saving of metal as well 
as a speeding up of production. A third advantage in the case of bolts and screws 
is the increased strength obtained by this method due to the cold working of the 
metal during threading. In the case of hollow articles, the advantages of roll 
threading are even more apparent, for if it were not for this method of threading 
the cost of such articles as threaded caps for bottles, flashlights, or electric light 
bulbs, would be prohibitive due to the necessity for increased wall thicknesses and the 
added cost of cut threads. 

Although there is little published on the history of roll threading and knurling, 
we do find that as early as 1888 socket shells were roll threaded by the Edison 
Lamp Works and they had set up standard specifications for this work. Un¬ 
doubtedly there was considerable of both this type of work and knurling much 
earlier, but little is recorded. 

Knurling—Knurling is commonly done in three different types of equipment, 
which are: (a) Lathes; (b) automatic screw machines; and (c) special machines. 
It is felt that a description of the method can best be given by covering these three 
cases separately. 

Lathe—The knurling done in lathes is commonly done on small runs of 
work, or in combination with spinning operations. It can be done by a hand tool 
such as is commonly used by a spinner or by a tool which is clamped in the regular 
tool post and moved against the work in the usual method. The roller for knurling 
in a lathe, especially when done by hand, is of any convenient diameter (usually 
about 2 in.), iliis is made of hardened steel with a design embossed on the circmn- 
ference and in use this is pressed against the article to be knurled with sufficient 
pressure to give the desired depth of design. 

Automatic Screw Machine^In automatic screw machines the knurling tool 
can be mounted either on the turret or on one of the cross feed attachments, or as 
a swing tool. In this article it is not felt necessary to give a detailed description 
of the tools and cam layouts necessary, as these are adequately covered in instruc¬ 
tion books for the various types of machines. The speed used in knurling on brass 
rod in an automatic screw machine is usually the maximum spindle speed available, 
although for coarse knurls a slower speed must sometimes be used. The feed for the 
types of tools shown above is as follows: 


Turret: . 

Side or swing: . 

Top: . 


. .Feed 0.020 In. 
Return 0.040 in. 
.. .Feed 0.004 in. 
Return 0.006 in. 

.Feed 0.005 in. 
Return 0.008 in. 


Special Machines—For large volume production, it is frequently more economical 
to perform the knurling operation in a separate machine. There are a number of 
machines which are especially designed for this type of operation on either solid or 
hollow parts. 

In these special machines the design of the arbor and pattern rolls is of 
extreme importance. This is also true for the automatic screw machine and, to a 
lesser degree, for lathe work. In the case of lathe knurling, the operator can watch 
the operation and see that the pattern matches as the work revolves, but in an 
automatic machine this is Impossible and if the size of the roller, with relation to 
the work, is not correct the design will be neither uniform nor properly Impressed if 
the work revolves more than once during the operation. 

• Assistant Metallurgist, Chase Brass ft Copper Co., Waterbury, Conn. 
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For hollow parts the arbor and roller are geared together so that they mate 
properly. The arbor over which the article is placed has the male impression of the 
design embossed on it, and the size of this arbor is as large as will permit placing 
the article over the arbor and removing it. The design embossed on the roller is a 
female impression of the design to be placed on the object. In such machines the 
work is quite frequently fed into the machine through some automatic feeding device 
and the entire operation done automatically. Here again there is no heed of going 
into the details of such feeding and knurling mechanisms, and for exact details 
consulting the manufacturers of these machines is'suggested. 

Roll Threading—Roll threading may be carried out in three different types of 
equipment, which are the same as for knurling; namely, (a) in lathes; (b) in 
automatics; and (c) in special machines. Roll threading is seldom done in ordinary 
lathes and then only in the case of special threads where it would be either im* 
practical or uneconomical to set up a special machine. Such a case would be where 
it was desired to put a roll thread on an article which was much longer than would 
normally be handled. 

Lathe —In this case, if it is a rod. a roll is fastened in a suitable fixture on 
the tool post set at an angle corresponding to the pitch, and the feed is set ac¬ 
cordingly. A back rest would normally be used to support the rod, and it is fre¬ 
quently necessary to go over the thread a number of times in order to produce 
the desired depth. 

Automatic Screw Machine —Considerable roll threading is done in automatic 
screw machines and the tools used are generally similar to knurling tools except 
that, instead of a design on the roller, a thread is cut on it in the opposite direc¬ 
tion to that to be produced on the rod. For instance, if it is desired to produce a 
right hand thread on the work, the roller will have a left hand thread. 

The diameter of the blank to be threaded is approximately the pitch diameter 
of the final thread. The outside diameter of the threading roll should be Imrger 
than the work, and is calculated from the following formula which is taken from 
the Brown & Sharpe Automatic Screw Machine Operators’ Handbook. 

OD. = Pitch Dia. of 
piece to be 
rolled 

It is impossible to give any fixed multiple which will be suitable for all work, 
but the threading roll should be made as large as possible. Feeds and speed will 
be approximately the same as for knurling. 

Special Afac^ines—There are a number of special machines used for roll 
threading a great variety of work; for instance, there are special machines for roll 
threading of bolts and screws as well as those designed for the roll threading of 
caps and tubular objects. In the special machines for roll threading bolts and 
screws, the operation is carried out by using two suitable dies having impressions 
of the thread on their faces. One of these is stationary and the other moves in a 
plane parallel to the axis of the work and in a direction normal thereto. The dies 
for this are made of hardened steel and the thread is projected onto these. The 
blank used is approximately the pitch diameter of the bolt or screw being made. 
This method of producing a thread on a bolt is one of the mast commonly used 
methods, and its greatest advantage is in the economy of the method and the 
increased production which is possible. The speed usually varies inversely with the 
size of the bolt or screw being threaded, but is usually in the range of 30-100 pieces 
per min. 

In roll threading of sheet metal caps and tubular products, the design of thread 
has never been standardized to the same extent as that for bolts and screws, and 
there are a number of different systems of threads used. Apparently the only one 
which is really standard is the one used in the manufacture of electric light bulb 
socket shells and similar articles. This is the Uno system. Due to this condition. It 
is quite difficult to give exact information as to the relation of the size of shell to 
the outside diameter or pitch diameter of the threaded part. Also there is consid¬ 
erably more variation in this respect due to alloy and temper than there is with 
solid objects. This is due to the wide difference in physical properties from one 
alloy to another and from one temper to another in any one alloy. 

In general, the shell diameter will be slightly larger than the pitch diameter. 
The arbor size is close to that of the blank so that it is Just possible to fit the shell 
onto the arbor. The roller size is found by subtracting the single depth of thread 


singlel 

minus ^depth of\^ times 
[thread J 


(multiple 

(used. 
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from the pitch diameter and multiplying by a factor similar to the method of calcu> 
latlng a roller size for use in the automatic screw machine. We find on special 
machines for roll threading of shells that multiples as high as 12 are sometimes 
used, but more commonly the multiple is approximately 4. The arbor and roller are 
mated through gears as for knurling. The roller, depending on the multiple used, 
will have a ^ngle, double, triple, or quadruple thread. For Instance, when the mul> 
tiple used is 2, there will be a double thread cut on the roller. In use, the shell is 
usually fed into such a machine automatically and the operation carried out and the 
threaded shell discharged automatically. Speeds on such machines vary so greatly 
that It is impossible to give any definite limits. 

Although no definite formulae for blank diameters are given for the various 
types of rolled threads, still the importance of finding and maintaining the correct 
one IS extremely important and frequently the success or failure of roll threading a 
given article hinges on how accurately this size is maintained. In general too small 
a blank produces a poorly developed thread which is usually under size, while too 
large a blank usually produces an over size thread which is frequently rough. 




Fe 5514 


MACHINABILFTY OF STEEL 


m 


Machinability of Steel^ 

Part 1—Introduction—In the machining of metals, the metal being cut, the cut¬ 
ting tool, the cutting fluid, thb process and type of machine tool, and the cutting 
conditions all influence the results. By changing any one of these factors, different 
results will be obtained. It appears impossible to have a set of cutting conditions 
which will satisfy all phases equally. It is imperative, therefore, to adjust a combina¬ 
tion of factors for the most effective compromise.* 

Definition—Machinability is a term used to indicate the relative ease or satisfac¬ 
tion with which a material is machined by sharp cutting tools in operations such as 
turning, drilling, milling, broaching, threading, reaming, sawing, or grinding. It Is 
evaluated in several different ways depending upon the objective. These objectives 
vary widely in commercial machining and may refer to tool performance as repre¬ 
sented by the tool life per grind under given conditions; the speed at which the 
material may be cut under different conditions for a e^ven tool life; the force, 
energy or power required in cutting; the surface finish produced; or the dimensional 
accuracy maintained under given conditions between like pieces. 

Values of machinability usually are comparative and represent the behavior of the 
material under given conditions. The tool material, shape, and size; the size and 
shape of the cut; the cutting fluid used; and the cutting speed must be held constant 
in order that the values hiay be directly comparative. If any one of these variables 
is changed for the tests, other directly comparative results will be obtained which 
may be out of agreement with those of the first test. Also, the machinability rating 
of a material as determined by one process may be different from that obtained by 
another process. 

Materials Cut—Many materials have best or optimum cutting conditions, such 
as speed, feed, depth, tool shape, tool material, or cutting fluid; some or all of 
which are different from others, so that machinability ratings for these materials 
for practical piuposes should be determined undfer these optimum conditions. The 
values of machinability for different materials then will be comparative, although 
the details of the tests are individual. 

Tests for Machinability—The factors of importance in machinability are cutting 
speed, tool life, power consumption or cutting force, the finish left on the cut surface, 
and the accuracy of dimensions of the finished product. 

Many types of tests have been developed for indicating the machinability of a 
given metal. If machinability is to apply to the tool, then the material cut should 
be constant; if machinability is to apply to the material, then the tool should be 
constant. Cutting fluids may be introduced as the variable, while the material and 
tool are held constant. Machinability may be expressed as: 

1. The life of the cutting tool In turning, milling, drilling, broaching, tapping, or sawing, 
when cutting under fixed conditions of speed, feed, depth of cut, and with a given cutting fluid. 

2. The force, energy, or power required when cutting by various processes, such as milling, 
turning, drilling, or the energy required to remove a single chip of a given size or shape in 
milling. 

3. The torque and thrust in drilling or oounterboring. 

4. The eutabllity as measured by 

a. The rate of penetration of a drill tm a given time under a constant feeding pressure; 

b. The traverse of a turning tool when fed against the work by a constant pressure as in 

the case of cutting off; and 

c. The time in minutes or number of strokes to cut off a given cross sectional area with a 

hacksaw subjected to a given feeding load rather than a positive rate of feed. 

5. The condition of the machined surface produced by the cutting tool on the material being 
cut. 

6. The cost of removal of 1 cu.in. of the metal under specific conditions. This would involve 
both power and tool cost. 

7. The temperature developed at the tool point. 

Factors Affecting Machinability-A summary of the factors affecting machin¬ 
ability in accordance with the above definitions are as follows: 

1. Material being cut, its analysis, structure, shape, and size. 


*Prepared for the Subcommittee on Machinability of Steel by O. W. Boston, University of 
Michigan. 

The membership of the subcommittee was ss follows: O. W. Boston, Chairman; A. L. Boego- 
hold, and H. J. French. 
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S. The cutting speed; else, and shape of cut. 

S. The cutting tool. Its material, quality, treatment, shape, size, and condition. 

C The condition of the machine tools on which the cutting Is done, together with the processes 

iBTOlTed. 

5. The cutting process. A given material may have different machinablllty ratings for the 
different processes as turning, drilling, milling, and grinding. 

4 6. Factors Involving rigidity of the tool and work-holding device. 

7. The characteristics of the cutting fluid used. 

The optimum or best cutting condition involves the material being cut. the 
tool the mechanical device, and the cutting fluid. For any material being machined, 
there is obviously a certain specific combination of conditions which is best. In 
order to secure the greatest production at the least cost, the cutting tool should be of 
a given material of a certain definite quality. It should have a certain contour of 
cutting edge, and combination of angles influencing its geometrical shape. A certain 
cutting fluid having properties peculiar for the given conditions should be used, 
and the mechanical equipment for the particular process involved should be suit¬ 
able. If the physical properties of the material are changed, or if another material 
is substituted, some of the factors Involving the tool, cutting fluid, or mechanical 
equipment also should be changed to maintain optimum conditions. The present 
state of the art of metal cutting leaves the selection of the various factors for a 
given problem to be determined largely by cut and try methods. 

The steel cut. the cutting tool, and the cutting fluid used in any cutting oper¬ 
ation present variables which affect machinability. Each is discussed separately 
below. 

Part 2—Fundamental Principles—There are several factors involved in the 
machinability of steel which are closely associated with both the tool and the work, 
as discussed separately below. 

Chip Formation—Chips of ductile 
metals are removed invariably by 
plastic flow. They are of two general 
forms: The ribbon or elementary 
type, and the sectional type. The ele¬ 
mentary type, Fig. 1, is continuous 
and practically of uniform cross sec¬ 
tional area but made up of very thin 
transverse slip bands or elements. In 
the sectional type. Fig. 10, the small 
elements are grouped into clusters or 
sections of approximately equal size. 

Frequently these sections cling to¬ 
gether to form a long, continuous 
chip, the outer surface of which is 
saw-toothed, but often the various 
sections become detached, giving 
broken up chips which are more 
easily disposed of. 

Almost immediately after start¬ 
ing a cut, a small particle of' the 
material being cut is trapped on the 
face of the tool and forms what is 
known as a built-up edge. The 
built-up edge is somewhat triangular 
in shape, being thickest directly 
ahead of the cutting edge, becoming thinner as it extends backward over the face of 
the tool, as shown in Fig. 1. This built-up edge occurs in all types of metal cutting, 
such as turning, shaping, drilling, sawing or milling. It protects the cutting edge of 
the tool by causing the undeformed material immediately ahead of the tool point to 
flow plastically into a chip which slides over the built-up edge on over the face 
of the tool. 

The built-up edge is a fimction of the analysis and structure of the material 
being cut, the rake of the tool, the cutting speed, the cutting fluid, and the size of 
the cut. The thinner the chip, the smaller the built-up edge becomes and the more 
nearly the cutting edge of the tool cuts the material to leave a smooth fini^ed 



Fig. l->Chlp formation with a typical built-up 
edge on the nose of a lathe tool, turning steel. 
The bar was stopped suddenly after cutting for 
some time and the section at right angles to the 
cutting edge prepared. (Courtesy Hans Ernst). 
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Burface. This surface is smooth, but appears as a tom surface similar to the face 
of a very fine-cut file. For thick chips, the cutting edge of the tool suffers only a 
small portion of the total work done, as it is protected by the built-up edge. The 
built-up edge appears to be a rather permanent structure as long as the cut is con¬ 
tinuous. Portions of it may slough off and be carried away on the underside of 
the chip, and frequently portions of it adhere to the surface of the work as it passes 
the flank of the tool. See Fig. 1. 

At low speeds, the built-up edge for a given condition is largest. As the speed 
is Increased, it is reduced in size, particularly in height. At extremely high speeds, 
the built-up edge is smallest. When cutting at very high speed, as with cemented 
carbide tools, the built-up edge disappears and the cutting edge of the tool actually 
cuts and forms the machined surface which has the highest degree of surface quality. 

Chatter—Frequently in the formation of the chips, because of the sliding of 
the elements into sections or because of the periodic sloughing off of the built-iQ> 
edge, high-frequency vibrations occur. These vibrations may set up a natural 
period of vibration of the tool, of the work, or even of the whole machine, which 
may become very objectionable because of noise, poor surface finish, and possible 
damage to the machine. Rigidity of tooling, change in speed, feed, or depth of cut, 
or tool shape may cause the vibration to cease. Whenever long, thin chips are 
taken, such as with a large nose-radius tool or with a long, straight cutting ed^, the 
danger of vibration is increased. 

Surface Finish—The finish on the cut surface is improved as the built-up edge 
is reduced in size. This reduction may be accomplished by increasing the rake of 
the tool, using high speeds, reducing the size of the chip, changing the structure of 
the metal being cut, or introducing a cutting fluid, any one, or a combination of 
which is commonly used to secure better finish. 

Surface finish in itself is a matter of great importance in machining operations 
of the finishing type. 

Surface finish is not only Important in connection with surface machining with 
single-point tools, but with surfaces made by abrasives and other means. The Ameri¬ 
can Standards Association has a Committee on Surface Quality which has been 
working on this subject for the past six years. The first report was made to industry 
in Dec. 1938. 

Surface qualities, by definition, are the physical characteristics of a boundary 
which separate solid substances. These qualities include such factors as the geom¬ 
etry of the surface in three dimensions, crystal structure, appearance, color, resistance 
to corrosion, hardness, size and shape of surface flaws. The committee report deids 
particularly with the geometry of the surface deviations from the nominal surface 
(cylinder, fiat, sphere). These deviations are of three kinds: Surface flaws, waviness, 
and roughness, all three of which can be specified in inches. Surface flaws are 
occasional irregularities; waviness consists of widely spaced irregularities (more 
than ^ in.), such as feed marks; and roughness consists of finely spaced irregularities 
(less than aS in.), which determine what is usually called “finish” of the piece. Flaws 
and wavlness are now measurable, but roughness, being inside the waves, calls for a 
new measuring technique. The Committee has been concerned with the means of 
specifying roughness and has adopted the average height of the finely spaced 
irregularities as a measure of roughness. This height is expressed directly in 
microinches (millionths of an in.) across the surface in a direction to give the 
largest reading. It is recognized that this average height of irregularity is by no 
means a complete specification of any surface and that other information as to the 
character of the irregularities, as well as waviness, flaws, and other surface qualities, 
often will be required on practical problems. Consideration is being given to means 
of specifying some of these other surface qualities. A preferred set of roughness 
classes has been suggested by the Committee with appropriate symbols which range 
from microinch to 63,000 microinches, root-mean-square average. 

During the past ten years a number of investigators have worked on equipment 
for measuring surfaces. The most widely used appear to be of three types: 

1. Profile recorders which draw an enlarged graph of the actual surface profile. 

These are laboratory instruments. Two types have been described: (a) The 
Profllograph which uses mirrors, lenses, and a light beam.** m (b) Bleetrie 
profile recorder using vacuum tubes and cathode ray osciUograph.* 

2. Several arrangements of miscroscopic observations (profile microscope) with 

special illumination have been used to enable surface profiles to be observed 
directly.**" 
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3. A ProlUometer Is a portable meter which does not draw a record of the profile, 
but which takes an automatic rtmning average of the height of the surface 
Irregularities and Indicates this average directly on a meter. This Instru- 
ment Is portable, self contained, and has found direct application In the 
shop.* 
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Pig. 2—Tool failure by a gradual cupping. 


Tool Wear-—When cut¬ 
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the chip and tool becomes 

heated, loses its hardness, and is abraded by the flowing chip. A groove is gradually 
worn into the face of the tool. It becomes larger and larger until its edge meets or 
nearly meets the cutting edge, as shown at B, Fig. 2. The flank below the cutting 
edge also may wear, causing the newly formed cutting edge to move toward the 
enlarging groove, as shown at C. Fig. 2. The built-up edge is graduaUy reduced in 
size from the start of the cut until the time the edge of the groove meets the cutting 
edge. A new irregular cutting edge is formed, resembling a ridge of mountains. The 
built-up edge at this point apparently disappears. The tool cuts most efficiently 
under this condition, but imfortunately the Irregular mountain-like peaks break off 
and the tool quickly fails. 

The progress of tool wear can be estimated readily from the color, shape, and size 
of the chip produced. In turning steel, the chips produced are first long and straight 
or only slightly coiled and are blue or purple in color at proper cutting speed. The 
color Indicates the development of excessive heat even though the tool is newly 
ground and has cut but a small part of its total life. As the groove in the face of the 
tool is formed, the chips become colled either in short spiral or long helical forms 
of small diameter. In this condition, the chip is at a lower temperature (no longer 
colored), and the tool cuts for the greater part of its life. As the newly formed 
cutting edge starts to fail, the chips become irregular in shape, rough on the bottom, 
and again blue in color. 


This manner of wear and failure seems to maintain when taking both heavy and 
light cuts. The time of complete tool failure is easily observed when taking heavy 
cuts because of the sudden change in shape of the chips, the high blue color, and 
the burnished surface of the cut shoulder. When taking light cuts, however, the fail¬ 
ure is similar but it is more difficult to determine the Instant of tool failure. H. J. 
French and T. G. Digges* used a trailer tool which was set to cut when the leading 
tool was worn so the test log became 0.002 in. larger in diameter. It has been found 
that there is practically no change in diameter of the work because of wear on the 
tool while taking a light cut imtil tool failure occurs, so that the trailer tool or 
any device which will indicate the sudden appreciable increase in work diameter 
does give a true value of the time of tool failure under light cuts. 


Cutting-Speed Tool-Life Relation—For a given steel, tool, and cutting condition 
the life of a turning tool varies inversely with the cutting speed as indicated by the 
equation VT“ = C, in which V is the surface cutting speed in f.p.m.; T is the tool 
life under cut up to the time of tool breakdown measured in minutes; n is the ex¬ 
ponent of T and equals the tangent of the angle of slope of the cutting-speed tool- 
life curve when plotted on log-log paper; and O is a constant depending upon the 
various conditions, such as type of material, size, shape, and material of tool, size 
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and shape of cut, and cutting fluid. This relation gives a parabolic curve on 
cartesian or rectangular coordinates, but a straight line on double logarithmic 
paper, as shown in Fig. 3. 

It is shown in Parts 3, 4, and 5 that the constant 0 and exponent n will vary 
for practically every set of conditions as the steel, tool, or cutting fluid Is changed, 
so that no single value of n in the equation VT“ = C can be used safely to repre¬ 
sent conditions in general. 

Forces, Energy, 
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Fig. 3—Cutting-speed tool-life curves for various types and condi¬ 
tions of steel plotted on log-log scale. It Is shown that each material 
with different structures gives a different slope to the curve, and that 



Power Relailoii—For- 
mulas for cutting 
forces in turning and 
torque and thrust in 
drilling are shown 
In Part 3; tools, Pftrt 
4; and cutting fluids. 
Part 5. It is shown 
that the values of the 
constant and expo¬ 
nents may vary as 
the material or tool 
shape is changed. 

Influence of Tool 
Wear on Cutting 
Force —The three 
components of the 
cutting force and 


one equation is not suitable for all materials (see text). 


the temperature indi¬ 


cated in millivolts as 


determined by a thermocouple at all times during its tool life are shown when 
cutting dry an annealed SAJI. 2335 steel at 145 f.pm. The depth of cut was 0.100 in. 
and the feed was 0.0125 in. A high speed steel lathe tool was used which had an 8* 
back rake, 14* side rake, 6* end clearance, 6* side clearance, 6* end cutting, 0* side 
cutting-edge angle, and A in. nose radius. The condition of the tool and the built-up 
edge at 3H, and 6 min. after beginning the cut are shown in Fig. 2 at A, B, and C, 
respectively. 


Part 3—Steel Cut—Tlie steel cut presents many factors as outlined below, which 
affect its machlnability: 


1. Composition, such as carbon, alloy, or special steels developed for free machining which 
contain sulphur, lead, selenium, of manganese; 2. Melting and casting practice and grain sise char¬ 
acteristics; 3. Fabrication: Cast, forged, drawn, or rolled (hot or cold finished); 4. Heat treatment; 
5. Physical properties: Tensile strength, hardness, and work hardening capacity; f. Metallographlc 
structure; and 7. Size of material cut. 


Composition, Heat Treatment, and Grain Size (Also see Section on Heat Treat¬ 
ment)—The machlnability of steel varies with its composition, treatment, and struc¬ 
ture. In cold finished bar stock for screw machine work, the lamellar pearlitic 
structure is best for the low and medium carbon steels. In the high carbon steel, 
such as S.A.E. 1095, a spheroidized condition increases tool life. It is reported that 
the best machinability of normal cold drawn steels is obtained with an elongation of 
13-16% in 2 in. and a minimum reduction of area of 40%. There is a dimger of 
reduced tool life if the elongation is below 10% and the reduction of area below 35%. 
In screw stock steels, well broken up chips, a good flnish, and a long tool life at high 
speed are desirable but not always obtainable together. Alloy steels which work 
harden appreciably are machined in the hot rolled and annealed condition. 

For favorable machinability, a normalizing treatment (or annealing) is recom¬ 
mended by H. W. McQuaid^ for the higher alloyed steels. In the case of carbmi, 
carburizing steels, it is seldom necessary to normalize, as satisfactory machinability 
is usually obtained in the hot worked condition. In the fine grain, shallow harden¬ 
ing type of low alloyed steels, higher normalizing temperatures are necessary to 
obtain the lamellar pearlitic structure which has the best machining characteristica. 

For rough lathe work where surface flnish is of minor importance, low hardness 
is more important than low ductility. For finishing cuts on such steels as SJUfi. 
6140, 4140, and 3140, tool life is impaired if the Brlnell hardness is over 207, even 
though the structure is lamellar pearlite. 

Steels of fine grain size (A.S.T.M. 5-8), when used as oil hardening or car- 
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burlaed steels, are highly ductile, particularly if they are abnormal. They show 
less warpage in heat treatment and appear to be best for producing a fine finish. 
W. O. Hildorf states that: *‘ln general, coarse grain sl 2 se (A.S.TJd. 1-5) is better for 
heaiT cuts. Steel of each grain size should be cut with tools appropriately ground. 
The resulting cost of metal cutting for each steel with favorably ground tools is 
I approximately the same over a long period of time. Difficulty will be encoim- 
I tered, however, should an attempt be made to machine the coarse grain steels on 
^ a machine prop^ly set up for machining fine grain steels.” 

For further discussion of grain size of steel, refer to the articles by R. L. 
Wilson,«-« 

Cotting Speeds and Feeds in Taming—When steels are machined in turret 
lathes with tools of high speed steel properly ground for roughing cuts from A-A 
in. in depth and feeds from 0.020-0.060 in., the cutting speeds that give satisfactory 
commercial values of tool life, as recommended by Warner and Swasey Co^ are 
as follows: 


auti 


Surface ft. 
per min. 


AUoj, annealed. 

treated . 

Castings, miscellaneous 

leadline, bard. 

medium hard 

soft . 

Threading . 

Tool, annealed. 

unannealed .... 


50- 60 
2S< 40 
50- 60 
30- 60 
60- 85 
100-120 
35- 40 
60- 80 
20- 35 


Frequently the tools have to be ground to produce a certain shape of work 
which calls for reduced cutting speeds. At best the speeds recommended above 
are for setting up work and may be modified as experience and conditions indicate. 
The use of cutting fluids may permit cutting speeds higher than those indicated. If 
Stdlite tools are used, these speeds may be increased from 25-75%, depending upon 
the material being cut and the finish desired. If cemented carbide tools are used, 
speeds up to 250-300 f.pm. are possible with the right type of tool. If carbon tool 
steels are used, the values given should be reduced by 50%. 

A large number of t 3 rpes of steels are prepared in the form of bars for use in 
hand and automatic screw machines. For this work, the cuts are usually much 
lighter than those used in turret lathes, and for that reason the speeds are generally 
hi^er. 

The machinability of many of these steels is improved by providing some non¬ 
abrasive constituent to break up the continuity of the ferrite. Sulphur is used 
commonly for this purpose. St^ls containing sulphur are known as free cutting 
steels. For accuracy of dimensions, freedom from rolling mill scale, and improvement 
in machinability, cold drawing is practiced widely. Usually the hot rolled bars are 
not equal in machinability to the cold drawn product. Those alloy steels which work 
harden excessively In cold drawing are often machined in the hot rolled, annealed 
cmidition. Good free machining steel has low ductility and it also must possess 
a low order of work hardness. The tools should be ground so that the chips break 
up into small particles, rather than form into long coils. Table I lists free cutting 
steels used as cold finished bar stock, and gives the machinability rating based on 
the rating of SJIJS. 1112 steel as 100%. These speeds are suggested only for set-up 
purposes. They may be modified extensively to meet the requirement of the par¬ 
ticular operation and cutting fluid used. 

Cotting-Speed To<ri-LIfe Relation in Tuming-^Many examples indicate that the 
analysis or condition of the steel cut influences the exponent n and the constant 0 
in the cutting-speed tool-life equation VT” = C, described in Part 2. In Parts 4 
and 5, it is shown that the tool material and tool shape and cutting fluids also 
change this equation. 

In turning, cast steel containing 25% chromium and 10% nickel, % in. square tool 
bits were used, ground to 8* back rake, 14* side rake, 6* end clearance, 6* side clear¬ 
ance, 6* end cutting-edge angle, 15* side cutting-edge angle, and A In* nose radius. In 
taking a cut 0.050 in. deep and 0.0255 in. feed per revolution, it was found that» 
when machining the bar as cast, the resulting equation was VT* *** = 46, but when 
machining a corresponding bar after It had been quenched at 2000*F., the equation 
was VT**>*"=:46. These two ciurves are plotted in Fig. 3 and show a considerable 
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dtiange In the value of the exponent merely through the change in structure. For 
a tool life of 1 min.» the cutting speed for each curve is 46 f.pim, but for a 60 min. 
tool life, the cutting speed for the heat treated bar is 25 f.pjn., and that for the 
«<as cast’* bar is 35 f.pjn. 

Similarly, different bars of SAJB. 3140 steel 2hi in. in dia. were machined 
under identical conditions, with a cut 0.0625 in. deep by 0.0377 in. feed, and a hitfi 
speed steel tool % in. square ground to 6* back rake, 12* side rake, 6* front dea ra nc e, 
6* side clearance, 13* end cutting-edge angle, 0* side cutting-edge angle, and % in. 
nose radius. The bar was heat treated by heating to 1525*F., and after bolding 
for 1 hr., quenching in oil, then tempered at 900*F. for 1 hr. to give a Brinell hard¬ 
ness range of 311-340, an elastic limit of about 150,000 psi, a tensile strength of 
about 165,000 psi., an elongation in 2 in. of about 16%, and a reduction of area of 
55%, the resulting equation was VT® ®®= 100 as shown in Fig. 3. When a similar 
bar was annealed by cooling from 1575*F. after 1 hr. at heat, giving a Brinell hard¬ 
ness of 202-207, the resulting equation was = 125, shown in Fig. 3. The cut¬ 
ting speeds for the annealed bar are higher for all values of tool life than corre¬ 
sponding speeds for the heat treated bar. 

Similarly, when machining SA.E. 1340 steel with the identical tool and cut as 
outlined in the above, in the annealed condition, an equation was obtained of 
irP**" = 244. When machined in a spheroidized condition, the equation was 
= 188. These lines cross at a tool life of 00 min. The annealed bar permits 
higher cutting speeds for any tool life less than 90 min., but the spheroidized bar is 
better for greater values of tool life. Many other similar examples have proved this 
point.* 

The cutting speed for a 20-minute tool life, Vn, for an SAB. 1045 steel when 
cutting under a given cutting condition with high speed steel tools has a cutting 
speed of 150 f.pjn. for the annealed bar, about 139 f.pm. for the cold finished bar, 
about 102 f.pm. for the quenched and tempered at 1000*F., about 93 f.pm. for the 
quenched and tempered at 600*F., and about 84 f.pm. for the quenched in oil at 
1520'’F. This shows a wide variation in cutting speed because of the structure. 

When cutting dry an SAB. 2340 steel annealed with a high speed steel tool of 
the 8-22-6-6-6-15-A shape, the cutting speeds for 100-minute tool life varied as the 
size of chip was varied as follows: 

A cut 0.0125 In. deep by 0 0125 in. feed gave a cutting speed of 176 f.p.m. and removed t3 cu. In. 
of metal per tool grind for a tool life of 100 min. 

For the same tool life, when the cut was 0.035 in. deep by 0.0125 in. feed, the cutting speed was 
120 f.p.m. and the cu. in. of metal removed per grind was 63. 

When the depth was 0.100 in. and the feed was 0.0125 in., the speed was 72.5 and the 

metal removed per grind was 108.8 cu. in. 

When the depth was 0.200 in. and the feed was 0.0125 In., the speed was 71 f.p.m., and the 
metal removed per grind was 213 cu. in. 

For the same cross sectional area of cut as the O.lOO in. depth by 0.0125 in. feed, but with the 
depth reduced one-half and the feed doubled, the cutting speed for a 100-mlnute tool life was 
changed from 72.5 to 60 f.p.m., and the metal removed per tool grind was reduced from 108.8 to 00 
cu. m. 

Cutting-Force Relation in Taming—For a given steel and a turning, planing, 
or shaping tool, the cutting force in pounds (represented by its tangential T, radial 
R, and longitudinal L components) varies as the feed F and the depth of cut D, as 
indicated by the following equations: 

T (tangential force) = Ci F* jy 
R (radial force) = C* F“ 

L (longitudinal force) = Ca F< 

Oi, Ca, and Ca are constants and x and y are exponents. Values of C, x, and y in 
this equation will vary with the steel or as the tool shape is changed. 

The equations for the three components when cutting dry a low carbon steel 
fully annealed at 80 f.p.m. with a tool ground to 8* back rake, 22* side rake, 6* end 
clearance, 6* side clearance, 6* end cutting-edge angle, 0* side cutting-edge angle, 
and A In. nose radius, are as follows: T = 102,500 P® *® D; R = 704 P®-** D®-“; and 
L = 12,600 P®-" “ 

These equations, determined by O. E. Kraus, are shown to vary both in the value 
of the constants and exponents as the shape of the tool is varied by changing the 
side and back rake angles, or the nose radius to such an extent that It is difficult 
to ^ve a general formula.® 

F. W. Taylor® determined a formula for tangential force on the tool when turn¬ 
ing steel from 30-60 f.p.ni.. as follows: T = O D F®-®®*. 
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The values of C ranged from 230,000 for soft, medium carbon steel, annealed to 
a tensile strength of 70,000-296,000 psl. for hard steel. Taylor’s % in. wide round 
nose tool was used having a back rake of 8^ and a side rake of 14*. 

The author has found 


the equation T=CD* »"P® ” 
to hold in turning or plan¬ 
ing an annealed SJiJE, 3150 
steel. The value of the con¬ 
stant ranged from a mini¬ 
mum of 108J200when cutting 
with a sulphurized mineral 
oil to a maximum of 128,- 
200 when cutting diy. The 
high speed steel tool had 8 * 
back rake, 14* side rake, 
6 * clearance, and 6 * end 
cutting-edge angle, 0 * side 
cutting-edge angle, and A 
In. nose radius. The setting 
angle was 90*. 

It is evident that the 
change in material affects 
very widely the value of the 
cutting force. Fig. 4 shows 
the power due to the tan¬ 
gential cutting force when 
machining a variety of 
metals as compared to the 
resistance to cutting by 
milling and drilling. 

Power* Torque, and 
Thrust hi Drilling—Values 
of torque, thrust, and power 
were determined from drill¬ 
ing a normalized and 
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Bearing Bronze BB 

Aluminum Moy Alt2 

Gun Metal QM 

Brass/rree CutJ IS? 
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Rustless Steel 413 
SAFlSlS^dDmmn 421 
SAEllROSldDrami 418 
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SAF6l40ColdDrawn 422 
SAE3l20Forged 31 
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Annealed Copper CU 
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Fig. 4—Net values at the tool point of hp. per cu.ln. 
of metal cut per min. for a variety of metals, as determined 
for drilling, milling, and planing under standardized condi¬ 
tions 


annealed chromium-vanadium 


8 .AJ 1 . 6150 steel under various 
commercial conditions, as shown 
in Table IL The drills used were 
standard ocxnmercial taper shank 
drills of high speed steel, the 
points of which were ground care- ^ ti/ji 
fully on a machine. For further S 
details regarding drills and for ^ 
detailed information when drill- ‘s 
ing other metals, see^Tlnglneering . 
Shop Practice.”** The feed of each 
drill corresponded as nearly as ^ 
could be obtained on the machine ^ ^ 
to those generally recommended .{> 
values shown in Table HI. The g 
actual r.pjn. is based on a pe- § 
ripheral speed of about 60 f,p.m. 543 
for all drill sizes, although torque 
and thrust are not affected by ye 
speed. One part of soluble oil to 
16 parts of water was used in all 




tests. 


.004 .008 .012 .019 .020 


In order to make it possible 
to determine the torque T in 
ft-lb., the thrust B in lb., or 
power, for any other combination 


Feed pen Pe^o/ution, Inches 

Fig. 6—Torque at drill point In drUllng 8.A.B. 
6150 steel. 


Of drill dia. d in in. and feed f in in. per revolution, the following equations were 
determined: T = or ’*d’ *; B = Kr«d. O is the constant for the material, drill, and 
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cutting fluid in the torque formula, and K is a similar constant in the thrust formula. 
When drilling S.A.E. 6150 steel having a Brinell hardness of 186, the formula becomes: 
T«im = 1.840 The thrust formula becomes: Bmm= 53,400 F ** d. The constants 

for torque and thrust are shown for a number of other steels in Table IV. 

These equations are used to determine the torque and thrust for SAJI. 6150 
steel under any cutting condition. The torque and thrust for any drill diameter and 
feed may be determined graphically from Fig. 5 and 6, respectively. The torque 
for a 1 in. dia. drill operating 


at 0.013 in. feed is shown to be 
63 ft-lb. Similarly, the corre¬ 
sponding thrust is shown to be 
1,820 lb. 

Table IV also shows fac¬ 
tors F, and Ft for torque and 
thrust by which the torque 
and thrust, as determined from 
Fig. 5 and 6, can be multiplied 
in order to get the torque or 
thrust for any one of the other 
forged steels listed. To illus¬ 
trate, it is desired to know 
the torque when drilling S.AB. 
2320 steel with a % in. dia. 
drill operating at 0.012 in feed. 
From Flg.5 the torque is shown 
to be 35 ft-lb. for the S.AB. 
6150 steel. The torque factor 
for the SAJS.2320steel is found 
to be 0.820 in Table IV. The 
resulting torque for the S.AJS. 
2320 steel is equal to 35 times 
0.820, or 28.7 ft-lb. 
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Table I 

Machinability Ratings of Various Cold Drawn Bars for Screw Machine Use 


Machlnabillty 
S.A.E. No. Rating, % 


Machinability 
S.A.B. No. Rating, % 


Serew Machine Stock 


1120 (leaded) 

140 

X-1112 

140 

1112 

100 

X-1314 ] 

90-95 

X-1315 J 


1120 1 


X-1335 

70-75 

X-1350 j 



Carborising Steels 


X-1020 1 

1025 150-65 

1020 I 

1015 J 


Heat Treating Grades 

1035 1 

1040 [55-66 

1045 annealed . 

4130 annealed 
4140 annealed 
3140 annealed 
6135 annealed 40-56 
6140 annealed 
6150 annealed 
1335 annealed , 


1350 annealed 
2330 annealed 
2345 annealed 
3140 
2345 

52100 annealed 


30-40 


6120 annealed 

6115 

3115 

4615 annealed 
2315 annealed 
3215 


45-50 


Stainless Steels 

MartUnabllity 

S A E. No. Rating. % 

Iron, stainless, free-cutting, li% Cr . 60 

Steel, stainless. 18-8. 30 

Steel, stainless, free-cutting. 18-8, annealed. 60 


These values are for high speed steel tools turning, forming, drilling, threading, and cutting 
off when a conventional cutting fluid is used. The ratings are based on the machinability of the 
Bessemer screw stock, S.A.B. 1112, as 100%. This corresponds to a cutting speed of about 160 
f.p.m. Annealed means the bar was annealed before cold drawing. If not so indicated they axe 
cold drawn directly from the hot roUed bars. 

The values given are to serve only as a guide and should be changed to suit specifle operations 
and conditions. These values are based on the results of an extensive survey. 
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Table m 

Speeds and Feeds Recommended for Drills of High Speed Steel in Various Metals 
When Cut With a Suitable Coolant 







Tool and 








Alloy 


Carbon 




Hard 



Bronze, 

Steel Drop 

Cast 

Steel Drop 

Mild 

Malleable 

Cast 

Cast 

Size of 

Feed per 

Brass 

Forging 

Iron 

Forgings . 

ms* 

Steel 

Iron 

Steel 

Iron 








DrUl, 

In. 

Revolution, 

In. 

300 

50 

140 

60 

120 

90 

40 

80 








A 

0.003 

18,320 

3,056 

8,554 

3,667 

7,328 

5,500 

2,446 

4,889 

A 

0.0036 

12.212 

2,038 

0,702 

2.442 

4,884 

3,666 

1,628 

3,268 

H 

0.004 

9,160 

1,628 

1,221 

4,278 

1,833 

3,667 

2,750 

1.222 

2,446 

A 

0.0040 

7,328 

3,420 

1,465 

2,934 

2,198 

976 

1,964 

A 

0.005 

6,106 

1,019 

2.852 

1.222 

2,445 

1,833 

816 

1,630 

A 

0.0060 

0,234 

872 

2.444 

1,047 

2,094 

1,570 

698 

1,396 

u 

0.006 

4,676 

764 

2.139 

917 

1,833 

1,376 

611 

1,222 

A 

0.0066 

4,071 

678 

1,900 

814 

1,628 

1,222 

542 

1,084 

A 

0.007 

3,660 

611 

1,711 

733 

1,467 

1.100 

489 

976 

H 

0.0076 

3,330 

655 

1,654 

666 

1,332 

1,000 

444 

886 

% 

0.008 

3,050 

609 

1,426 

611 

1,222 

917 

407 

616 

2 

0.0086 

2,818 

469 

1,316 

663 

1,126 

846 

376 

762 

0.009 

2.614 

437 

1.222 

624 

1,048 

786 

349 

698 

H 

0.0096 

2,442 

407 

1,140 

488 

976 

732 

326 

652 


0.010 

2,287 

382 

1,070 

458 

* 917 

688 

306 

611 

A 

0.0106 

2,035 

339 

950 

407 

814 

611 

271 

643 

% 

0.011 

1,830 

306 

856 

367 

733 

650 

244 

489 

H 

0.0116 

1,665 

277 

777 

333 

666 

500 

222 

444 

% 

0.012 

1,525 

256 

713 

306 

611 

458 

204 

407 

fl 

0.0126 

1,409 

234 

658 

281 

562 

423 

188 

376 

% 

0.013 

1,307 

218 

611 

262 

524 

393 

175 

349 

H 

0.0136 

1.221 

203 

570 

244 

488 

366 

163 

326 

1 

0.014 

1,143 

191 

636 

229 

458 

344 

153 

306 

IVa 

0.016 

1,017 

170 

475 

204 

407 

306 

136 

272 

IV4 

0.016 

916 

153 

428 

183 

367 

275 

122 

244 

1% 

0.016 

833 

139 

389 

167 

333 

250 

111 

222 

IVi 

0.016 

762 

127 

357 

153 

306 

229 

102 

204 

1% 

0.016 

705 

118 

329 

141 

282 

212 

94 

188 

IV4 

0.016 

654 

109 

306 

131 

262 

196 

87 

175 

1% 

0.016 

610 

102 

285 

122 

• 244 

183 

81 

163 

3 

0.016 

571 

95 

267 

115 

229 

172 

76 

153 


Table IV 

Constants for Torque and Thrust Formulas for Various Steels, and Factors for 
Torque and Thrust Conversion When Using the Curves of Fig. 1 and Z 


S^A.e/ Bar /—Torque Formula—> »-^Thrust Formula-- 

No. No. Brlnell C Factor K Factor 


1020 

1 

137 

1,590 

0.865 


0.749 

1045 

2 

159 

1,590 

0.865 

42.000 

0.786 

2320 

3 

163 

1,510 

0.820 

44,000 

0.824 

3120 

4 

143 

1,610 

0.820 

39.000 

0.730 

3135 

5 

192 

1,500 

0.816 

46,000 

0.862 

6150 

6 

187 

1,840 

1.000 

53,400 

1.000 

3250 

7 

207 

1,740 

0.946 

57,000 

1.068 

3140 

8 

196 

1,650 

0.843 

50,000 

0.936 

2330 

9 

202 

1,780 

0.967 

66,000 

1.236 

2340 

10 

207 

1,840 

1.000 

65,000 

1.218 

6120 

11 

137 

2,100 

1.140 

55.000 

1.030 

6130 

12 

156 

2,000 

1.087 

66,000 

1.049 

6140 

13 

163 

2,000 

1.087 

56,000 

1.049 

9260 

14 

202 

1,800 

0.978 

63,000 

1.180 

Cr-Mo» 

15 

156 

1,660 

0.848 

43,000 

0.806 

Cr-Mo» 

16 

166 

1,700 

0.946 

48,000 

0.899 

1096 

19 

154 

2,180 

. 1.184 

69,000 

1.291 

M).S89t 

eat bon. 






*0.28% 

earbon. 
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The total hp. developed at the drill point equals the hp. due to the torque plus 
the hp. due to the thrust as follows: 

3 T TN B f N 

HP = -+ - 

33.000 13 X 33.000 


To illustrate, the in. dia. drill with a feed of 0.015 in., rotating at 175.1 r.pjn. 
(60 f.pjn.) when cutting SAJ:. 6150 steel, has a torque of 110.8 ft-lb. and thrust of 
2.430 lb. Substituting these values in the above equation, would give the total hp. 
as follows: 

3 r n0,8 X 175.1 3,430 X 0.016 X 176.1 

HP =s - +-- 3.692 -h 0.016 = 3.708 

33.000 12 X 33.000 


It is seen that the hp. due to the 
thrust is only 0.016 or only 0.44% of the 
total power developed, so for ordinary 
purposes the hp. output due to the 
thrust may be neglected. The thrust is 
of Importance in design, however. Table 
n shows, however, that the efficiency of 
the machine as determined by dividing 
the input by the output is highest when 
usi n g small drills operating at high 
speed with resulting low values of 
torque and thrust. Similarly, the effi¬ 
ciency is lowest when the torque and 
thrust are high, even though the spe<Kl 
of the machine is less. It has been found 
that torque and thrust are affected but 
little by a change in cutting speed. Ihe 
power, however, is a direct function of 
the speed, as illustrated in the above. 

The hp. per cuin. of metal cut per 
minute is lower for larger values of feed 
and drill diameter. In drilling 
6150 steel with a % in. dia. drill at 0.009 
In. feed, a value of 1.443 is obtained. For 
drilling the same steel with a lU in. 
dia. drill at 0.015 in. feed, the hp. per 
cu.in. per minute is 1.075. 

In another set of experiments” it 
has been shown that, when drilling sev¬ 
eral steels with 11 different types of 
cutting fluids, the equation for torque 
as given above holds for all steels. By 
varsdng the steels or the cutting fluids, 
only the constant is changed, as shown 
in Table V. The formula given for 
thrust above in connection with the 
SAB. 6150 steel holds roughly, but for 
more accurate work considering the 
variation in web thickness w of the drills 
of different sizes, a more accurate for¬ 
mula for thrust was developed as fol¬ 
lows; 

( d + W\»u 

— — I 

6 d/ 

The performance of one cutting 
fluid on one steel does not indicate its 



0// Numbers in Order of Jncreosing Torque 


Fig. 7—The torque required to drill an an¬ 
nealed S.A.B. 1035 steel forging with various drill 
sizes operating at a speed of 60 f.p.m. and with 
cutting fluids as indicated: (1) Dry cutting; 
(2) borax in water; (3) 1 part soluble oil 

to 50 parts water; (4) 1 part soluble oil to 10 
parts water; (5) No. 1 lard oil; (6) light min¬ 
eral oil; 17) heavy mineral oil; (8) 10% lard 
oil; (0) mineral 6% oleic acid; (10) sulphurized 
mineral oil; and (11) sulphurized base oil blended 
1-5 with light mineral oil. 

Fig. 8~~Thrust values required to drill the 
S.A.E. 1035 steel referred to in Fig. 7. 


relative performance on another steel. Actual values of torque and thrust when drill¬ 
ing an annealed S.A.E. 1035 steel with each of 11 cutting fluids are shown in Fig. 
7 and 8. (Also see Cutting Fluids, Part 5.) 

Table V shows the values of torque and thrust for standard H in. and 1% in. 
dia. drills operating in each of 4 steels with 3 cutting fluids. TTie equations for 
torque and thrust and values of the constants also are indicated. 
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Table V 

Torque and Thrust Values When Drilling Various Steels With Twist Drills Abore 
^ in. in Dia. and Three Types of Cutting Fluids 

(d w)*« 

T =r O fo w » B = K « (— + —) 

(6 d) 


Material 

8.A.E. 1020, annealed. 

8.A.E. 1035, annealed. 

Carbon tool iteel, annealed.. 

8.A.E. 3150, annealed. 

8.A.E. Ilia. 


^^In.DU.-- ^l^ln.Dla.-. 
Drill* Drills 


Cutting Fluid 

Torque Thrust 

Torque 

Thrust 

C 

K 

Dry . 

.. 15.96 

875 

123.5 

3,180 

2.186 

906.000 

1-50 emulsion.... 

.. 13.00 

750 

101.0 

2,750 

1,786 

785,000 

Sul. oil. 

.. 10.62 

628 

82.4 

2,285 

1,457 

651,000 

Dry . 

.. 13.45 

769 

104.0 

2.790 

1,843 

795,000 

1-50 emulsion.... 

.. 11.80 

678 

91.6 

2,465 

1,622 

702,000 

8ul. oil. 

9.95 

618 

77.0 

2.250 

1,363 

651.000 

Dry . 

.. 15.25 

897 

118.0 

3,280 

2,089 

933,000 

1-50 emulsion. 

.. 14.00 

895 

108.2 

8.253 

1,918 

927,000 

Sul. oil. 

.. 12.03 

732 

93.2 

2,665 

1,649 

759,000 

Dry . 

.. 16.17 

880 

125.0 

3,200 

2,215 

912,500 

1-50 emulsion. 

.. 14.50 

752 

112.4 

2,740 

1,995 

780,200 

Sul. oil. 

.. 12.38 

648 

95.5 

2,362 

1,696 

673,300 

Dry . 

.. 8.90 

603 

69.0 

2,190 

1,222 

624,000 

1-50 emulsion. 

8.90 

561 

69.0 

2,035 

1,222 

580,300 

Sul. oil . 

.. 8.30 

592 

64.4 

2,150 

1,162 

613,000 


*At O.OOt in. feed and 449 r.p.m. 


^At 0.015 in. feed and 174 r.p m. 


Table VI 


Torque and Thrust Values for Drilling Various Steels Using a 1-16 Emulsion^ 



Torque in ft-lb. = O d» • 


Thrust in lb. = 

K fo w d 


Steel 

.—Values for the Va in. dia. drill—> 
at 0.006 in. feed per revolution 
Torque in ft-lb. Thrust in lb. 

C 

K 

8 A.E. 

1020, annealed. 

. 2.76 

306 

1,740 

104,300 

8.A.E. 

1035, annealed. 

. 2.06 

281 

1,300 

96,000 

0.97% 

carbon tool, annealed. 

. 2.92 

390 

1,842 

133,100 

S.A E. 

3150, annealed. 

. 2.38 

318 

1,500 

108,500 

S.A.E. 

1112, cold finished. 


217 

1,000 

74,100 


Similar values for torque and thrust for drills ranging from in. in dia. 
when operating in the same steels with an emulsion consisting of 1 part soluble oil 
to 16 parts water are shown in Table VI. The equation for torque shown there for 
small drills is the same as that for larger drills shown in Table V. The equation 
for thrust for the small drills shown in Table VI is of a different form, as it does 
not account for variations in web thickness. 


Part 4—Cutting Tools 

A cutting tool is efficient according to the length of time per grind that it will 
cut at a certain speed under given condition (termed tool endurance), to the power 
consumed by the tool in removing the metal, and to the finish it produces. The 
smaller the cutting angle (the greater the rake), the more efficient is the cutting 
action, from a power viewpoint. The sharp lip will not stand up when cutting hard 
metals so well as the blunt Up. The greater the lip angle, the greater the reinforce¬ 
ment to withstand the cutting force, and to carry away the heat generated. The 
large rake tool induces the chip to flow over its face with less distortion, while the 
smaU rake tool pushes the metal off with excessive shear and compression. In gn- 
eral, a tool may fail: 1. By abrasion on the flank below the active cutting edgt; 

2. Because of the development by abrasion of a groove on its face behind the cutting « 
edge, which wears forward to the cutting edge resulting in fairly sudden breaJdng 
off of the cutting edge; 3. By a combination of 1 and 2; 4. By spalling or crumbling 
of the cutting edge; and 5. By losing its hardness because of excessive heat generated 
at the cutting edge. 
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Types 1. 2, and 3 represent normal tsrpes of tool failure. Carbon tool steel tools 
usually fall by the first method when cutting steel and cast iron. High speed steel 
tools fail by the first method when cutting cast iron, but normally by method 2 or 3 
when cutting steel, as Illustrated in Fig. 2. 

Factors entering into the performance of tools are as follows: 

1. Composition; 2. Melting and casting practice; 3. Fabrication: Forged, ground 
from rolled bars, cast and sintered solid, tipped and bits; 4. Heat treatment; 5. Phys¬ 
ical properties: Hardness, ductility, and hot hardness; 6. Tool form, such as profile of 
cutting edge, and various tool angles; 7. Tool sharpness; 8. Metallographic structure; 
9. Tool setting. 

Catting Tool Materials-~Cutting tools must be formed to meet the requirements 
of the material of which they are made. Cutting speeds and the size of the cut 
also must be in accordance with the tool material in order to get satisfactory com¬ 
mercial tool life. Cutting tools are commonly made of carbon tool steel, finishing 
steel, high speed steel. Stellite, cemented carbide, and diamonds. Carbon tool steels 
are used to some extent where light cuts at comparatively low speeds are permis¬ 
sible, in screw machines on free cutting materials where the tool is well cooled, or 
where fmmed tools are stocked for infrequent use. By far the greater majority of 
tools being used are made of high speed steel. The 18-4-1 type of high speed steel is 
the most generally used type for all around work. It is uniform in performance. The 
18-4-2 type steel generally gives slighth^ better performance than the 18-4<-l type. 
The 18-4-3H type of high speed steel is coming into favor for heavy duty work. 
Molybdenum steels, such as 8-4-1 and 8-4-2, also are coming into general use where 
high speed steels are involved. The cobalt high speed steels give up to 25% greater 
production for certain heavy duty jobs. 

Stellite and cemented carbide tools are nonferrous in character. These alloys 
are cast or sintered to shape, and finally ground. Neither can be forged or heat 
treated, and both usually are used in the form of tips welded onto the end of heavy 
steel shanks. Both Stellite and cemented carbide are less ductile than high speed 
stedl and serve best when cutting materials which are abrasive in character. They 
must be groimd with less clearance and rake so as to provide a greater lip angle to 
support the cutting edge. Both should be supported rigidly so as to avoid bending 


Cuitfna Edge 
Angie 

Nose Angie 



Side Pet 


End PelieE Angle 


Fig. 9—Nomenclature of a ground, 
straight cutting edge, right-cut. straight- 
shank, single-point tool. (A.S»a. standard.) 



JruePoke 

Angie 


Up Angie 
Cutting Angie 
PelieP Angie 

^HoNzontoi Bese 


Fig. lO—A section through the ac¬ 
tive cutting edge A-A of Pig. 9 show¬ 
ing nomenclature. 


or chattering. Terminology applied to a ground tool is illustrated in Figs. 9 and 10, 
which represent a typical high speed steel, shank-type tool. 

Performance of Tools—When cutting a given steel, the analysis or treatment of 
the high speed steel tool, as well as its geometric shape, have a bearing on its per¬ 
formance. A series of cutting-speed tool-life tests was run with each of four high 
speed steel tool bits, two of which were of the regular 18-4-1 type of high speed 
steel, the third was a cobalt high speed steel, and the fourth a molybdenum high 
speed steel. When ground to a specific shape for turning dry annealed S.AJ!. 2345 
steel, individual equations were obtained, indicating that the constant, as well as the 
exponent, of the tool life equation is subject to change because of the tool material.* 

Influence of the Tool Shape on Tool Life—For a 60 min. tool life, the cutting 
speed is increased 125% as the radius of the nose of the tool is increased from 
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0-^ in.^* Increasing the side cutting angle similarly shows a great increase in 
cutting speed for the same tool life. Frequently with side cutting angles greater 
than 30° on deep cuts where deep thin chips are taken, chatter is likely to occur. 
This chatter may be eliminated by changing the cutting fluid, the cutting speed, 
the size or shape of cut, and preferably reducing the side cutting-edge angle. The 
speed for a 60 min. tool life is increased 55% as the side cutting-edge angle is in¬ 
creased from 0-60°. The side rake angle similarly shows an increase in cutting 
speed for any given tool life, but when cutting an fumealed SAJB. 2335 steel, the 
maximum speed was reached for a side rake angle of 22°. However, a 70% in¬ 
crease in cutting speed was obtained by increasing the side rake angle from 0-22*. 
When cutting soft steel, the greatest tool life for a given speed is obtained when 
the tool is ground as follows: 8° back rake, 22° side rake, 6° clearance; 6° end-cut- 
tlng-edge, 45° side cutting-edge angle, and % in. nose radius. For harder steel, the 
side cutting-edge and side rake angles should be reduced. 

Influence of Tool Shape on Cutting Force^When taking a cut 0.100 in. deep 
with a feed of 0.0125 in. in an 0.61% carbon steel of 207 Brinell and 99,000 j^eL, 
with a basic tool groimd to 8° back rake, 14° side rake, 6° end cutting-edge angle, 
15° side cutting-edge angle, and A in. nose radius, the cutting force varied as fol¬ 
lows; As the nose radius is increased from 0-^ in., the tangential force remains 
practically imchanged at 395 lb.; the longitudinal force falls from 185-95 lb.; and 
the radial force is increased from 25-150 lb. As the side cutting-edge angle is in¬ 
creased from 0-60°, the tangential force remains practically constant at 395 lb. It 
falls off slightly for the 30 and 45° angles. The longitudinal force is gradually re¬ 
duced from 173-90 lb., and the radial force is increased from 48-180 lb. As the 
side rake angle is increased from 0-40°, the tangential force drops from 440-335 lb., 
the longitudinal force drops from 245-98 lb., but the radial force remains prac¬ 
tically constant. A change in back rake angle from 0-16° produces only a slight 
reduction in tangential and longitudinal forces, but causes the radial force to drop 
from 75-0 lb. 

As the cutting speed is varied for an otherwise given cutting condition, all com¬ 
ponents of the cutting force remain practically constant at the higher speeds. At 
the very low speeds, all values of components vary. The temperature between the 
tool and work, as determined with a thermocouple, rises rapidly \mtil a speed of 
between 10-20 f.pjn., depending upon certain variables, is reached, after which it 
increases in direct proportion to an increase in speed. 

Cutting Fluids — See the article in this Handbook on Cutting Fluids for 
Machining. 
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Abrasive Wheels for Grinding Steel 

By A. Rousseau* 

Introduetion—Grinding has not yet been established as an exact science. 
Although much progress has been made in that direction during the past few 
years, it must still be considered an art. It is not possible to determine by 
mathematics, nor by any other scientific means, the correct wheel for a given 
operation. Tables and charts based on empirical data and experience are of 
considerable value in making first selections, but these must be used with Judg- 
ment» and with an understanding of the general characteristics of grinding wheels 
and of the effect of certain variable factors which are governed by the work and 
operating conditions. 

Grinding Wheel Characteristics—^The characteristics of a grinding wheel are 
dependent on several variables which are under the control of the wheel manu¬ 
facturer. The principal variables are the following: 

1. BJnd of abrasive used. 

X Size of abrasive grains (coarseness). 

3. Process by which wheel is bonded. 

4. Grade of hardness. 

1. There are many kinds of abrasives, known by various trade names, but 
they can all be roughly classified in the two general groups, aluminum oxide and 
sUicon carbide, each of which is adapted to certain types of work. 

Z Approximately 20 more or less standard grain sizes, or degrees of coarseness, 
are in common use. These grain sizes are usually designated by a numeral which 
indicates approximately the number of meshes per linear inch of a screen through 
which the grains will pass. The coarseness of a wheel can be still further varied 
by using obtain combinations of two or more “straight’* sizes. 

3. Five important processes of bonding the abrasive grains are in common use 
—^vitrified, silicate, rubber, resinoid, and shellac. The characteristics of these proc¬ 
esses can be still further controlled by varying the methods of mixing and molding. 

4. Vitrified and silicate wheels can be made in about 18 grades of hardness. 
Most manufactiurers designate these grades by letters, using the first letters of the 
alphabet for the softer grades and the last letters for the harder grades. A few 
wheel makers run their scale in the opposite direction, while still others use 
special code arrangements. 

Rubber, resinoid, and shellac wheels can be made in about 8 or 10 grades, 
but here again there is no standard method of designation. 

Another method of varying the grinding characteristics of a wheel is by con¬ 
trolling the structure or grain spacing. Wheels can thus be made dense or more 
open depending upon the requirements of the operation. Surface grinding, for 
instance, calls for wide grain spacing or “open structure,” while cylindrical grinding 
usually calls for denser structure. 

Work and Operating Conditions—The conditions or factors pertaining to the 
work which are of prime importance in selecting the grinding wheel are the 
following: 

1. Material to be groimd. 

2. Amount of material to be removed and degree of accuracy. 

3. Finish required. 

4. Arc of contact. 

0. Type of grinding machine. 

The effect of these conditions on the grinding operation can be varied greatly 
by other factors which are, to a certain extent, under the control of the user. The 
most important of these variable factors are the following: 

1. Wheel speed. 

2» Work speed (pressure, if off-hand grinding). 

3. Condition of machine. 

4. Skill of workman. 

8. Use of coolant or lubricant. 


^Nortoa Co., Worcester, Mms. 
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Selection of Grindinir Wheel-—Charts 1 to 4 show in a general way the factors 
and rules which affect the selection of the various constituents of a grinding wheel; 
namely, the abrasive, the grain size (coarseness), the process of bonding, and the 
grade of hardness. In using these charts it should be borne in mind that they 
are not laws, but merely empirical rules and as such are sometimes subject to 
modification to suit individual conditions. 

The manufacturers of grinding wheels have classified tables which show the 
application of these rules to specific problems frequently encountered in the grind¬ 
ing of steel. In these tables are designated the grain, grade, abrasive, and process 
used. 

Causes and Prevention of Checking and Cracking—The checking or cracking of 
hardened steel pieces after grinding may be traced to either the heat treatment or 
the grinding operation. 

Some of the sources of trouble in the first mentioned cause are too high heats, 
forcing heats, and carelessness in tempering. 

Improper use of grinding wheels and improper methods of grinding also 
cause difficulty. In some instances it will be found that the wheels used are too 
hard or that too deep cuts are taken in an attempt to get increased production. 
Often the work is ground with an inadequate supply of cooling solution, or the 
solution is not directed to the point of contact. All of these factors lead to the 
generation of considerable heat which cannot be readily dissipated. This heat is 
usually sufficient to cause enough unequal expansion between various points on the 
surface being ground to result in checking. 

The methods of elimmating this difficulty depend upon the conditions sur¬ 
rounding any particular job. Some of the more common remedies are: ' 

1. Softer wheels—lighter cuts—quicker passes. 

2. Greater flow of cooling solution at the point of contact. 

3. Slower wheel speed. 

4. Increased work speed. 

To prevent checking when surface grinding hardened steel with some ^rpes of 
machines, the following preventative methods are used: 

1. Wheels with narrower rim thickness. 

2. Additional supply of cooling solution. 

3. Finer grained wheels. 

This last mentioned factor has solved the trouble in several instances. Several 
tests have been made where a coarse, relatively soft wheel burned the work and 
a finer wheel m approximately the same grade did not bum. An explanation of 
the reason for this may be necessary, as coarser and softer wheels are ordinarily 
recommended to overcome a burning or hard wheel difficulty. 

When surfacing hardened steel with a vertical spindle machine using a cup 
wheel, the depth of cut permissible is naturally limited. The feed that oan be 

Chart I 

Factors Affecting the Selection of the Abrasive 

Carbon steels 
Alloy steels 
High speed steels 
Annealed malleable iron 
Wrought iron 
Tough bronzes 
Tungsten 
Gray iron 
Chilled iron 
Brass and bronae 
Aluminum and ocpgieir 
Marble 
Granite 
Pearl 
Rubber 

T^ofl^Ar 


Use aliuninum oxide 
grinding wheels for 
materials of high ten- 

Physical properties of the mate- sile strength, 
rial to be ground. 

Use silicon carbide 
grinding wheels for 
materials of low ten¬ 
sile strength. 
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taken Is governed absolutely by the ability of the abrasive grains to penetrate 
the surface of the metal. It is difficult to force large grains of abrasive into 
hardened steel. They can only penetrate a small percentage of the over-all siSe 
of the grain, not enough in fact to pull the grains out of the wheel face. As a 
result they become dull, do not cut, slide over the surface of the steel, and then 
when a little more feed is applied they start to bum the work. With a fine grained 
wheel the depth of cut more nearly equals the size of the grains and that allows 
them to be pulled from the wheel before they become too dull to cut any further. 
Also in a finer wheel there are more grains to a square inch of cutting surface, 
tenoe the material removed per unit of time is greater. 


Chart n 

Factors Affecting the Selection of the Grit 


A. Amount of material to be removed — 

B. Finish desired. 


(Use coarse wheels for fast removal 
( of stock.* 

Use fine grain for fine finish. 


{ Use coarse grain for ductile mate¬ 
rials and finer grain for hard, 
dense, and brittle materials. 


Chart III 

Factors Affecting the Selection of the Grade 
(Degree of ►Hardness) 


A. Physical properties of materialto be ground. 1 materials 

I and vice versa. 


B. Arc of contact 


The shorter the contact, the harder 
the wheel should be. 


I The higher the ratio of work speed to 

C. Wheel speed and work speed.| wheel speed, the harder the grade should 

[ be and vice versa. 


D. Condition of grinding machine.. 


(Machines in poor condition require harder 
/ wheels than machines in good condition. 


E. Skill of operator 


Skillful operators can use softer wheels 
than unskilled—^softer wheels mean more 
economical production. 

Piece-work grinding usually requires harder 
wheels than day work. 


Chart IV 

Factors Affecting the Selection of the Process 


A. Dimensions of Wheel. 

B. Rate of cutting. 

C. Finish desired. | 

I 


Wheels subjected to bending strains should 
be made by resinoid, shellac, or rubber 
process. 

Extremely thin abrasive saws must be made 
by the resinoid, shellac or rubber process. 

Wheels over 42 in. in dia. are usually made 
by the silicate process. 

Use vitrified wheels for most rapid cutting 
at speeds imder 6,500 si.pjn.; use resin¬ 
oid, or rubber wheels at higher speeds. 

Use shellac or'rubber wheels for highest 
finish, where rapid production is not a 
factor. 

Use silicate wheels for cutlery. 


•An exception to thli rule le made in the ease of very hard or tough steels, especially when 
surface grinding. On such work liner wheels sometimes remove stock more rapidly than coarse 
ones. 
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Cemented or Sintered Hard Carbides 

By A. MacKenzie* 

General—Cemented carbide products are customarily produced by mixing pow¬ 
dered constituents consisting of one or more metallic carbides with a lower melting 
point cementing or binding material. The mixed powders are pressed in a wide 
variety”of shapes, usually in steel molds under hydraulic pressure. To facilitate 
handling and forming, the pressed pieces may be ''preslnter^,'' in which condition 
they can be shaped with steel tools. After such shaping, final hardness is obtained 
by heating to a higher temperature. Both sintering operations are made in a 
furnace having a nonoxidizing atmosphere. 

Powdered Constituents—The powdered constituents in general use are mono¬ 
carbides of tungsten, tantalum, and titanium, or combinations of these. Cobalt 
and nickel are the most common lower melting point cementing agents. In some 
combinations, minor percentages of other metallic substances are added or are 
present as contaminations. 

Cemented tungsten carbide, with cobalt as the binder, is—^and has been—the 
predominating combination. The cobalt content varies in accordance with the 
desired combination of properties. Combinations of tantalum carbide, tungsten 
carbide, with or without tungsten metal powder, and with nickel as the binder, 
also have desirable properties in the opinion of Philip M. McKenna. 

Technique—Carbide—The carbides are ordinarily formed by adding carbon in 
the form of lampblack to the powdered metal or oxides, then heating in a suitable 
atmosphere to temperatures usually ranging from 1500-2400®C. The proper com¬ 
bination of time and temperature for carbon absorption is different for each element. 

The carbide, before mixing with the cementing material is in a finely divided 
state with varied size of particles, a maximum particle size of 15 microns being 
usual. 

The Cementing Material and Its Introduction to the Carbides—The prime 
cementing material, cobalt, is produced in powder form, generally by reduction at 
low temperatures from the oxide. 

Intimate mixing of the metallic powder, so produced with one or more of 
the carbide powders, is attained by ball milling. One purpose of milling is to coat 
all carbide particles with a film of cementing material. The time of ball milling 
varies for each type of product, but as a rule it increases as the binder content 
decreases. 

In some processes, it is reported that the ball mill lining is of the same material 
as the final binder in the cemented carbide, and that the binder is obtained from 
this lining. In such processes, the time of milling is so established that the 
proper amount of binder is incorporated during the milling period. 

Pressing—At this stage in the process, the powders are given definite form. 
The usual pressing operation is one in which the powder is placed in a hardened 
and ground steel mold, then compressed under hydraulic pressure. Varying pres¬ 
sures are used, but the common practice is from 15-30 tons per sq. in. 

The practice is to press a slab or ingot approximately 1-1% in. wide by 7-11 in. 
long, and in various thicknesses. 

In special cases, particularly wire drawing dies, molds are made to press specific 
sizes and shapes. 

In all cases, with this process, the molds and powder are handled at room 
temperatures. In the art, the process is known as the cold press method. 

Another process, not now widely used for production purposes, is known as the 
hot press method. This involves pressing and sintering the powder simultaneously. 
This process uses carbon molds inserted between electrodes and heated by resistance. 
The pressure is applied simultaneously through carbon plungers diuring the heating 
cycle. These carbon molds can be machined to predetermined shapes, but, in the 
majority of cases, can only be used for pressing one piece. This method is not 
as amenable to control as the cold press method, and is more cosily. 

Presintering or SemisinteriTig—These terms are in use to indicate the heating 

*Carbolosr Dept., Cleveland Wire Works, General Electric Co., Cleveland. 



910 


CEMENTED OR SINTERED CARBIDES 


step in the process which slightly hardens the pressed pieces so they can be 
handled and shaped. 

The pressed pieces, as removed from the molds, are placed on graphite slabs 
and put into electric muffle furnaces with suitable atmospheres and at tempera¬ 
tures of about 850^C. 

Forming—On removal from the presintering furnaces, the pressed pieces can be 
turned in lathes, or cut to definite shapes or forms, with ordinary tools. At this 
stage, the material might be classed as chalk-like, although much more abrasive. 

The density of semislntered cemented tungsten carbide material is about 9, 
while the sintered material will run up to or above 15. 

A substantial shrinkage in volume takes place during the final sintering 
operation, so in forming or shaping this shrinkage must be allowed for. 

SlnterirmF—This is accomplished by heating through a definite cycle under con¬ 
trolled atmospheric conditions. The product, in this step, attains its final physical 
state. 

For sintering in an electric furnace, the formed pieces may be placed in carbon 
boats and passed through the furnace under definite time and temperature con¬ 
trol. The time and temperature will vary, depending on the comp^tion of the 
material being sintered, and the size of the mass. 

For the furnace atmosphere, hydrogen is in general use, although other gases 
having nonoxidizing characteristics are, and can be, used. Vacuum is sometimes 
resorted to, especially with combinations rich in tantalum carbide. 

The phenomena causing change in dimension and ph^'slcal characteristics 
during the sintering operation are complex; and not completely understood. 

Wyman and KelleyS reporting on their study of the action of the cementing 
material in cemented tungsten carbide, concluded **that the binding constituent 
in the cemented tungsten carbide materials usually reaches the liquid state during 
the final sintering operation, at which time it consists of tungsten carbide dissolved 
in cobalt. It is believed that upon solidifying this cobalt-rich cementing material 
remains as a solid solution of tungsten carbide in cobalt.'’ 

S. L. Hoyt* in a description of the forces set up during sintering, suggests that 
“the formation of a liquid phase, which wets the surface of the carbide particles, 
sets up tensile forces of surface tension that tend to pull these particles together.” 
There are known instances of approximately a 2 in. total linear shrinkage starting 
from a 16 in. length. 

Minute porosity is encountered in most cemented carbides. Some reasons are: 
Entrapped gas; impurities; improper rate of heating; Improper particle distribution; 
or improper pressing technique. Much progress in eliminating these defects has 
been made by the various manufacturers through better raw material and process 
control. 

Properties of Cemented Carbides—The physical properties vary with the dif¬ 
ferent combinations of constituents. In addition, physical properties for the same 
combinations, can be, and are, changed by processing. 

The values listed in Table I are representative of specific compositions and 
processes only. They do not necessarily represent the ultimate properties in iden¬ 
tical combinations. The various values given for each combination are not neces¬ 
sarily taken from the same specimen. 

According to S. L. Hoyt, the modulus of el^ticity on a 13% cobalt sample 
has been determined by A. L. Kimball, of the General Electric Research Labora¬ 
tory, to be 79,000,000 p^., with an accuracy of about 0.5%. This is higher than 
any other known material, and is well above tungsten, which has a modulus of 
60,000,000 psL, and which, In turn, has twice the modulus of steel. On composi¬ 
tions of high tantalum carbide content the Research Laboratory of the Vanadium 
Alloys Steel Co., reports a modulus of elasticity of 56,000,000. 

8. L. Hoyt states that J. V. Emmons, of the Cleveland Twist Drill Co., deter¬ 
mined the torsional modulus of elasticity on a 13% cobalt sample as being 17,250.000 
psL, and of highspeed steel as being 8,150,000. The highspeed steel was har¬ 
dened at 2350^F., after 30 seconds and drawn at 1040^F. for 30 minutes. The siase 
tested in each case was 4% in. long by 0.310 in. diameter. 
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Table I 





Properties of Cemented Tungsten Carbide 



Cobalt. % 

3 

6 

9 

13 

30 

Density g. per cc. at 2X*C. 

Modulus of rupture as determined by trans- 

15.04 

125.000 

14.82 

205.000 

14.56 

250.000 

14.10 

300,000 

VSM 

Rockwell A hardness on C scale with 60 kg. 


load .-. 

91.0-93.0 

1380* 

90.0-92.0 

1450* 

88.5-91.0 

1365>> 

87.0-S9.5 

1255>> 


Vickers Brlnell number... 

Shore monotron No.*. 

756*» 

190 

145 


130 

Electrical resistance, microhms per cm. cube 



at 20*C. 

21.3 

21.1 

22.3 

19.6 

29.2 

Temperature coefflcient of resistance, for in¬ 

terval 20-30*C. 

0 0047 

0.0045 

0.0043 

0.0044 

0.0038 

Coefflcient of thermal expansion, per *C. over 

range 20-400*C. 




6.0x10-* 



(4»/2%Co.) 

890.000 

680,000 

730,000 

.1 


Oomoresslve strength in Dsi.o. .. 


540,000 






•10 kg. load. «Pigure8 are the load to produce a penetration of 0/5000 In. The 190 reading waa 
bSO kg. load. for a 6% Co. pressed hot. while the 145 and 130 readings were for 6% and 

13% Co. 


<Dr. P. W. Bridgman, Harvard University. 


The thermal conductivity of a 13% cobalt sample has been determined by 
H. A. Robinson at the Massachusetts Institute of Technology, and found to be 
0.652 watts per cm. per sec. per *C. with a deviation of ± 0.025. This conduc¬ 
tivity is about 50% greater than that of tool steel. The thermal conductivity of a 
tantalum carbide composition (78% TaC) is about 0.224 watts per cm. per sec. per 
®C. as determined by William Newcomer of the Vanadium Alloys Steel Com¬ 
pany Research Laboratory. 

Cemented Tantalum and Titanium Carbides—Commercial cemented tantalum 
grades range from tantalum carbide with a binder to grades having varying per¬ 
centages of tantalum carbide and tungsten carbide plus the binder. 

For certain applications, the commercial grades of cemented tantalum carbides 
have advantages over cemented tungsten carbide grades in resistance to certain 
types of corrosion. 

In addition, cemented tantalum carbide has a lower coefficient of friction 
against steel than cemented tungsten carbide. This is a beneficial characteristic 
in the application of the material to steel cutting, as the heat generation is les¬ 
sened and the resistance to loading, or cratering on the cutting edge, is appre¬ 
ciably increased. 

Cemented carbides containing titanium carbide are predominately, in so far 
as weight is concerned, tungsten carbide with the titanium carbide as a minor, 
though potent, constituent. Grades containing titanium carbide have been de¬ 
veloped and are being used for steel cutting applications. 

Properties of Tantalum and Titanium Carbide—^Physical properties of repre¬ 
sentative combinations of the cemented tantalmn carbide grades and the ce¬ 
mented titanium grades are listed in Table II. 

Product Control Methods—^Hardness, density, strength, and microscopic exam¬ 
ination are used for production contiol and experimental evaluation. In addition, 
held tests, under actual operating conditions, are extensively used for determining 
the merits of new combinations. 

Hardness Detemtinatiorir^The most commonly used method is the Rockwell 
test. The manufacturers of cemented carbides have established an arbitrary stand¬ 
ard using the standard diamond penetrator and reading on the C scale, but with 
the 150 kg. major load removed, using instead the 60 kg. major load. This new 
standard has become known as the **A” scale. No mathematically exact conver¬ 
sion figures from the Rockwell A to the Rockwell C scale exist. 

To assure proper hardness readings on cemented carbides requires careful 
preparation of the sample. All surfaces on which readings are to be taken should 
be ground, and pireferably lapped, parallel to the ground, and lapped bottom 
surface. It is difficult to obtain proper readings on cemented carbide parts while 
brazed to. or held, in steel supports. Hardness values for a given carbide content 
usually increase as the binder content decreases. 
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TMile n 

Properties of Tantalum and Titanium Carbides 


Hardness. 
Rockwell A 

Combination Scale 

Density 

g./cc. 

Modulus of 
Rupture, 
psi. 

Piedominately tantalum carbide plus 13% binder. 

87.0 

13.55 

175,000 

equal amount of tantalum carbide and tungsten carbide plus 
13% binder . 

87.2 

13.85 

250.000 

Predominately tungsten carbide plus tantalum carbide and 
13% binder .. 

87.5 

13.91 

275.000 

80% tantalum earblde, 12% tungsten metal, 8% nickel. 

88.4 


250,000 

75% tantalum (Columblum) carbide. 13% tungsten metal. 
12% nickel .4. 

88.3 


275.000 

72% tantalum (Columblum titanium) carbide, 20% tungsten 
metal, 8% nickel . 

91.0 


185.000 

Predominately tungsten carbide plus titanium earblde and 
13% binder . 

89.8 

12.80 

250.000 

Predominately tungsten carbide with Increased amount of 
titanium earblde and 13% binder. 

90.0 

11.96 

240,000 

Predominately tungsten earblde with increased amount of 
titanium earblde and 13% binder. 

90.0 

10.10 

180.000 


Hardness values should not be used as indicators of cutting tool or die effi¬ 
ciencies, especially where a comparison of one carbide combination with another 
is being made. Under properly controlled manufacturing conditions, little or no 
variation in hardness for a given grade should be encountered, so this method 
is valuable for control purposes. 

Density Determinations —^This test is the usual water displacement one of 
weighing piece dry and then in water, using an analytical balance, and calcu¬ 
lating the density from the difference in weight. This acts as a check on con¬ 
stituents and porosity against previous standards or theoretical densities. 

In the cemented tungsten and tantalum carbide combinations, the density 
increases as the binder decreases. With combinations having sufficiently high 
titanium carbide, the density will decrease as the binder decreases. 

Strength —^The hard cemented carbides possess little or no ductility. The 
strength is measured by calculating the modulus of rupture or maximum stress 
in the outermost fibre by means of test bars ruptured transversely. Values as high 
as 400,000 psL for 13% binder, and 280,000 psi. for 6% binder, have been attained. 
Comparable readings on high speed steel have been 400,000 psi., and on superhigh 
speed steel up to 600,000 psi. 

Microscopic Examinaffon—Samples of cemented carbides are examined and 
photographed at magnifications up to 1500. 

Samples of cemented carbides may be prepared for microscopic examination 
by first grinding with a silicon carbide or a diamond impregnated wheel, then 
lapping with No. 5 diamond dust or a fine diamond Impregnated wheel, and then 
polishing with a fine diamond dust. 

An etching solution containing equal parts of a 10% solution of KOH (Potas¬ 
sium Hydroxide) and a 107o solution of KaFe(Cn)e (Potassium Perricyanide) is 
one of the solutions in use. The length of time for etching is from 3-5 min. 

Application of Cemented Carbides—The use of cemented carbides can be divided 
into three classes: (a) As a die material; (b) as a cutting tool material; and (c) 
as a wear and corrosion resistant material. 

(a) Die Applications—These materials are generally used for the drawing of 
bars, rods, wire, and tubing, and in a wide variety of sizes and shapes. Extrusion, 
sizing, deep drawing, forming, eyelet, and burnishing dies, as well as mandrels, are 
also widely used. 

There are few restrictions for this die material, except size, as it is used with 
many materials and for many operations. Some examples may be listed as follows: 

For the cold and hot drawing and extrusion of wire, bars, and tubing from 
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high and low carbon steels, alloy steels, stainless steels, tungsten, molybdenum, 
nickel, and nickel alloys, aluminum alloys, copper, brass, zinc, and specious metals. 
For the extrusion and sizing of bolt and screw stock. For the drawing and 
forming of eyelets, lamp bases, metal radio tubes, shells, and ferrules. For nut 
burnishing. 

(b) Cutting Tools—Cemented carbides are used for macliining all types of 
metallic parts made from cast iron, aluminum, brass, bronzes, copper, babbitt, 
zinc, and all their alloys. In addition, they are extensively used in machining 
nonmetallic materials and resinous products such as hard rubber, celluloid. Bake* 
lite, asbestos fibre, casein, vegetable ivory, porcelain, linoleum, catalon, Jd^uBonite, 
wo(^, and carbon. 

Steel cutting with cemented carbides presents more hazards because chip or cut 
pressures are generally much higher than with cast iron. A phenomenon asso* 
elated with these increased cut pressures, and which leads to early failure, is 
cratering or loading. This is the result of fragments from the chip welding to 
the ^1 material and causing minute particles to break out. In time, as the 
crater Increases, the cutting edge breaks away and the tool fails. 

Tantalum carbide and titanium carbide compositions resist this cratering much 
better than cemented carbide compositions containing only tungsten carbide and 
a binder. 

Progress has been made in steel cutting with these cemented carbides. 
Certain types of application, such as precision boring of automotive and other 
type connecting rods, as well as the many applications involving light finishing 
cuts on the harder types of steel are successfully carried out. The number of 
applications on steel cutting are definitely increasing. 

Types of Tools Usedr-A partial list of the many types of tools that are being 
tipped with cemented carbide is given below. The size of single purpose tools in 
the various classifications will vary from % in. square or round up to 3 and 4 in. 
square. 

Single point turning, boring, facing, chamfering, and planer tools 
Grooving tools for straight and form grooving. 

Form tools—flat and circular. 

Blades for inserted type milling cutters, adjustable reamers, and saws 
Drills, both flat and spiral. 

In addition, multiple tipped solid shank tools are in use such as— 

End mills Core drills 

Side mills Spotfacers 

Hollow mills Counterbores 

Profiling cutters Valve seating tools 

Multiple tipped form and grooving tools Broaches 

Step drills Saws 

Reamers of many types 

Although each Job has its peculiar characteristics and no one value can be 
given which covers a whole class of work, a recent report of the Subcommittee on 
Metal Cutting Materials of the A.S.MJI.* indicates average production increases 
through the use of cemented carbides as being: 

Cast iron—10-300%, the average being about 60%. 

Steel—'Increases^ of from 10-60%, with the average about 35%. 

Aluminum, braM, bronze, special alloys, and other nonferrous materials indicated. Increase front 
a minimum of 15% to a maximum of 600%. 

The same report Indicated saving in cost of production as follows: 

Cast iron—from 5-76%, averaging about 28%. 

Steel—from 5-50%, averaging about 22%. 

Other materials—from 20-76%, averaging between 20 and 40%. 

* The same report also has the following to say about cutting speeds: 

“Cutting speeds, feeds, and depths of cut being used successfully, vailed greatly. 
About all that it is possible to do here is to give an idea as to the average qieeda 
being employed on various materials. 

“On east iron roughing outs, the cutting speeds ran all the way ttem 56 ft. 
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per min. up to 500 ft. per min., the average being about 175. On finishing cuts, 
the speeds were from 70-580 ft. per min., the average being 245 ft. per min. 

**On brass and bronze, the cutting speeds ranged from 150-2,250 ft. per min., 
average about 510. On soft steels, the speeds ranged from 95-400 ft. per min., 
average about 200. On hard steels, the speed range was 40-300, average 135. The 
tendency was toward high speeds and light feeds in general.'* 

Suggestions for Handling Cemented Carbide TooZs^—A few general suggestions 
on handling of cemented carbide tools together with general recommended cutting 
angles follow: 

(1) General HondZfnp—When handling cemented carbide tools, care should be 
taken not to abuse the carbide Up. Do not drop the tool or tap the tip with a 
hammer while setting up. Carbide tools can stand a certain amount of abuse, 
but consideration should be given at all times to the fact that cemented carbides 
are hard, and, usually, easier to break than steels. 

(2) Setting I/p—In setting up a Job, the customary procedure may be followed 
in general. There are. however, certain factors which must be observed to get 
the greatest performance from cemented carbide tools. Briefly, these are as follows: 

(«) Keep the tool overheng et the absolute minimum which will allow the tool block to clear 
the work. 

(b) Use the proper size tool for the Job. Do not use small bits and tool holders for large work. 
<e) Use only the tool holders specially developed for cemented carbide tools. These are designed 
to keep the base of the tool on a horizontal plane, 
td) Set tools to cut on the center line of the work. 

(3) Depth Of Cuf— 

<a) In all cases, the depth of cut should never exceed the length of the cemented carbide tip. 

In other words, all contact with the work should be against the cemented carbide tip 
and not permitted to extend into the steel shank. 

<b) In general, on jobs where a large amount of stock is to be removed, the capacity ^ the 
machine, rather than limitations of the cemented carbide tool, usually govern tbO depth 
of the cut. 

•(c) When machining castings with tough scale, cemented carbide tools can take a light cut just 
under the scale and stand up for economical periods. Because of this, castings can be 
made closer to finished size than when using steel tools. 

(d) Where the thickness of metal to be removed is not great, frequently the rough and finish 
cuts, or rough and semifinish cuts may be combined when using cemented carbide tools. 
<e) When starting cut on irregular pieces, use care to avoid excessive depth of cut. 

(4) Feed—When starting cemented carbide tools on a new job, it Is usually 
desirable to start with a ^ reduction of feed less than previous practice with 
high speed steel tools) and increase imtil the most economical feed Is reached. 
Speeds, of course, must be considered when adjusting feeds. (See Speed below.) 
In general, the following should be observed: (a) Always disengage feed before 
stopping work (or if work is stalling), (b) In starting on irregular pieces, use 
care to avoid excessive feed. 

(5) Speed—In general, it is suggested that you start cemented carbide tools 
at approximately double the speed used for high speed steel tools on the same 
application. From this point on, the most economical speed will depend upon the 
condition of the machine tool, output requirements, the relation of the operation 
to subsequent and preceding operations, the grinding and the set up time, and 
the number of pieces obtainable between grinds. It is obviously impossible to set 
/lown any definite figures of exact speeds recommended, due to variable factors 
on every Job and variations in the material itself to be machined. But with the 
knowledge that speed can be increased greatly with cemented carbide tools, and 
in most cases at least 100%, satisfactory practice on the particular requirements 
can be quickly established. 

(6) When to Use CoolantS’-AJse of cemented carbide tools does not alter the 
rule for use of coolants. Use the same practice previously employed. One factor 
should be observed, however. When using coolants, it is absolutely essential that 
a heavy, continuous flow be provided to prevent alternate heating and cooling of 
the tool. 

(7) Chucks, Clamps, and Holding Devices—Chucks, clamps, and holding devices 
should hold the work solidly to prevent loosening during the machining operation. 
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This is particularly necessary at the higher speeds used with cemented carbide 
tools. 

(8) GriTufinfir—To obtain the greatest value from cemented carbide tool invest¬ 
ment, tools should be reground before they become dull to the actual point of 
failure. By so doing, it is usually only necessary to remove a few thousandths 
from the tip to renew the cutting edge. Occasional stoning will also be found 
helpful in increasing the life of the tool. Special silicon carbide stones are avail¬ 
able for this purpose. In addition, special diamond Impregnated stones, or hones, 
as well as silicon carbide and diamond impr^nated grinding wheels, are available. 
Diamond impregnated wheels are proving satisfactory for the resharpening and 
maintenance of cemented carbide tools. Proper maintenance of tools by users 
is essential to the successful use of cemented carbides. 

(9) Interrupted, or *‘Jump*\ Cuts—Cemented carbide tools are being used with 
satisfactory results on interrupted cuts. However, lower speeds should be used 
than on continuous cutting. On severe jobs, the design of the tool should provide 
greater support for the tip than is ordinarily required. 

Design RecommendatioTis—Proper support is the most important requirement 
to be considered in the design of cemented carbide tools. Being hard, and usually 
not so strong as steel tools, the cemented carbide tip must have adequate support 
to perform efficiently. Based on this general requirement, the following conditions 
for rake angles and clearances should be provided: 

(a) Avoid all sharp angles which throw the stress upon an unsupported section of the cemented 

carbide tip rather than into the shank. 

(b) For clearance angles, provide only the absolute minimum necessary to clear the work. 

(c) For rake angles, the correct design is that which keeps all angles at a minimum consistent 

with the cutting qualities desired. Design of previous tools may be used as a guide In 
determining where angles are necessary, but the degree of angles should be kept to an 
absolute fninfinum. In general, it will be found that the angles used on previous tools 
may be substantially reduced without Jeopardizing the cutting qualities of the cemented 
carbide tool. 

The following recommendations may be used as a general guide in determin¬ 
ing correct angles. Those recommended may, of course, vary according to the 
individual requirements of any given Job, but the figures shown will give some 
indication of correct cemented carbide tool practice: 



Clearance 

Side Rake 

Bock Rake 

Aluminum . 



20*-40* 

All other nonferrous. 


6*-15« 

e* 

Ferrous metals (except steel). 


3*-W 

0*- 4* 

Nonmetollics. 


6»-16» 

3*- €• 

Steel . 


10*.20* 

4*-l0* 


(c) Wear and Corrosion Resistant Applications-—The cemented carbides are 
being used where localized wear or corrosion is a problem. This classification 
includes small tools, as well as parts and accessories for production machines. 
Typical applications are as follows: 

Lathe and grinder oenteri (male and female). 

Lathe work and follow rests. 

Centerless grinder work rest blades. 

Grinder lingers, profiles, and cams. 

Gages of oU types, micrometers, indicator 
points. 

Colling guides, colling arbors. 

Guides, all kinds, for the wire, paper, textile, 
and shoe industry. 

Valve stems and seats for hydraulic presses 
and refrigerators. 

Ball valve and seats for oil well and other 
type pumps. 

The cemented carbides are limited to the smaller applications of the above 
general type and should not be considered for such items as tank linings, gear 
teeth, or tractor treads. 

An interesting application is the use of a cemented tungsten carbide grade 
as a contact material on relays and transmitters in telegraphic systems. 


Meter fingers and pawls. 

Sandblast nozzles. 

Burnishing tools and dies. 

Chilling plates for the hardening and tem¬ 
pering of thin stock. 

Straightening and fiattenlng dies or blocks. 

Mold liners for pharmaceutical, ceramic, and 
powdered metal arts. 

Grinder parts for the fine grinding of point 
pigments, carbon products, and other 
abrasive materials. 

Brlnell balls. 
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The fact that certain cemented carbides have compressive strengths higher 
than other known materials has been instrumental in furthering a new field of 
experimentation by which pressures of 60,000 kg./cm.* are being applied to solids, 
and the parameters of any transitions measured. This work Is being conducted 
currently by P. W. Bridgman^ at the Research Laboratory of Phsrsics, Harvard 
University. The cemented carbide material is being used as the pistons for apply¬ 
ing the high pressures used. 

Fabrication of Dies, Tools and Wear Resistant Parts—The cemented carbides 
are applied to the above type applications as solid pieces, or generally as inserts 
brazed or mechanically attached to steel or other supporting members. The attach¬ 
ing and processing of the cemented carbides after final sintering is described 
below. 

Dies and Mandrels—•'The nibs or inserts, as removed from the sintering fur¬ 
nace, are generally ground on all outside faces to given dimensions and to close 
tolerances. The small groimd die nibs are press fitted into alloy steel, stainless 
steel, Monel or bronze cases. 

The large ground die nibs are put in alloy steel casings while the casing is 
at an elevated temperature. On cooling, the steel case shrinks around the die 
nib and holds it securely. 

This procedure is also used for holding cemented carbide die nibs which have 
been made in more than one piece. Shaped dies and exceptionally large round 
dies are generally fabricated in more than one piece. 

Other methods in use for the holding of die nibs are: Casting of a case around 
the nib; forging of a case around the nib; and in some instances a brazing pro¬ 
cedure is followed. 

Cemented carbide tipped mandrels generally have the tip in the form of a 
cylinder. This cylinder is held mechanically by means of a closely fitted screw 
threaded into a heat treated shank. 

After the cemented carbide nibs or inserts are mounted in the supporting case, 
they are finished to the form, size, and polish desired by the use of powdered 
abrasives. The powdered abrasives in general use are diamond, boron carbide, 
and silicon carbide, and their ability to remove stock is the order listed with the 
diamond occupying the pre-eminent position. 

The diamond powder is obtained by crushing, or breaking up, small industrial 
diamonds known as bortz. This crushed product is graded into several grades of 
powder by floating the diamond particles in olive oil under definite controlled 
time schedules. Boron carbide and silicon carbide powders are generally graded 
by sieving. 

Special drilling and polishing equipment, using above abrasives, as well as 
technique, has been developed and is in general use for the manufacture and 
recutting of cemented carbide dies. 

Tools, Wear and Corrosion Resistant Parts—The same general technique is 
followed for tools and wear resistant parts, so both are included under the one 
heading. 

Cemented carbide tools and wear resistant parts are generally made up with the 
cemented carbide as a tip or insert. The remainder of the tool is generally a steel 
shank or holder. 

In some instances, the cemented carbide is used as a tool or part without a 
supporting Integral unit. These parts, however, are generally clamped, or inserted, 
into steel holders of one kind or another. 

Brazing is the method widely used for attaching the cemented carbide tip, or 
insert, to the steel shank or holder. The brazing media in general use are copper, 
tobin bronze, and silver solders with suitable fluxes for each. 

Most production brazing Is done in either an electric or gas furnace which Is 
generally of the muffle type. Whether' gas or electric, the furnace should have a 
nonoxidizing atmosphere. 

Many users satisfactorily braze their own tools using oxy-acetylene or oxy- 
hydrogen torches. 

The shanks are generally made from steels having a carbon content of from 
0.40-0.60% and of the low alloy type. A wide variety‘of steels can be used with 
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average success, but to date it has been found that a silicon manganese ste^ of 
the chisel steel type has the best all around properties. 

The final grinding is usually done on standard tool room equipment, using 
silicon carbide or diamond impregnated grinding wheels. When necessary, the tool 
edges can be lapped, either with a cast iron disc and diamond powder, or with 
a diamond impregnated lapping wheeL 
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Cutting Fluids for Machining* 

Part I 

DefinlUon—<;utting fluids, frequently referred to as lubricants or coolants, con¬ 
sist of those liquids, solids, and gases which are applied to the material being cut 
and the tool to facilitate the cutting operation. Suggested lubricants for cutting and 
forming dies operations are discussed in Part II of this article. 

In metal cutting, it is desirable to have high cutting speed, long tool life, 
low cutting temperature, low power consumption, the best surface finish, and freedom 
from corrosion. In different operations these factors vary in importance and usually 
some are obtained at the expense of others. For instance, in heavy roughing cuts, 
temperatures as affecting distortion and surface finish are. of little consequence. In 
screw machine work, however, surface finish, dimensional accuracy as affecting 
interchangeability, and long tool life are of great importance. For each case, desired 
results are obtained by varying the tool material and shape; the cutting speed, 
feed, and depth of cut; the structure of the material cut; and the cutting fluid. 

Purpose of Cutting Fluids—A cutting fluid is used for the following pur¬ 
poses: 1. To keep the tool cool and prevent it from being heated to a temperature 
at which the hardness and resistance to abrasion are reduced. 2. To keep the work 
cool, thus preventing it from being machined in a warped shape resulting in inac¬ 
curate final dimensions. 3. Possibly through lubrication to reduce the power con¬ 
sumption, wear on the tool, and the generation of heat. 4. To provide a good finish 
on the work. 5. To aid in providing a satisfactory chip formation. 6. To wash 
away the chips (this is particularly desirable in deep hole drilling, hacksawing, 
milling, and grinding). 7. To prevent corrosion of the work and machine. 8. 
To lubricate moving machine parts close to the cutting tool. 

Classification of Cutting Fluids or Coolants—Cutting fluids and coolants may 
be divided into the following classes: 1. Air used as suction or blast. 2. Water, 
either plain or containing an alkali. 3. Emulsions of a soluble oil or paste. 4. Oils, 
such as mineral, fixed, compounded, and sulphurized. 

Types of Cutting Fluids and Their Applications—^Air as a suction is often used 
with internal and surface grinding and polishing operations or on grinding and 
boring operations on gray iron. Its main purpose is to remove the small chips or 
dust from the air, although some cooling is obtained. 

Aqueous solutions, containing up to 1 or 2% by weight of an alkali, such as 
borax, sodium carbonate, or trisodium phosphate, have high cooling properties and 
have sufficient corrosion prevention properties for some jobs. They are inexpensive 
and are sometimes used for grinding, drilling, sawing, light milling, or turning 
operations. 

Emulsions consist of an emulsifying soluble oil or paste emulsified with water 
in the ratio of 1 part oil to 10-100 parts of water, depending upon the type of 
product and the operation. This is low cost cutting fluid and is used for practically 
all types of cutting and grinding when machining all types of metals. The richer 
mixtures of oil and water, such as 1-10, are used for broaching, threading, and gear 
cutting, where an oil is not required to secure the desired surface finish or machine 
lubrication. For most operations a solution of 1 part soluble oil to 20 parts water 
will be satisfactory for turret lathe work, some screw machine work, gear bobbing, 
and drilling. Leaner mixtures may be used on simple turning or drilling operations. 
Lean mixtures, such as 1-50 or up to 100, may be used on some drilling and most 
grinding operations. In many instances the concentration of the emulsion is deter¬ 
mined by the rust prevention requirements of the metal being machined or the 
lubrication requirements of the machine and not by the actual machining operation. 

A variety of oils are used for metal cutting. They are used where lubrication 
rather than cooling is essential, or where a high grade finish is desirable, although 
sometimes superior finishes are obtained with the emulsions. 

Sulphurized oils are used generally as cutting fluids for rapid production involv¬ 
ing good surface finish and close tolerances on metals difficult to machine. These 
sulphurized oils may be classified into three groups as follows: 

1. Sulphurized mineral oils—^These cutting fluids contain up to 4% active sulphur In straight 
mineral oil. 


^Prepared by the Subcommittee on Cutting Fluids. The membership of the subcommittee was 
as follows; O. W. Boston. General Chairman; Joseph Geschelln, Chairman; M. N. Shepherd, 
H. L. Molr, C. B. Harding, G. P. Bowers, Floyd Frltts, A. c. Starling, W. D. Huffman, J. M. Jackson, 
C. L. Foreman, H. B. Martin, Raymond Haskell, W. R. Oldacre, B. M. Slaughter, Maurice Reswlck, 
and M. W. Reynolds. 
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2. Sulphurized compounded oils—^These oils are combinations of fatty oils, such as lard, rape- 
seed, degras, sulphur, and petroleum oils. 

3. Sulphurized base oils—These are concentrates containing relatively high percentages of 
sulphur compounds which the user blends with mineral oil to meet individual requirements. 

Sulphurized oils are used extensively in broaching, gear cutting, automatic screw 
machine work involving threading and tapping on straight carbon or alloyed steels 
and hot rolled steels. They are satisfactory also for machining stainless steel, high 
nickel alloys, and copper. 

In addition to the above, various chemicals such as phosphorus and chlorine 
compounds may be used in cutting fluids. Graphite, mica, white lead, and similar 
solids are sometimes used. (See Part II for further applications of cutting fluids 
for copper, aluminum, steel and zinc. 

Quantity of Cutting Fluid—Best results are obtained when any of the cutting 
fluids are applied to the work and tool in ample quantities such as 3-5 gaL per min. 
for each single point tool. 

Part n 

Lubrication of Metals for Fabrication and Cutting 
By B. H, McGar* 

Aluminum—When drawing light gage aluminum, a petroleum oil having a 
viscosity of 100-200 seconds Saybolt at 100®F. will give satisfactory results, or a solu¬ 
tion composed of 75% petroleum oil with a 200 viscosity and 25% lard oil with a 
maximum free fatty acid content of 3% may be used. On light gage difficult draws, 
a lubricant composed of 50% high viscosity petroleum oil and 50% lard oil having 
a total free fatty acid content of 3% is satisfactory. For heavy gage aluminiun, 
use straight low free fatty acid oils. 

For cutting ordinary aluminum, a solution composed of 50% kerosene, 40% lard 
oil with a low free fatty acid content, and 10% of a chlorinated solvent such as 
carbon tetrachloride or trlchlorethylene is used. Attention should be called to the 
toxicity of these solvents and they should be used with caution. When using free 
machining aluminum, a compound composed of 75% low viscosi^ petroleum oil 
and 25% lard oil may be used, or 1 part of sulphur base oil compoimded with 9 parts 
of light petroleum oil. (See also page 1315 the article on Machining Aluminum 
and Aliuninum Alloys.) 

The above lubricants may be removed from the articles in a modem vapor 
degreasing equipment. This may be followed by washing in a mild, properly in¬ 
hibited alkaline cleaner at a temperature not to exceed 185**F., thorough rinsing in 
clean water, and drying. 

Copper and Copper Alloys—As an aid in forming, stamping, and drawing strip 
brass or copper, a suitable lubricant must be used. For most operations, a 3% 
aqueous solution made from a good grade of soap chips will furnish an excellent 
lubricant. The solution should be kept slightly warm so as to prevent it from 
forming a gel. For more Intricate operations, it is sometimes necessary to use a 
3% water solution of a compound composed of approximately 30% water, 30% free 
fats, and 40% soap. Compounds of this general character are readily obtainable 
on the market. 

Previous to the drawing operation, the strip brass or copper can be completely 
submerged in the lubricant and drained, or the solution can be applied with a swab 
or, better still, applied by felt rollers which pick up the lubricant and distribute it 
evenly over the surface of the strip as it is fed into the press. Partly formed or 
drawn articles are immersed in the solution and allowed to drain before again 
b^ing placed in the press for redrawing. 

Regardless of whether the article is to be left in the as-drawn condition or 
later annealed, it is good practice to wash the articles shortly after drawing to 
prevent red stains. The lubricant can be removed from the article in a suitable 
alkaline cleaner, which may be composed of a proper mixture of caustic soda, soda 
ash, trisodium phosphate, and sodium silicate, together with a wetting agent. Usually 
3-5 oz. of cleaner are added to 1 gallon of water and used at approximately 
The articles are then thoroughly rinsed hi cold and hot waters and dried. 

A satisfactory lubricant for cutting, drilling and tapping leaded or free cutting 
brasses is a light machine oil sometimes known to the trade as pale paraffin oil, 
having a viscosity of about 100 seconds Saybolt at 100°F. One part of sulphonated 
soluble oil to 10-20 parts of water may also be used. When it is necessary to machine 
nonleaded brasses, mixtures varying from 75-90% of machine oil and 10-25% of lard 


*Asslstant Director of Research. Chase Brass A Copper Co., Inc., Waterbury. Conn. 
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oil may be used. Copper is more difficult to machine than brass, but various satis¬ 
factory lubricants are used, such as 3 parts of this machine oil and 1 part of lard 
oU, or 1 part of highly sulphurized fatty oil, so-called sulphur-base or sulphonated 
oil and 10 parts of light machine oil. Also, a satisfactory lubricant can be made 
to adding materials such as tricresylphosphate to machine oil to improve the film 
itnisbgth. (See also the article on Machining Copper Alloys.) These lubricants may 
le r&ioved in a vapor degreasing equipment using trichlorethylene, or in alkaline 
cleaner solutions made by using 3-5 oz. of the cleaner per gal. of water, and main¬ 
taining the bath at about 185'’F. After the cleaning operation, the articles should be 
thoroughly rinsed and dried. 

Magnesium—See the article on Machining Magnesium and its Alloys. 

Nickel—See the article on Machining High Nickel Alloys for the lubricants 
used. 

Steel—When drawing, fonning or stamping soft light gage steel sheet or strip, 
a suitable lubricant can be compounded by adding M lb. of deodorized fish oil soap 
to 1 gal. of water, or by using light petroleum oil that has a viscosity of 100-200 
seconds Saybolt at lOO'^F. Satisfactory results may also be obtained by applying 
a heavy emulsion composed of 1 part naphthenic base soap to 4-5 parts of water. 

When a deep or intricate draw is required, a solution made of 1 part of drawing 
compound consisting of 20-25% soap, 40-45% free fats, 35% moisture and 3 parts of 
water will be found satisfactory. Some operators prefer to use a solution com¬ 
posed of 5 parts of water and 1 part of filled drawing compound, the latter being 
composed approximately as follows; 15% soap; 20% filler (such as tale, fine clay, 
calcium carbonate, barium sulphate); 30% free fats; and 35% water. 

For light drawing of medium gage sheet steel, 1 part of filled drawing com¬ 
pound in 2 parts of water is suitable. Also, a solution made by adding ^ lb. of 
deodorized fish oil soap to 1 gal. of water may be used. When deep drawing the 
heavier gages, it is common practice to use filled compounds composed of 40-60% 
filler and 40-60% free fats without dilution. It is also possible to use straight sulphur- 
base oils for such operations. When selecting a lubricant for the above operations, 
some care and thought should be given to the subsequent operations and what 
t 3 rpe of finish will be ultimately applied to the article, as the cleaning problem may 
present difficulties. 

High carbon and alloy steels may be cut, threaded, or milled, using various types 
of lubricating compounds. When heat transfer and chip removal are of primary 
importance the work should be Hooded with a solution made by adding 1 part of 
soluble cutting oil to 9 parts of water. The soluble cutting oil may be composed 
of 15-20% naphthenic base soap and 80-85% petroleum oil of 200-500 viscosity. 
Various proprietary compounded oils of the chlorinated type may be also effectively 
used. If a smooth finish and long tool life are required, 1 part of sulphur-base oil 
and 9 parts of light petroleum oil may be used. A mixture of lard oil and turpentine 
in varying proportions is used for machining hard steel and for drilling. 

When cutting and machining low carbon steel, 1 part of soluble cutting oil base 
and 19 parts of water is satisfactory, or 1 part of sulphur-base oil with 15-20 parts 
of light petroleum oil may be used. Likewise, a lubricant composed of approximately 
90% mineral oil, viscosity 250 seconds Saybolt at 100°P., and 10% lard oil, maximum 
free fatty acid content of 3.5%, will be found satisfactory. Sometimes free fatty 
acid (1-5% oleic acid) is used as compounding. 

The sulphur-base oil and petroleum oil can be removed from the articles by 
using a modem vapor degreaser. This operation is sometimes followed by cleaning 
the articles in a good grade of alkaline cleaner. Frequently articles that are machined 
with soluble oils as a lubricant are not cleaned, as the film of oil remaining acts as 
a rust preventative. 

Zinc—Zinc may be successfully drawn in a 3-5% aqueous chip soap solution; 
sometimes it has been found beneficial to add to this solution a small portion of lard 
oil. The lubricant may be applied to the sheet zinc in any of the ways mentioned 
under copper and brass. 

When it is necessary to machine, cut or thread zinc, a solution composed of 1 
part of neutral sulphonated soluble oil base and 14 parts of water has been found 
satisfactory. The drawing and cutting solutions can be cleaned from the zinc articles 
by washing in a mild, properly inhibited alkaline cleaner made up by adding 3-4 oz. 
of cleaner to 1 gal. of water and maintaining the temperature at approximately 
180*F. After the washing operation the articles should be thoroughly rinsed In hot 
and cold waters and then dried. 
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Cutting of Metals* 

(Gas and Electric Arc) 

Cutting of MetalsH-Gas—Gas cutting of ferrous metals is a process of preheat¬ 
ing the material to be cut to its kindling or ignition temperature and then rapidly 
oxidizing it by means of a closely regulated jet or stream of oxygen Issuing from a 
special tool called a cutting blowpipe or torph. Hence, the process is primarily a 
chemical one, based on the remarkable chemical affinity of oxygen for ferrous 
metals, when raised to or above the kindling temperature. 

The chemical reaction which results when commercially pure oxygen is brought 
into contact with most steels or iron, at kindling point, is an active one. In the 
case of carbon steel, the metal is preheated to a bright red color, in daylight, reached 
approximately between 1400 and leoo^F. The gases supplied and the rate of pro¬ 
gression of the cutting should be closely regulated for accurate control. 

Only the metal within the direct path of the oxygen jet is acted upon. In 
linear cutting, or severing, a narrow race or kerf, as it is usually called, is formed, 
having uniformly smooth and parallel walls. Under skilled workmanship, using 
mechanically guided cutting torches or blowpipes, cutting tolerances as to square¬ 
ness and longitudinal alignment of the cut surface may be held within close limits. 

The faces or walls of the kerf, in the commonly used carbon steels, are not 
injured by the cutting operation. On the contrary, their strength and toughness 
are slightly improved. The heat effect upon the metal resulting from normal cutting 
operations rarely penetrates more than approximately 0.1 in. below the cut surface 
In any case. 

In addition to the chemical reaction in cutting, there is a noticeable and helpful 
mechanical eroding effect produced by the kinetic energy or motive power of the 
cutting ogygen stream. This washes away considerable of the molten metal in 
unconsumed or metallic form and adds to the efficiency and economy of the 
process. 

With this process, heavy cuts can be made with practically the same economy 
as cuts made in the lighter gages. Heavy sections, heretofore uneconomical to cut 
by any of the mechanical cutting processes are readily and smoothly cut with oxygen. 

In addition to linear gas cutting or severing, several other types of controlled 
oxidation are in use, which employ the free burning reaction of oxygen with ferrous 
metals raised to kindling temperature, to provide further facilities for severing, 
shaping, and working with such materials. One application, known generally as 
‘‘oxygen lance cutting”, utilizes a relatively long section of small diameter iron pipe. 
The end of the pipe is ignited and kept so by a stream of oxygen flowing through 
the pipe. This furnishes preheat as well as free oxygen for cutting, thus forming a 
lance-like cutting tool which is used primarily for emergency and heavy duty 
cutting, such as opening up furnace tap holes. 

Another application of gas cutting is known as “flame machining”. This 
method is used primarily to surface ferrous metals in much the same way as a 
planer or milling machine. The cut does not penetrate through the work, as in 
severing or linear gas cutting. 

Chemistry of Gas Cutting—Oxidation of Ferrous Afctals—The oxide of iron 
formed in gas cutting is a black, brittle substance, identical in composition with 
hammer scale or magnetite ore. Its chemical formula is Pe, 04 . This latter substance 
contains a smaller proportion of oxygen than rust or red iron oxide, FesO|. As indi¬ 
cated in Fig. 1, the completed equation for the oxidation reaction in gas cutting is: 

3 Fe + 20a = Fes 04 + 26,691 calories 

Three atoms of iron (Fe) combine with two molecules of oxsrgen (Os) to pro¬ 
duce one molecule of magnetite (Fes04). In this oxidation reaction, 1593 calories 
per gram or 2870 B.t.u. per lb. of iron are produced, which represent the calorific 
energy of the iron. As the atomic weight of iron (Fe) is 55.84 and the molecular 


•This article was prepared under the sponsorship of the International Acetylene Association, 
who appointed a special committee to handle the work. The International Acetylene Association 
felt that in order to do full justice to the subject, they should invite electric welding experts and 
users to join their committee. The full membership of the committee was as follows: C. W. Obert, 
Chairman, The Linde Air Products Go.; S. V. David, Air Reduction Bales Go.; L. D. Meeker, 
General Electric Go.; E. W. P. Smith, Lincoln Electric Go.; A. Q. Wlkoff, Union Carbide Com¬ 
pany; O. H. Jennings, Westlnghouse Electric & Mfg. Go.; H. L. MaxweU, E. X. du Pont de Remours 
A Go., Inc.; and W. L. Warner, Wetertown Arsenal. 
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weight of oxygen (Oi) Is 32, It follows that the relative weights of the Iron and the 
oxygen In magnetite (FetOt) are as 16742 Is to 64.00, or as 2.618 Is to 1. Or, 
expressed otherwise, 1 lb. of oxygen will oxidise or consume 2.618 lb. of purs Iron. 
Oxygen, at 70*F. and 1 atmosphere pressure, has a volume of 12.07 cuJt. per lb. 
and pure Iron weighs 0.285 lb. per cu.in. Based on these constants, the following 
data may be computed: 

1 lb. ozyg«n will oxidise 3.618 lb. or 9.186 ou.in. of pure Iron. 

1 cu.ft. oxygen will oxidise 0.317 lb. or 0.761 ou.in. of pure iron. 

1 lb. of pure iron requires for oxidation 0.383 lb. or 4.610 cu.ft. of oxygen. 

1 cuJn. of pure iron requires for oxidation 0.109 lb. or 1.314 ou.ft. of oxygen. 

In actual gas cutting, the iron or steel removed from the kerf is, as already 
noted, not entirely oxidized or consiuned by the oxygen, but, due to the eroding 
effect of the cuttbg oxygen Jet, about 30*40% of the metal is washed out of the 
cut, as unconsumed or metallic iron. Owing to this fortunate circumstance, it is 
not uncommon to obtain satisfactory cuts with a cutting oxygen consumption of 
even somewhat less than one cuit. of oxygen per cu.in. of material removed from 
the kerf. This, as may be seen from the above data, is more than 30% better than 
the theoretical figure, based on chemical reaction alone. 

Carbon steels contain such elements as carbon, manganese, and silicon in com¬ 
bined form but in prcq;)ortions that have little or no influence on the oxidation of 
the metal in gas cutting. These are oxidized or dissolved in the slag without inter¬ 
fering with the progress of the cut. However, certain alloy steels contain chromium, 
nickel, and other elements in sufficient amounts to have a marked retarding effect on 
the oxidation reaction. The luicombined or graphitic carbon in cast iron has a 
si mi l ar infiuence. Such materials are harder to cut with gas and reqiiire special 
technique. 

Combustion of Fuel Gases~<A number of higher flame temperature fuel gases 
have been employed for cutting ferrous metals, with varying degrees of success. The 
more important of these are: Acetylene, hydrogen, city gas, natural gases, coke oven 
gas, ethylene, and the lighter petroleum distillates, including methane, ethane, 
propane, and butane. Table I gives combustion constants for certain of these fuel 
gases. 


Table I 

Combustion Constants of Fuel Gases 


Flame 

Chemical Equation for Com- Heat Value Temp. With 

Name of Oas plete Combustion B.t.u. per cu.ft. Oxygen, *F. 


Acetylene. jCzHj + 2 M 1 O 2 = 2 CO 2 + H 2 O 1433 net 6300 

Hydrogen. H 2 + ^Oa = H 2 O 275.1 net 5400 

City gas.Typical mixture 300- 800 net 4600 

Natural gas.Typical mixture 800-1200 net 4600 

Coke oTen gas.Typical mixture 50O> 550 net 4600 

Methane.C H 4 + 20s = COi + 2 HsO 913.8 net 5000 

■thane.CsHa + 3^0a = 2 CO, + 3 HaO 1631 net 5100 

Propane.CaHs + 50a = 3 CO 2 + 4 HaO 2309 net 5300 

Butane.C 4 H 10 + O^Oa = 4 COa + 5 HaO 2999 net 5300 

■thylene.C 2 H 4 4* 302 = 2 COa + 2 HaO 1530 net 5100 


Aside from hydrogen all of these fuel gases are hydrocarbons and, as shown 
in Table I, give off carbon dioxide (COa) and water vapor (HaO) as products of 
complete combustion. They may be burned in different manners, but, when used 
for gas cutting, the combustion is made to take place in the way that will develop 
maximum flame temperatures. For quick starting and rapid progress of a cut hot 
preheating flames are a prime essential. This condition is fulfilled by designing 
cutting torches or blowpipes to bum the fuel gases on the Bunsen principle and to 
premix commercially pure oxygen Instead of air with them before combustion. The 
substitution of oxygen in place of air for the primary combustion results in a notable 
increase of flame temperature of the fuel gas, as the nitrogen, constituting nearly 
four fifths of the air, must not be heated by the flame when oxygen is used. In 
Lhe case of acetylene, a hot and short flame, with an easily distinguished, bright 
inner cone is produced, the hottest point being at the inner cone tip. Hydrocarbon 
gas flame structures are of a complex nature, with a multiplicity of cones, caused 
by the successive chemical reactions taking place in different stages. 
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Depending: on the ratio of oxygen to fuel gas in the mixture, the characteristie 
of the flame produced may be carburizing, neutral, or oxidizing. The neutral flame 
results when just sufficient oxygen is supplied to complete the primary combustion 
in the inner flame cone, giving carbon monoxide (CO) and hydrogen (Hi) as 
products. Neither of these two gases has any tendency to carbtirize or oxidize 
molten metal, but are neutral to it. Regardless of the amount of primary oxygen 
supplied, complete combustion in the inner flame cone is impossible since, at such 
extremely high temperatures, carbon dioxide and water vapor are unstable and 
dissociate or revert back in part to carbon monoxide, hydrogen and oxygen. This 
dissociation limits maximum attainable oxy-fuel gas flame temperatures, which 
otherwise might go much higher. 

Maximum flame temperatures are obtained with strongly oxidizing flames, 
which type, therefore, are generally used for gas cutting. Oxidizing flames preserve 
the general appearance of neutral flames, but their inner cone is shorter, *‘necked 
in” on the sides and not so sharply defined. Due to dissociation, the products of 
the primary combustion in the inner cone of excess oxygen flames consist of carbon 
monoxide, carbon dioxide, hydrogen, water vapor, and free oxygen, in proportions 
depending upon the amount of excess oxygen premixed with the fuel gas. 

The secondary combustion of the fuel gas takes place in the outer or envelope 
flame. Here, any carbon monoxide or hydrogen contained in the primary combus* 
tlon products complete their combustion to carbon dioxide and water vapor, respec¬ 
tively, as the lower temperature is insufficient to cause dissociation of these latter 
compounds. The necessary oxygen required for completing ihe secondary combus¬ 
tion in the envelope flame is taken from the surrounding air by diffusion into the 
zone. 

Table II gives optimum gas ratios and equivalent volumes of oxygen and 
acetylene, city gas. natural gas, and propane required for gas cutting the same 
work at the same speed. 


Table II 

Equivalent Fuel Gas and Preheating Oxygen Volumes for Cutting 


Optimum Ratio Oas Consumption per hr. 

Name of Fuel Oas Oxygen to Fuel Oas Preheating Oxygen Fuel Oas 


Acetylene . 1.7-1 17 It 

City gas . 0.75-1 56 75 

Natural gas . 3.0 -1 56 28 

Propane. 4.5-1 54 IS 


The data in Table II applies only when each fuel gas is utilized at its maximum 
efficiency. In practice it is difficult for the operator to adjust the gas ratio of other 
gases than acetylene to even approximately correct values. Because there is no 
definite starting point, such as the neutral flame in the case of acetylene, even 
an experienced operator frequently adjusts the gas ratio of the flames utilizing other 
fuel gases to much higher gas ratios than the best values indicated by Table n. 
Obviously this involves the use of much more oxygen than otherwise would bet 
required. With acetylene, the change in the size and brilliance of the flame when 
adjusted to the oxidizing side of the neutral flame is great enough to make it quite 
unlikely that any operator will employ appreciably higher oxygen-acetylene ratios 
than necessary. 

Furthermore, when certain other fuel gases are used, the oxygen requirements 
for the cutting Jet are also greater than when acetylene is used. This is particularly 
true where the preheating gas consumptions are large and the resulting gases ot 
combustion are sufficient to pollute the cutting oxygen Jet. In such cases a noticeable 
deterioration in the cutting efficiency may ensue. 

Combustion of Acetylene—As acetylene is the most widely used fuel gas for 
cutting, its combustion will be described in greater detail. Table I and m show the 
chemical equation for the complete combustion of acetylene to be: 

0,H, + 2%0, = 2COa + HaO + 542,700 B.t.U. 

In other words, 1 molecular volume of acetylene unites with 2H molecular volumes 
of oxygen to form 2 molecular volmnes of carbon dioxide and 1 molecular volume 
of water vapor, with a liberation of 542,700 B.t.u. of heat. 

Most hydrocarbons are exothermic, generating heat dining formation and absorb- 
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ing the same amount of heat during combustion. But acetylene is highly endo¬ 
thermic, absorbing heat during formation and liberating it again on burning or 
decomposing. The endothermic heat liberated by acetylene is in addition to that 
pzp^^ by the combustion of its component elements. The total heat generated 
is in Table in. 


Table m 

Heat Produced by Complete Combustion of Acetylene 


B.t.u. per C«. 

Reaotloa B.t.u. Per Ft. at 60*F. ft of 

Formula Molecule and 1 Atmos. Total 


Bndothemle ..CaHa = 3C4-B^ 86.600 338 16.0 

Carbon .30 + 30a=:TC0a 353.000 938 64.8 

Bfdrogaa .Ha + ^Oi s HaO 104.100 377 19.3 

Total beat of combustion. 643,700 1.433 100.0 


Acetylene contains the highest percentage of carbon (92.3% by weight) of any 
common gaseous hydrocarbon compound. This, coupled with its exceptionally large 
endothermic heat, gives it the highest flame temperature by a wide margin of 
any known fuel gas. 

Oxygen Purity—High purity oxygen is essential for rapid and efflcient cutting. 
Even a small percentfige of impurities in oxygen causes a great loss in its cutting 
quality. Tests of machine cutting 12 in. mild steel billet in the laboratory, imder 
Identical conditions, using oxygen from 97.5-99.5% pure, gave results summarized 
in Table IV. The results demonstrate clearly the importance of high purity oxygen 
for cutting. 

TabM rr 

Effect of Oxygen Purity on Consumption 


--Oxygen Conaumptlenk-- 

Cu.ft. per 

P art l y , % Linear Foot Cut iMnaae. % 


99.S . 45.5 

99.9 . 49.6 9.8 

96.8 . 55 80.9 

iS.O ... 63 38.6 

97.8 . 73 60.5 


Effect of Gas Cutting on Steels—In gas cutting, a slight depth of metal imme¬ 
diately adjacent to the cut face is raised to a bright red heat or considerably above 
the critical range. As the cut progresses, the steel cools again through this range. 
The speed of cooling is dependent upon the heat conductivity of the surrounding 
metal, radiation losses, and the fact that the heat is applied only momentarily at any 
given point, the cutting torch being kept in constant motion while cutting. Where 
the steel being cut is. at room temperature, the rapidity of the cooling is sufficient to 
actually have a chilling or quenching effect on the cut edges, particularly in the case 
of heavier cuts involving laige masses of cold metal. 

When polished and etched specimens are taken from gas cut edges and examined 
under the microscope, the material is found to be altered when compared with the 
original metal. However, the change is largely a physical one, concerned with 
crystalline grain structure. The normal peavlltic steel is transformed into one or 
more of several structiures ranging from spberoidized carbides in the ferrite to the 
harder constituents, depending upon the particular chemical composition of the 
steel cut and the rate of cooling following the cutting operation, as well as the 
carbon content and the alloying elements present. Also, an alteration in grain 
dimension at the gas cut edge Is induced, due to the intensity of the heat developed 
by the cutting to render the grains either ledger or smaller than the unaffected grain 
behind the cut edge. 

Low Carbon and Mild Carbon SteeU-^Oss cutting of carbon steels at normal 
temperatures containing less than 0.35% carbon is not detrimental. Indeed, gas 
cut edges of such steels are suitable for any tises where edges prepared by any of 
the mechanical methods of severing, as for example planing, milling, shearing, fric¬ 
tion sawing and grinding, are employed. Gas cut edges are adapted to applications 
involving stresses, such as mech8^<^ calking and holes in wbich tqbes are to be 
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expanded or rivets driven. Clean, smooth gas cut edges of low or medium carbon 
steel plates or forgings actually have physical properties that render them superior 
to sheared, planed, or otherwise mechanically prepared edges. 

An investigation of the conditions which develop when the fusion welding proem 
is applied to gas cut edges, conducted a few years ago by the A.SM;E. Boiler Cow 
Con^ttee, produced such conclusive results that all restrictions in the Boiler Code 4 
pertaining to welding on gas cut surfaces were removed. The wording of the Code 
requirement, which was adopted in 1935 for incorporation in the Power Boiler and 
Unflred Pressure Vessel Sections, is as follows: 


••Preparation for Welding—-The plates may be cut to size and shape by machining or sheari^ 
or by flame cutting if the carbon content does not exceed 0.35%. If shaped by flame eutU^, the 
edges must be uniform and smooth and must be freed of all loose scale and Slag aeeumuliUloiie 
before welding. The discoloration which may remain on the flame-cut surface U not considered 
to be detrimental oxidation." 

Where edges are gas beveled to form a vee for welding, and later are welded 
together, either by oxy-acetylene blowpipe or electric arc, the heat of the welding 
operation acts to dissolve all previously formed marginal structures and operates to 
anneal the metal for an appreciable depth below the cut surface. Any change in 
structure that the preceding cutting may have produced in and adjacent to the cut 
surface is therefore obliterated. 

Tests of flame cut edges of low and medium carbon steels to determine their 
physical properties, such as hardness, microstructure, resistance to impact, and 
ductility have shown that they are satisfactory for almost any type or character 
of mechanical treatment or service. 

Higher Carbon and Alloy Steels —Gas cutting of higher carbon and alloy steels, 
particularly at room temperature, may produce a thin layer of hard material on 
the cut surfaces which may not be sufficiently ductile to withstand the stresses set 
up in cooling without cracking, or imposed by the subsequent use of the part cut. 
As the steel is momentarily highly heated by the torch at the cut edges it tries to 
expand but is restrained by the adjoining cold metal. The action called **upsetting** 
results. Later, when cooling occurs, contraction of the upset metal may develop 
severe ftresses in tension along the cut edges. With these steels, the ductility may 

not be sufficient to prevent 


JSrtd Wew of 



Sech'on at Line of Cut Across the Cut 


Pig. l-~Chemistry of oxy-acetylene cutting. 


incipient cracks and checks 
which can prove dangerous 
in service, as they are apt 
to develop into large frac¬ 
tures. 

Preheating and Anneal¬ 
ing-Experience has shown 
that if these higher carbon 
and alloy steels are pre¬ 
heated and in certain cases 
annealed afterward, no 
cracks will occur on the cut 
edges. Naturally, with the 
adjoining metal preheated, 
the difference in expansion 
between it and the metal 
heated during cutting is less 
and **upsetting*’ is greatly 


reduced or eliminated. 


Preheating Flames Certain steels may be 

l Primary Combustion In Inner Flame Cone preheated to as high as 

OiHt + 2 CO + _ lOOO'^F. or moreforgascut- 

l y. acetylene +1 ?. oxygen=2 ▼. carbon monoxide +1 t. hydrogen ^ However, care must be 

a Secondary Combustion In Bnyelope Flame exercised not to carry the 

(a) 2 CO + Of s 2 coi preheating too far, as the 

a V. carbon monoxide + It. atmospheric oxygen= a v.carbon dioxide metal may develop tOO 

<b) ^Ot = HaO great an affinity for the 

1 T. hydrogen + % v. atmospheric oxygen =1 v. water vapor cutting oxygen jet at de- 

vated temperatures, thus 

«iig<Ti g it to act erratically and prevent proper control of the cut. Special pre- 
should be taken In cutting particularly thick preheated sections to see that 
the work Is done as quickly as possible after the piece has been withdrawn frmn the 
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furnace. This avoids having the interior considerably hotter than the metal at the 
surface, which condition may arise if the piece is allowed to partially cool in air 
before cutting. In the latter case, the oxygen jet may start its penetration without 
much difficulty, but upon entering the interior of the section fail to go through and 
cause a flare-^up in the cutting. This stoppage,is due to the hot center, which 
oxidizes so readily that a cavity or pocket may form on the Inside of the piece. 
Where this occurs, a slight lowering of the cutting oxygen pressure often will be 
found to clear up the trouble. 

To obtain the most efficient use of the oxygen and, at the same time, leave the 
steel in the best condition, a preheat temperature of 500-600'*F. ordinarily should 
suffice for carbon ste^. The additional expense that accompanies preheating is 
compensated for by the more rapid rate at which preheated steel can be cut. 

Annealing completely restores the original pearlitic structure of the steel at the 
cut edges, wherever this may be desired, and removes any internal stresses set up 
in the metal. If carried out, it should be done immediately after cutting. Annealing 
temperatures suitable to the type of steel in the piece are employed. These tempera¬ 
tures are ordinarily in the neighborhood of 1250-1450‘'F. Annealing time depends 
on the grade of the steel, its thickness and shape. 

When preheating has been used before flame cutting, the majority of steels 
do not require annealing. This applies to the steels which harden only when rapidly 
quenched from temperatures above the critical point. However, the air hardening 
steels must be annealed or cooled very slowly after cutting, if preheated. The low 
alloy, high strength steels of nickel, silicon, and manganese grades usually are in 
this category. For these it is essential that the postheating does not exceed the 
critical point. 

Flame So/feninp—Flame softening is a localized and progressively applied oxy- 
acetylene heat treatment, similar in its physical aspects to flame hardening, but 
directly opposed in its objective. The results of flame softening are similar to those 
obtained by preheating in a furnace, but the effect can be restricted to a small 
area and the process is comparatively simple and economical. 

Flame softening can be applied in any one of several ways. In some cases it 
is of advantage to preheat the metal locally prior to cutting; in others the heat 
treatment is applied after cutting, either directly to the cut surface or to the metal 
adjacent to the cut. The most effective and economical method to employ depends 
upon the dimensions and composition of the metal to be treated, as well as upon such 
factors as the service for which the metal is intended and the results sought. 

Mechanical Effects of Gas Cutting—Properly performed gas cutting on carbon 
and low alloy steels produces accurate results. Top and bottom edges of cut are 
sharp and width of kerf uniform. Surfaces of cut may be smooth and square and be 
produced without “drag” lines. Precision obtainable depends upon: (1) The cutting 
equipment and procedure employed. <2) The cutability of the material. Other 
mechanical effects of gas cutting result from warping, due to the expansion and con¬ 
traction of the steel in heating and cooling. When a part is locally heated, as in gas 
cutting, it may warp, unless: (a) Its stiffness or cross sectional strength is sufficient 
to resist the forces set up. (b) It is held in place by clamps or weights while 
cutting and cooling, (c) It is multiple cut simultaneously or in rapid succession 
about its neutral axis, thus equalizing the forces set up and neutralizing their effect, 
(d) The cutting operation is immediately and progressively followed by rapid cooling 
or quenching with a suitable mediiun. 

Plates of % in. thickness and above are seldom warped or buckled by gas cutting, 
unless imduly long and narrow. In such simple operations as cutting off rods, bars, 
rails, piping, structural shapes, and similar lengthy materials, warpage is not involved. 
So-called “skip-cutting” is frequently used in splitting narrow materials, such as 
flat bar stock and structural I-beams and channels to prevent warpage. In this 
method, the cut is made to skip at intervals, depending on the work, leaving a series 
of uncut sections along the line of cut, each about % in. to 1 in. long. These uncut 
ligaments hold the material in line imtil cooled, whereupon they are cut through to 
separate the parts. Sometimes simultaneous cuts, made with two or more torches, 
moved together along parallel lines, are used to eliminate warpage, increase produc¬ 
tion and reduce costs. For some operations, such as beam splitting, water quenching 
is an effective check to warpage. Where great accuracy is demanded in over-all 
dimensions of larger cut parts, suitable correction factors must be applied in making 
the cutting layout, particularly where the steel is preheated. 

Gas Cutting Equipment—Oas cutting equipment consists ordinarily of the cut¬ 
ting torch or blowpipe with separate cutting tips of different sizes, oxygen and fuel 
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gas hose with connections, oxygen and fuel gas pressure regulators, and gas cylinders. 
The pressure regulators usually are equipped with cylinder and working pressure 
gages. Cutting oxygen regulators are designed especially to deliver oxygen I n 
volumes and at higher pressures and, hence, usually are fitted with 400 psL workiDg 
pressure gages. 

Where larger quantities of oxygen are required, oxygen cylinders often are 
manifolded. Acetylene generators, rather than cylinders, are used where the con¬ 
sumption Justifies it. For such installations, distribution pipe lines frequently are 
employed to carry both gases to the various points of consumption throughout the 

premises. For machine gas cutting, the 
torch is held and operated mechanically, 
but its essential features and the acces¬ 
sory equipment remain unchanged. To 
assure safety and efficient results, the 
manufacturer’s instructions for setting up 
and operating the equipment should be 
followed closely in each case. 

Gas Cutting Processee—Flame CuU 
ttnp—The primary use for gas cutting 
is that of severing. With this process, 
the cut is made through the material 
as at (a). Fig. 2, leaving the cut edges 
in a plane usually at 90° to the surface 
of the part cut. The cutting tip pref¬ 
erably is held perpendicular to the sur¬ 
face, as shown, although in certain cases 
it may be tilted somewhat along the 
line of cut. For bevel cutting, the tip 
is tilted to the required angle or a bent 
tip is used, but the cut still penetrates 
through the material. These processes 
are widely known as *Tlame Cutting.” 

Flame Machining —process utilizes the same fundamental principle of 
chemical reaction, but the cutting oxygen stream is made to impinge on the woric 
at a more or less acute angle, as at (b). Fig. 2; in some cases almost tangentially. 
The cut is not permitted to penetrate through the work, as in severing, but is 
restricted to removal of a predetermined depth and width of material from the 
smface by oxidation, as indicated. The various gas cutting processes are class i fied 
in Fig. 3. 

Fundamental Principles of Flame Cutting-—Drag and Quality—Ixi fiame cutting, 
the cutting oxygen Jet usually enters the cut in line with the cutting oxygen orifice 
axis (a) in Pig. 2. After traversing about one-half the thickness of the cut, however, 
it may curve backward in a direction opposite to the travel (Fig. 1). When this 
occurs, the amount by which the oxygen Jet falls behind the perpendicular in 
passing through the material is known as the "drag” of the cut. Faint markings or 
ridges called "drag lines” left on the face of the cut enable this to be measured, 
as shown in Fig. 1. In heavy cuts, these drag lines are more pronoimced. Cuts with 
short or negligible drags are known as "high quality” cuts, while those with long 
drags are termed "low quality” cuts. 

Cutting studies have shown that: 1. As the drag is decreased the oxygen con¬ 
sumption is increased. For very short drags, a slight decrease in drag leni^ can be 
procured at the expense of increased oxygen consumption. 2. Except for low cutting 
speeds, a certain minimum length of di^ is characteristic of a given tip and speed 
regardless of the operating pressure (or the oxygen consumption). 3. An inomsed 
drag may result if an attempt is made to obtain a drag shorter than the minimum 
by increasing the operating pressure.beyond that at which the minimum drag is 
obtained. 

In considering the economies of'flame cutting, therefore, It Is essential to 
determine bow diort the drag must be to fulfill the requirements. If It is too 
long, an uncut final comer will result and this Is usually not permissible. Straight 
line cuts frequently may be made with considerable drag, without much detrimental 
effect, as the drag lines lie within the plane of the cut and do not prevent both 
top and bottom edges of the cut from being left clean and diarp. This procedure 
saves oorulderaUe oxygen. It is also applied in scrap cutting where cut quality Is 
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nonessentlal, so long as severing Is accomplished. However, In shape cutting, wheh 
rounding curves or comers, less drag Is permissible, as the bottom contour of the 
out will tend to come out differently from the top, with the edges not square. SuCh 
eats must be made of small drag, high quality type. They require a good deal more 
oxygen than cuts with long drags which barely penetrate the materiaL Precision 
machine flame cuts are necessarily of high quality. 


OXY-ACETYLENE CUTTING PROCESSES 


euTT/Ms Mfcmme 




Fff. 3—daislflcfttiott oi CM ottttinf procesaes. 


itttMaeioir Commerolal Flame Cuts—These must fulfill the following require¬ 
ments: A. A sufficiently short drag; that Is, the line markings on the face of the 
eat should approach the straight up-and-down condition. Drag should not be long 
enough to prevent the final comer being cut and the piece from dropping. B. The 
sides of the cut should be sufficiently smooth—not grooved, fiuted or ragged. C. There 
diould be no firmly adhering slag on the bottom of the cut, as this requires an 
appreciable escpenditure of labor for its removal. With proper adjustments, only 
loose slag or none at all Is obtained. D. The upper and lower edges of the cut 
diould be sufficiently sharp to meet the requirements of the particular job. E. The 
cost must be moderate. 

The following conditions are necessary to obtain smooth cuts: 1. Suitable cutting 
tip, with correct size cutting orifice and proper degree of preheat. 2. Proper oxygen 
and fu^ gas pressures. 3. Correct cutting speed. 4. Uniformity of torch movement. 
S. Uniform oxygen and fuel gas pressure regulation. 6. Smooth and uniform bore 
and proper type of cutting orifice. 7. Cleanliness of orifice exit. 8. Cleanliness of 
preheat holes. End of tip must be kept free from adhering slag. 9. High purity 
oxygen. 10. Proper angle of incidence of the cutting oxygen stream to the upper edge. 

Selection of Cutting Tip or wide varied of cutting tips or nozzles of 

different styles and sizes is available for flame cutting. They provide for cutting 
various thicknesses of most ferrous materials, and for different surface conditions, 
such as dean, painted, rusty, or scaly surfaces, as well as for a variety of special 
types of work. The thickness of the material to be cut governs the diameter of 
cutting orifice of the tip to be selected. The condition of the surface and composi¬ 
tion of the metal determine ^e intensity of preheat fiames which should be used. 
Rusty or scaly surfaces often are cleaned or "descaled’* along the line of cut before 
cutthig, by cracking the scale loose either with the torch preheating fiames, or 
mechaffioi^ with scrapers or chipping hammers.' 

Starting Flame Cuts—In most cases, flame cuts are started at the edge of the 
piece. The cutting torch is held so that the ends of the preheating flame inner 
cones Just clear the surface of the material. When a spot of metal at the top of 
the edge h as been heated to a bright red, the cutting oxygen Jet is turned on. The 
metal in the impiediate path of the cutting'jet oxidizes and, as the torch is moved 
doady and steadily along the line to be cut, separation is effected. In flame cutting 
ordinary steel, the tip should be held vertically at a correct distance above the sur¬ 
face and advanced unifomfiy at the proper speed, without wavering. 

Piercing Holes—In starting a flame cut in the metal away from the edge, or 
In piercing a hole, more time usually is consumed in bringing the spot to the kindling 
tem|||^ture, than with edge starting. When a spot has been heated to a bright 
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red, the torch Is raised about % in. above the normal position for line cutting and 
the cutting oxygen turned on slowly. As soon as the work is perforated, the torch 
is lowered again to the normal height above the surface and any further cutting 
that may be required is carried on. Drilled holes are used for certain woric, par¬ 
ticularly to form a straight, smooth starting edge for a heavy internal cut. 

Cutting Eottuds—When cutting round bar steel, gas pressures are set for the 
maximum thickness, or diameter, and the cut is started at the side. As the cut 
progresses, the torch is raised to follow the circumference. Starting Is facilitated 
by nicking the round with a chisel to create a 6urr at the point where the cut is to 
begin, for the oxygen to take hold more easily. 

Heavy Cutting—In heavy cutting, the greatest care must be exercised In selecting 
the proper operating pressure. Not only is the range of suitable pressures consid¬ 
erably narrower for the heavier cuts, but the pressure drops through the hose line 
connections and the torch becomes rapidly larger with the increasingly greater 
oxygen flows demanded for heavy cutt^. Variations in the quality of the sted 
are also more important in the case of heavy cutting. 

Considerable skill must sometimes be exercis^ in starting a heavy cut to com¬ 
pletely sever the initial lower comer and avoid pocketing of the cutting oxygen 
stream in the lower portion of the cut. It is essential that the front edge of cut 
be very clean, particularly the lower portion of the front face. The axis of the 
tip should be aligned with the front edge of the material by turning on the cutting 
oxygen stream with preheating flames burning 
to render it visible. In starting the cut the 
movement of the torch should be retarded just 
long enough to allow the cutting stream to 
actively attack the material throughout almost 
its entire depth. Then the torch is permitted to 
proceed normally. If the piece is very heavy, the 
lower portion of the front face is sometimes 
heated with a large welding flame. In certain 
cases, starting is facilitated by flrst undercutting 
the forward edge of the material with a hand 
cutting torch, Hg. 4. Unless done by an expe¬ 
rienced operator, however, poor and ragged cuts may be obtained by this method. 

Care is also often required in completing the flnal comer of heavy cuts, slight 
retardation of the forward movement of the torch is desirable here as well, but this 
must be properly carried out. 

Scope of Flame Cutting— T/iicAiness—With standard cutting torches not assisted 
by oxygen lances, present limits of penetration are about 24 in. for manual cuts 
and 33 in. for machine cuts. But thicker sections have been cut making | non¬ 
penetrating cut in one side and then turning the piece over and making a second 
cut to join the first. Particularly for free hand flame cutting, the upper limit 
depends largely upon the skill and steadiness of the operator. With oxygen lances 
it is possible to penetrate through practically any thickness of metal. 

Afaferials-Almost any ferrous material can be gas cut. However, certain steds 
contain sufficient alloying elements to offer considerable resistance to the process. 
The uncombined carbon in cast iron has a similar effect. For such materials, special 
flame cutting techniques, as described later, must be applied. Oxygen lances permit 
penetration of practically any material, ferrous or otherwise. 

Cross Cut Tolerances-^’WheTe the torch is held firmly and advanced at uniform 
speed, as in machine flame cutting, cross cut tolerances can be kept within narrow 
limits. In ordinary steel of 6 in. thickness, cut surfaces can be held true as to cross 
sectional squareness to within ^^2 in. Cuts in thinner sections can be held within 
proportionately smaller limits. The degree of longitudinal precision of a machine 
cut depends on the trueness of the guide rails of the cutting machine, the clearance 
of the operating mechanism and the regularity of the propelling unit. Machine cuts 
can be made so smooth and square and have such sharp edges that they require 
no further finishing of any kind. 

Bevels—Angvlsx or bevel flame cuts are accomplished by inclining the torch 
and tip sideways to the desired angle, or by using a bent tip. Such cuts may be made 
either by hand or machine, both in straight or irregular lines and with the same 
depth range as in normal right angle cutti^. The usual angular limits of bev^ and 
straight faced fillet cutting are indicated in Fig. 5. 

Shapes—Straight lines, circles or contours of the utmost complexity are flame 
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<mt with equal ease, by either mechanical or hand guided torches. Flame cutting, in 
sharp contrast with most machine tool processes, has practically unlimited flexibility 
in this respect, Fig. 9. 

Multiple Torch Cutting —^In many applications of machine flame cutting, as many 
as six torches are used to cut a like number of identical 
shapes simultaneously. Concentric circles for flanges 
and the like often are cut in one operation, with two 
or more torches. 

Stack Flame Cuttinp~In addition to cuts made 
through a single thickness of material, flame cuts are 
made through several thicknesses simultaneously. This 
operation is known as *'stack flame cutting’’ and offers 
a means of cutting numerous shapes simultaneously 
with a single torch, instead of employing multiple 
torch cuttixig. 

The plates in the stack should be clean and flat, 
with edges in alignment where the cut is started. Their 
number should vary with the thickness of individual 
plates, to keep stack thickness within proper limit. 
They should be firmly clamped together as near^ as 
possible along the line of cut. In stack fiame cutting 
thin plates, a '^waster plate,” having sufficient rigidit7 to lie flat while the cut is being 
made, usually is clamped on to prevent the top thin plate from buckling with the 
heat. It serves also to maintain ignition in the cut by its own combustion, thereby 
facilitating the speed of cutting in this kind of work. 

Flame Cutting Tecliniques--Several different flame cutting techniques have been 
developed, for performing various cutting operations and for cutting different grades 
of ferrous metals. The International Acetylene Association in its Oxy-Acetylene 
Committee Publication, Section I, entitled ”Oxy-Acetylene Cutting” defines five dis¬ 
tinct flame cutting techniques. These are typified from the standpoint of flame 
movement In Fig. 6 and may be described as follows: 

Type i Flame C^fffng---Thls is the simple progressive type, universally used for 
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cartxm steels and other easily cut terrous metals. The cut proceeds freely and 
regularly in a line and at the will of ttie operator. The technique £ first 

preheating a spot to kindling tonperature (1400-1600*F.) with the several —■ 
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preheating flames surrounding the cutting oxygen orifice. The cutting oxygen is 
then turned on and the cut started. Theoretically, preheating should be really 
necessary for starting only. In practice, however, preheating flames are maintained 
throughout the cutting operation, to insure continuity of cutting and high speed. 
Manipulation of the torch is merely that of holding it at correct height above the 
surface and advancing it at proper uniform speed along the line of cat, Fig. 6. 
The high velocity of the cutting oxygen stream confines it to a narrow path and 
holds its oxidizing action to within close limits. This makes accurate control 
po^ble. In practice, a considerable portion of *the metal removed from the kerf 
Is blown out in molten metallic form, imoxidlzed. This is particularly true with 
heavier cuts. Fig. 7 illustrates the relationship between thickness, metal removed 
and oxygen consumed in T^pe 1 flame cutting. 

Type 2 Flame Cuffinp—Commercially, this is known as oxygen lance cutting. 
Practically all ferrous metals and many other materials can be cut or pierced with 
the oxygen lance. The lance ordinarily consists simply of a length of % or % in. 
IJD. size black iron pipe, v4th a globe valve on one end, connected to an oxygen 
hose, regulator and cylinder or manifold, so that only oxygen fiows through the 
lance pipe. 

Similar to Type 1 flame cutting, a spot is first preheated to kindling tempera¬ 
ture, usually with a welding torch with large tip. Then the end of the lance )b 
brought against the heated area and oxygen at about 40-50 psi. turned on. This 
oxidizes the metal and.sufOicient heat is produced to continue the cut or hole with 
oxygen alone, without oxy-fuel gas flames to facilitate the progress. The end of 
the lance is held in the cut or hole, so that the cutting oxygen stream emerges at 
the point of cutting or oxidation. This heats the end of the lance pipe, causing it 
to bum also. As the operation proceeds, the lance is consumed, ultimately requiring 
replacement by a new length of iron pipe. Oxidation of the lance itself requires 
only a minor portion of the oxygen consumed, while the heat of the burning lance 
assists the cutting. 

Once started, the oxidation reaction is vigorous. It may be further intensified, 
if desired, by using a lance pipe of greater wall thickness, or by inserting one or 
more steel rods in the pipe. The thicker pipe and rod inserts both furnish additional 
fuel and heat, while the rods decrease the area of the effective opening in the 
lance pipe, thereby imparting greater velocity to the oxygen stream and increasing 
its eroding effect. 

Oxygen lance cutting acts to extend the depth penetration range of standard 
cutting torch operations. It is seldom used alone but as an aid to 1 fiainm 
cutting in severing thick or heavy masses of metal. However, under proper condi¬ 
tions and set-up, oxygen lances can be employed independently. With various 
modifications, they are used for flame cutting large sections of cast iron, steel 
and other materials. For example, they serve to bum holes in salamanders and 
ladle chills, in which, after coolixig, dynamite is inserted and exploded for fin^i 
demolition. The opening of tap holes in blast and open hearth furnaces with the 
oxygen lance has become standard practice. In this operation, a spot of metal in 
the tap hole and the end of the lance pipe are both heated red hot with an 
oxy-acetylene welding torch. Oxygen is then allowed to flow through the pipe 
and impinge on the hot metal which is quickly pierced, allowing the molten metal 
to flow out. 

Lancing usually consumes more oxygen per pound of metal removed, than 
other t 3 rpes of flame cutting. This, however, is offset by the greaUy increased value 
of the cutting service as compared with other methods that can be used for such 
work. Obviously, the surface produced by Type 2 flame cutting, or lancing, is not 
as smooth as is obtained with Type 1 flame cutting. Nevertheless, surprisingly 
accurate holes can be pierced with the lance. Oxygen lance cuts should be made 
so that the slag and molten metal can flow out of the cut freely by gravity, wherever 
possible. 

Type 3 Flame Cuffing—This technique was developed especially for cutting cast 
iron. Considerably more preheat is used than in lype 1 flame cutting, both in 
starting and maintaining the cut. In addition, a definite flame oscillation is resorted 
to, which is necessary for cutting the cast irons, particularly those possessing 
carbon in the uncomblned or graphitic state, as this resists flame cutting. The 
sidewise motion or oscillation of the flame is roughly in the form of half droles 
or new moons, advancing in short and regular intervals, as shown in Fig. 6, Type 
3 (Heavy) when cutting heavy cast iron. A slight modification of the flame oscilla- 
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Uon, also shown in Fig. 6, Type 3 (Thin) has been found more advantageous for 
cutting thin cast iron. 

The resulting cut, therefore, may be termed a **worked cut,” for the cast iron 
originally in the kerf has, in reality, been “worked out” by the oscillating technique. 
The latter, if regularly maintained, causes a constant stream of slag and molten 
metal to flow through the kerf, preheating the base metal in the kerf and pre¬ 
paring it for further oxidation and displacement as the molten products are removed. 
The cut naturally is somewhat router than a Type 1 flame cut, more of the 
metal having been removed by the mechanical eroding effect of the cutting oxygen 
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Fig. 9—Examples of shape cutting. 


jet. Due to the wider kerf produced, more metal must be oxidized and oxygen and 
aceigrlene consumptions are greater than for Type 1 flame cutting. 

Highly carburizing preheatlpg flames are used in Type 3 flame cutting of cast 
iron; that is, the flames are adjusted to carry a considerable excess of acetylene 
which appears as a long whitish feather in the flames beyond the brilliant 
Inner flame cone, Pig. 8. The length of the excess acetylene streamer should be 
approximately equal to the thickness of the cast iron. This flame adjustment aids 
In maintaining preheat in the cut, as the excess acetylene combines with cutting 
oxygen beyond the tip. 

Type 3 flame cutting, or cast iron cutting, appears to be limited at present to 
demolishing eastings, usually in basements or other inaccessible locations where they 
must be broken up before removal, or otherwise reduced in size, and to 
alterations and repairs to machinery. 

Type 4 Flame Cutting—Far severing the so-called stainless steels, which resist 
ordinary techniques, a distinctive cutting technique, utilizing a different flnni» 
motion or oscillation from Type 3 flame cutting, has been developed Here also 
the flame is moved cmitlnually while cutting, but in a reciprocating manner ni 
short strokes back and forth aloag the line of cut. Pig. e, In^t^d of slde^ to 
stetlry a stitinlw s^l cut, preheat to applied along the entire face or 
edge of the cut, from top to bottom, until it has been brought to a bright red^or 
In addition to preheating the usual spot at the top edge. Then the cutting oSiSmi 
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is started and progressed through the part by the forward and backward reciprocat¬ 
ing motion already described, advancing the cut in short forward increments each 
time. 

As in Type 3 flame cutting, the maintenance of a steady stream of liquid slag 
and molten metal is essential for a successful cut. Slag erosion is probably as 
Important as any other single factor in cutting stainless steels. It determines the 
degree of uniformity in which cutting in these metals is attainable. Naturally, Type 
4 cutting leaves a rough surface, calling for subsequent machining or grinding if a 
smooth finish is desired. 

Type 5 Flame Cutting-—This technique is developed around the use of metals 
of relatively high cutability to aid in the cutting of metals of lower cutabili^* 
similarly as fluxes are used in certain welding operations to increase the fusibility of 
refractory oxides. Different forms of this technique are employed, which, in the 
main, resort to cover, or cover and intermediate plates, known as **waster plates” of 
low carbon steels, placed as Jackets or interlaminations between the resistant metals. 
These waster plates act to initiate good cutting conditions and relay them through 
the stack. The top and bottom plates sometimes are used merely to produce sharp 
cut edges in parts otherwise readily cutable. In stack flame cutting, already 
described, their principal use may be for clamping a stack of thin plates firmly 
together. For certain operations, a light bead of low carbon steel is arc welded to 
the plate surface along the line of cut and the cut is made through this bead, 
which assists the cutting action in resistant metals. The bead is consumed in the 
cutting. 

Another form of Type 5 in flame cutting employs a low carbon steel rod or 
bar at the point of cutting to supply additional heat and slag to a cut in a 
resistant material, thereby supplementing the work of the cutting torch. The bar 
or rod can be moved at the will of the operator, to be available at or adjacent to 
the critical point of cutting. Iron filings also can be used. This method often 
enables castings or resistant materials to be cut quite readily. 

Any of the previously described flame cutting techniques may be employed in 
Type 5 flame cutting, depending on the resistance of the material to the process. 


Table V 

Effect of Alloying Elements on Gas Cutting of Steel 


Element Effect __ 

Aluminum .A low aluminum content does not hinder flame cutting. However, an aluminum 

content ot 10-15% resists flame cutting either hot or cold, except where special 
technique is used. 

Carbon .Carbon in unalloyed steels up to 2% permits of flame cutting by simple progressive 


procedure (Type 1 technique). However, steels containing more than 0.30% carbon 
should be preheated to 500-600”F. before cutting, or heated, after cutting, before 
the cut surface cools to normal temperature to prevent hardening and cracUng 
at edges. Quality of cut is affected by both amount and form of carbon content. 
Graphite and cementite (FesC) tend to hinder cutting, but cast irons containing 
4% carbon are cut successfully by special technique (T 3 q?e 3). 


Chromium .Chromium contents up to 1V&% have no adverse effect. Steels with 4-6% chromium 

also may be cut by Type 1 technique, provided low intensity carburising pre¬ 
heating flames are used. Where the chromium content is 10% or more, special 
cutting technique is required to produce a complete cut (Type 4 technique). 

Copper .Copper up to 3% in steel permits of easy flame cutting. 

Manganese ....Manganese content up to 14%, with 1.3% carbon, allows for good cutting. How¬ 
ever, high manganese steels require preheating before cutting to prevent cracking. 

Molybdenum ...Molybdenum content of 0.25%, as in chromium-molybdenum aircraft steels, does 
not hinder cutting. But a steel with 5.5% molybdenum, 8% tungsten, and 1% 
carbon is uncutable, either hot or cold, unless special techniques are employed. 

Nickel .Nickel in steel up to 7% does not hinder good flame cutting. Steels with 84% 

nickel have been cut where the carbon content was below 0.50%. 

Phosphorus ....Phosphorus content up to 2% does not prevent good gas cutting. 

Silicon .Silicon in steel up to 2.90% permits of cutting by simple progressive method. 

Transformer iron, containing up to 4% silicon, can be gas cut, but high silicon 
content reduces speed. Precautions in preheating and cooling are necessary with 
certain of these steels in the upper ranges of carbon and manganese to prevent 
or modify air hardening tendencies. 

Sulphur .Small amounts, such as are normally present in steels, have no effect. With 

higher percentages of sulphur, the rate of gas cutting is reduced and sulphur 
dioxide (SOa) fumes are produced. 

Tungsten .Tungsten up to 10% does not hinder flame cutting of steels, which contain also 

5% chromium, 0.2% nickel and up to 0.8% carbon. A 17% tungsten content 
necessitates preheating before cutting and a procedure similar to bast iron cutUng 
(Type 5 technique).^ 
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At times, flux cutting enables resistant materials to be cut by T^e 1 flame cutting, 
which would otherwise require a more tedious technique. 

CutabiUty of Ferrotis ilfetols-^Certain alloy steels contain chromium, nickel, and 
other elements In sufficient amounts to render them considerably more difficult to 
cut than carbon steels. The effect of various alloying elements on the cutability of 
steel, as reported by various authorities, is summarized in Table V. 

Types of flame cutting techniques, as described in previous sections, which are 
employed with various ferrous metals are given in Table VI. 

Table VI 

Flame Cutting Data for Ferrous Metals' 

Cutting Technique* and Heat Treating Practices* 


Name of Metal 


Approx. Cutting Technique* 

Carbon .-Type No. — . . ^ Preheat 

Content, % 1 8 4 ft Flames^ 


iron (low carbon). 

Carbon steels* 

Low carbon . 

Medium carbon . 

High carbon .. 

Tool steel . 

Cast iron 

Gray iron . 

MaUeable iron . 

Alloy cast iron . 

Duriron (81 Approx, lft.0%). 

steels 

SAHT-ISSO (Xnd. Mn structural). 

8AS T-lSftO. 

Hadlleld*s (10.6-14.0% ftm). 

Silieo-manganese (0.80-8.30 Si). 

Sllleon steels 

Structural (0.30-0.30 Si). 

Transformer (up to 4.00% Si). 

Nickel steels 

SAX 3015 (0.40-0.00 Ni). 

SAX 311ft (1.3S-1.7ft Ni). 

SAX SSlft and 30 (S.3ft-S.7ft Ni). 

SAX 3330 to ftO (3.3ft-3.7ft Ni). 

High nickel (84.0 max. Ni). 

Nickel-chromium steels 

SAX 3115 (0.45-0.75 Cr>. 

SAX 3130-50 (0.45-0.75 CD. 

SAX 3315-50 (0.90-1.35 CD. 

SAX 8313-40 (1.35-1.75 Cr). 

SAX 3415-50 (0.60-0.95 Or). 

Molybdenum steels 

SAX 4130-50 (0.50-1.10 Cr)*. 

SAX 4615 (1.65-3.00 Ni). 

SAX 4630-40 (1.65-3.00 Ni). 

SAX 4815-30 (3.35-3.75 Ni). 

Chromium steels 

SAX 5130 (0.60-0.90 Cr). 

SAX 5140-50 (0.80-1.10 Cr). 

SAX 53100 (1.30-1.50 Cr). 

4.00-6.06 Cr steel. 

Stainless steels 

Low carbon chromium (13.-18. Cr). 

High carbon chromium (12.-18. Cr). 

Chromium-nickel (7.-10. Ni) (16.-30. Cr) 
Dhromium-ranadium steels 

SAX 6115-30 (0.80-1.10 Cr). 

SAX 6135-95 (0.80-1.10 Cr). 

Fungsten steels 

SAX 71360 (12.00-15.00 W). 

SAX 71660 (15.00-18.00 W). 

SAX 7260 (1.50-2.00 W). 

Vanadium steel (0.15% V. Min.). 

Aluminum steeP* (below 10% Al). 


0.04 

0.10-0.30 

0.30-0.50 

0.50-1.60 

0.90-1.10 


3.75-3.75 

2.50 


Any 


0.75 


0.35-0.35 

0.45-0.55 

1.00-1.50 

0.45-0.70 


0.35-0.40 
0.10 max. 


0.10-0.20 
0.10-0.20 
0.10-0.25 
0.35-0.35 
0.50 max. 


0.25-0.55 

0.10-0.20 

0.15-0.45 

0.10-0.35 

0.15-0.25 
0.35-0.55 
0.95-1.10 
0.25 max. 

0.13- 

0.30-0.60 

0.05-0.20 

0.10-0.20 

0.20-1.05 

0.50-0.70 

0.50-0.70 

0.50-0.70 

0.90 


C 

C* 

Por HT 
HT 
HT 


c>« 

C»4 

CP* 

car. 

c*« 

CM 

CM 

Car. 

c** 

CM 

CM 

Car. 

QU 

CM 

CM 

Car. 


PorHT 

HI* 

P 

HT 

HT 

P or HT 
C 

a 

HT 


C 

HT 

HT 

HT 

HT 

HT 

C» 

HT 

HT 


P or HT 
HT 
HT 
HT 


cr 

HT 




Car. 

CM 

CM 

Car. 

CM 

CM 

Car. 

CM 

CM 

Car. 


c*. >• 
HT 
C 


c:* c 

c* c 


'The data apply to metal in the wrought, rolled, and cast condition unless otherwise noted 
Preheating of any steel will, in general, improve the economy of cutting and prevent acute hard¬ 
ening. For carbon steels, heat treatment in one form or another is usually employed where the 
o«*rbon content exceeds 0.30% provided the cutting is conducted at normal temperatures 60-80*F 
If the temperature of the metal is lower than this, heat treating may have to ^ employed at a 
lower carbon content to preserve or re-establish desired physical properties. Where the letters cP 
or C-HT are given, it is meant that the material is cuttable cold,Xt r^uirS”?ther p?^^^ 

(Continued) 
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or reheating, as the ease may be, to prevent damaging the cut surface or to preserve or restore 
commercial properties. 

*rbe technique of cutting varies for different grades of steel. See the description of the live 
distinct types in the text. 

*Heat treating practices employed for those grades which are unduly hardened by the normal 
application of flame cutting are listed in the table under the following classiflcations: 

C--<ienotes that metal may be safely cut at room temperatures. 

P-Hlenotes that metal should be preheated before cutting to prevent hardening of the metal 
in the face of the cut. Usual preheating temperatures range from 600-900*F. Preheating is also 
used for certain grades to facilitate cutting. 

HT—denotes heat treatment, furnace or otherwise, subsequent to cutting to improve or recon¬ 
dition the structure of the cut surface, provided the material is kept warm between the time of 
cutting and heat treatment. 

^Unless otherwise indicated neutral preheating flames are to be assumed. However, appreciably 
higher preheating temperatures may be obtained by adjusting these flames for an excess of oxygen 
(oxidizing). Therefore, for cases where additional preheat Is desired, oxidizing preheating flames 
may be used wherever neutral flames are indicated. Considerable economies are sometimes obtain* 
able with oxidizing flames in which the ratio of oxygen to acetylene is about 1.7 or 1.8 to 1. 

Car.—Denotes carburizing flame. A carburizing flame is one carrying an excess of fuel gas 
over that required for complete combustion. 

^The addition of normal amounts of copper (up to 3.00%) does not interfere with the type of 
cutting nominally employed for the grade of steel in question. The addition of copper, however, 
does Increase hardening of the cut surface necessitating introduction of heat treatment at a lower 
point in the aggregate of hardening alloys than would otherwise prevail. 

trades SAE X-1314. X-131S may harden perceptibly if carbon runs to the high side and is 
cut at normal or lower temperatures. 

^Heat treating, after cutting, may be necessary if carbon runs to high side. 

*There are no data available as to heat treatment for this grade, if necessary. 

•Including SAE 4340 and 4316. 

^•Tungsten evidently may go to 10% with Type No. 1 cutting technique. 

i>All grades which respond to Type No. 1 cutting technique will readily respond to Type No. 3 
technique either in conjunction with Type No. 1 technique or separately. The heat treatment for 
Type No. a corresponds to that respectively for Type No. 1. 

»Heat treatment usually necessary to counteract harmful effects of the heating produced 
during the cutting operation unless the metal contains a stabilizing element to prevent such heat 
effects. 

^Aluminum steel containing approximately 1% Al, 1% Cr and 0.50% Mo is reported to be 
cuttable by Type No. 1 technique. Heat treatment would depend upon the carbon content. 

><The cut surfaces of the east irons in heavy sections are hardened by the cutting operation 
and should be heat treated if they are to be machined after cutting. 


Table VII 

Hand Flame Cuttlnff Table for ^-12 In. 

Thickness for Clean, Mild Steel-—Not Preheated—Type 1 Cutting Only 


Thick¬ 
ness of 
Steel, 
in. 

Diameter 
of Cutting 
Orifice, 
in. 

Oxygen 

Pressure, 

psi. 

Cutting 
Speed, 
in. per 
min.t 

--Gas Co 

nsumptlons*— 

.-^Per llnea 

Oxygen, 

cu.ft. 


Oxygen, 

cu.ft. 

Acetylene, 

cu.ft. 

r n.j-' 

Acetylene, 

cu.ft. 

% 

0.038(M).0400 

15-23 

20-00 

46- 55 

7- 9 

0.37- 0.45 

0.06-0.07 


0.0380-0.0595 

11-20 

16-26 

50- 93 

9-11 

0.63- 0.72 

0.06-0.11 

% 

0.0380-0.0595 

17-25 

16-24 

60-115 

10-12 

0.80- 0 96 

0.10-0.13 


0.0468-0.0595 

20-30 

12-22 

66-125 

10-13 

1.10- 1.14 

0.12-0.17 

% 

0.0485-0.0595 

24-35 

12-20 

117-143 

12-15 

1.43- 1.95 

0.15-0.20 

1 

0.0465-0.0596 

28-40 

9-18 

130-160 

13-16 

1.78- 2.89 

0.18-0.29 


0.0595-0.0810 

-40 

6- 





2 

0.0670-0.0810 

22-50 

6-13 

186-»1 

16-20 

3.55- 6.16 

0.31-0.53 

3 

0.0670-0.0810 

33-65 

4-10 

240-290 

12-23 

5.80- 12.00 

0.46-0.95 

4 

0.0810-0.0860 

42-60 

4- 8 

293-388 

21-26 

9.70- 14.64 

0.66-1.05 

0 

0.0810-0.0860 

63-70 

3.6- 6.4 

347-437 

24-29 

13.66- 19.83 

0.91-1.37 

6 

0.0980-0.0995 

45-80 

3.0- 6.4 

400-567 

27-32 

21.00- 26.70 

1.19-1.80 

8 

-0.0996 

60-77 

2.6- 4.2 

506-615 

31.6-38.5 

29.30- 38.84 

1.83-2.42 

10 

-0.0996 

75-06 

1.2- 3.2 

610-750 

36.9-45.1 

46.90- 64.20 

2.57-3.84 

12| 

0.1200 

69-86 

1.4- 2.6 

720-880 

42.3-51.7 

67.70-103.00 

3.98-6.05 


•As the pressure of acetylene for the preheating flames is more a function of blowpipe or 
torch design than of the thickness of the part being cut. the pressure data, therefore, have been 
omitted from this table. For acetylene pressure data, see outtint apparatus manufacturers* charts. 


fLowest speeds and highest gas consumptions per linear foot are for inexperienced operators, 
short cuts, dirty or poor material. Highest speeds and lowest gas consumptions per linear foot are 
for experienced operators, long outs, clean and good material. 

tBeyond 12 in. thickness, the critical data of manual cutting practices are greatly affected 
by the condition of the metal and the skill of the operator, resulting in wide ranges of data. 
In view of this, the table has been terminated at the 12 in. thickness. 

The reader is referred to Table vm, giving data on Machine Cutting wherein the thickness 
range has been extended to 20 in. 
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^ Hand Flame Cutting—Many variables affect free hand flame cutting per- 
^ formance. However, the range of fair average practice in free hand oxy-acetylene 
flame cutting of mild steel, not preheated, is given in Table VII. Oxygen and 
acetylene consumptions for cutting the various thicknesses up to and Including It 
in. are listed, both in cu. ft. per hr. and cu. ft. per linear ft. of cut. 

Free Hand **Quided** Flame Cattinp—This includes such operations as circle 
cutting and drawing the torch head along a bar or straight edge which acts as a 
guide. Circles or discs can be cut accurately with a straight head hand torch, using 
a circle cutting attachment consisting of a damp, radius rod and adjustable center 
point. Another attachment has small wheels which rest and roll on the surface of 
the work. 

Flame Cnitliig Machines—Flame cutting machines are comparable with machine 
tools. They are capable of making flame cuts with Jig-saw flexibility and of such 
high quali^ and accuracy the edges frequently require no further finishing. 

Straight Line Machine Flame Cuffing—Straight line machine flame cutting is 
even simpler than free hand flame cutting. Once the machine and gas pressures have 
been set the torch follows the line of cut automatically. As the cut progresses, the 
operator watches the drag and the flow of slag or oxide to prevent pocketing or other 
defects from developing. For oxy-acetylene machine flame cutting of mild steel , 
speeds and gas pressures should be adjusted within the ranges given in Table vm. 


Table vm 

Machine Flame Cutting Table for ^-20 In. 

Thlefcnem for Mild Steel—Not Preheated—Type 1 Cutting Onlyt 


Thlek- 

ncMof 

Steel. 

In. 

ZMameter 
of Cutting 
Orifloe, 

In. 

Oxygen 

Pressure. 

psl. 

Cutting 
Speed, 
in. per 
min.f 

--Oas Con 

K.. 

Lsumptions*- 

LT ft t 

Oxygen, 

cu.ft. 

Acetylene. 

cu.ft. 

Oxygen, 

cu.ft. 

Acetylene, 

cu.ft. 

% 

0.0350-0.0400 

15-33 

23-33 

40- 65 

7- 9 

0.34- 0.36 

0.05- 0.06 

V4 

0.0310-0.0005 

11- 35 

20-28 

45- 93 

8-11 

0.45- 0.66 

0.06- 0.08 

% 

0.0310-0.0005 

17- 40 

19-26 

83- 115 

9-12 

0.86- 0.89 

0.09- 0.09 

Mk 

0.0310-0.0590 

30-.56 

17-24 

105- 125 

10-13 

1.04- 1.34 

0.11- 0.12 

% 

0.0380-0.0595 

30- 50 

15-22 

117- 159 

12-15 

1.45- 1.58 

0.14- 0.16 

1 

0.0465-0.0695 

38- 65 

14-19 

130- 174 

13-16 

1.83- 1.86 

0.17- 0.19 

IV^ 

0.0670-0.0810 

- 55 

13-16 

- 240 

14-18 

3.20- 

0.23- 0.24 

3 

0.0070-0.0610 

33- 60 

10-14 

185- 260 

16-20 

3.70- 3.73 

0.39- 0.33 

3 

0.0810-0.0860 

33- 50 

8-11 

240- 332 

18-23 

6.00- 6.04 

0.42- 0.45 

4 

0.0810-0.0860 

42- 60 

6.5- 9 

293- 384 

21-26 

8.53- 9.02 

0.58- 0.65 

6 

0.0810-0.0860 

53- 65 

5.5- 7.5 

347- 411 

23-29 

10.97- 13.62 

0.77- 0.84 

• 

0.0980-0.0995 

45- 65 

4.5- 6.5 

400- 490 

26-32 

15.10- 17.78 

0.98- 1.16 

8 

0.0980^.0995 

00- 90 

3.7- 4.9 

505- 625 

31-39 

25.53- 37.30 

1.59- 1.68 

10 

0.0995-0.1100 

75- 90 

2.9- 4.0 

610- 750 

37-45 

37.50- 42.10 

2.25- 3.55 

13 

* 0.0110-0.1300 

69-100 

2.4- 3.5 

720- 880 

42-52 

49.70- 60.00 

2.97- 3.50 

14 

0.0110-0.1200 

-105 

2.0- 3.2 

830-1045 

48-59 

65.20- 83.00 

3.69- 4.80 

16 

0.1285-0.1600 

-110 

1.0- 3.0 

935-1360 

57-70 

90.60-104.00 

4.67- 6.33 

18 

0.1495-0.1600 

-120 

1.7- 3,0 

1045-1680 

65-83 

112.10-123.00 

6.53- 7.65 

30 

0.1610-0.2000 

-135 

1.5- 3.0 

1155-2050 

75-99 

136.70-154.00 

6.60-10.00 


*As the pressure of acetylene for the preheating flames is more a function of blowpipe or torch 
design than of the thickness of the part being cut, the pressure data, therefore, have been omitted 
from this table. For acetylene pressure data, see cutting apparatus manufacturers' charts. 

tLowest q>eed8 and highest gas consumptions per linear foot are for inexperienced operators, 
short cuts, dirty or poor material. Highest speeds and lowest gas consumption per linear foot 
are for experienced operators, long cuts and clean and good material. 

tThe apparent Inconsistencies which will be noted in some of the columns in the table are 
due to the fact that there does not exist a straight line relationship between the elements of 
pressure, speed, and orince sizes for the range of apparatus data from which this table was devised. 


Shape Machine Flame Cuffing—Regular or irregular shapes, of almost any size 
or thickness, no matter how complex, are machine flame cut with ease. The process 
has Jig-saw flexibility. Shape cutting machihes are mostly motor driven. Some have 
trachig devices which are manually guided around the outline of a drawing or 
templet of the required shape. One or more torches mounted on the machine 
duplicate the motion of the tracing device over the work, thereby flame cutting the 
shape traced. Other machines are fitted with motor driven guide rollers, which 
automatically follow a templet of the required shape, simultaneously controlling the 
movement of the torch so as to flame cut the same shape. Motor driven magnetized 
rollers, whidh adhere to steel templets as they advance automatically around the 
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contour, are a feature of certain machines. Some typical shapes, for which machine 
flame cutting is adapted, are illustrated in Iflg. 9. 

Circular Machine Flame Cutting—Most flame cutting machines can be adapted 
to circular cutting. With some, a radius rod with an adjustable center point is 
fmmished. The point is placed in a center punch mark at the center of the circle 
and the machine and cutting torch travel around the circumference at the radius 
set. A short **lead in’* cut through the scrap is customarily made, so as to have 
the flnished cut smooth and unmarred at the starting point. 

Precision Machine Flame Cutting—One machine flame cutting technioao which 
produces especially high quality and accurate cuts is sometimes distinguished by the 
name ’’precision machine flame cutting.” It will be noted in Fig. S that precision 
machine flame cutting has been set up as a separate division of mAghinft flame cut¬ 
ting, to distinguish it from standard machine flame cutting, which is not so refined 
a process. 

While the technique described under Type 1 cutting is, generally speaking, 
the one followed for precision machine flame cutting, closer adjustments of pressures 
and speed are required than for standard machine flame cutting. Cut surfaces true 
to within 0.003 in. as to cross sectional squareness for a 1 in. thickness have been 
attained by this method. For thicker material, cross cut tolerances increase approxi¬ 
mately in proportion to the thickness. The cross cut tolerances for 1, t, 4 and 6 in. 
thicknesses for precision machine flame cutting are shown in ng. 10. These 
tolerances are not generally commercially available at this time. 



Fig. 10—Cross cut tolerftuces, precision 
machine cutting practices. 



Machine Flame Cutting Table—'The range of fair average practice in machine 
oxy-acetylene flame cutting of mild steel, not preheated, is given in Table VUL 
Oxygen and acetylene consumptions for cutting various thicknesses up to and 
Including 20 in. are listed, both in cu. ft. per hr. and cu. ft. per linear ft. of cu%. 

Flame Machining Operations—In flame machining, each operation is more or 
less a problem in itself, calling for a co-ordination of nozzle tooling and metallurgical 
control. Various types of flame machining operations have been included at the 
right-hand side of Fig. 3. It will be noted that these are termed planing, milling, 
turning, drilling, and boring, similar to corresponding machine tool operations. Sub- 
classlflcations of these operations also are given in the chart. Not all of these 
operations have been commercialized up to the present time, however, some being 
still in the development stage. 

Flame Planing—There are several types of tangential cuts which classify under 
the heading of ’’flame planing.” The principal differences are primarily the char¬ 
acter of application and the tolerances or degrees of surface regularity attained or 
permitted. Flame planing can be either manual or mechanical. The subclassiflca- 
tions are: 

1. Deseaming or Scarfing—This process of flame planing is used in the steel 
mill*; for removing cracks or seams in billets, slabs, and rounds. It also is employed 
in steel foundries for exploring and cleaning out cracks and sand holes in casUngs. 

2. Hogging—This application of flame planing performs the functions of remov¬ 
ing superfluous metal in steel castings, either purposely provided or caused by 
defective conditions at the time of pouring, as well as those of removing risers and 
sprues whose location or character is such as to make it difficult or impossible to 
dispose of them by ordinary or Type 1 flame cutting. 

3. Surface Planing—This operation is a step beyond the practices of *T>eseam- 
Ing,” in that the cuts are caused to be adjacent to one another, thus enabling the 
removal of wide surfaces. When done mechanically, the dimension tolerances as to 
depth and width of cut can be kept to within in. of the flni^ed surface, 
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Flame Drilling and Punching^Fig. 11 shows a method used for flame drilling 
a round hole in the end of a billet for centering or piercing purposes. The dimen¬ 
sions of the finished hole can be made uniform and its walls straight sided, provided 
the nozzle or tip is properly held during the drilling operation. 

The oxygen lance, described under Type 2 flame cutting, is also a valuable tool 
for flame drilling operations, particularly those of considerable depth, beyond the 
reach of cutting tips. 

Rivet Cufring-—Flame drilling has proven successful for rivet cutting by surface 
oxidation of heads. Cutting tips used fpr this operation have large cutting oxygen 
orifices of expanding, low pressure, low velocity type, together with high intensity 
preheating flames. The tip is held in line with the rivet, close to the head, so that 
preheating flames impinge on its center. As soon as a spot is heated bright red, 
the cutting axygea is turned on slowly. This quickly oxidizes a crater in the head 
and consumes it. The shank of Uie rivet is then knocked out of the hole. 

Flame Boring—Rough boring can be accomplished by means of a compound 
setting of the cutting flame. Application of this process depends largely on tooling 
to prevent the slag and molten metal from the cuts from interfering with the cut¬ 
ting and the operation of the cutting nozzle. 

Underwater Cutting—There are two methods for torch cutting of submerged 
metals. 

One method employs an oxy-hydrogen cutting torch fitted with a bell or skirt 
around the tip, which is filled with compressed air to supply additional or atmos¬ 
pheric oxygen for combustion of the hydrogen, and also to hold the water away 
from the preheating flAmes and the cutting area. 

The other method consists in using oxy-acetylene torches for underwater cutting 
at Shallow depths (less than 35 ft.). At greater depths the fuel gas pressure required 
to overcome the hydraulic head is beyond the safe operating pressure of acetylene, 
and hydrogen is used. When using acetylene, considerably more compressed air 
must be supplied. 

Only divers who have been specially trained in underwater cutting can practice 
it successfully. The tips are liable, for some obscure reason, to side perforations 
while operatix^. Quite a little underwater cutting has been done with hydrogen at 
depths of 135 ft. or more on sunken submarines, bridge caissons, submerged wrecks, 
and steel piling. 

Safety Buies—Certain precautions must be observed for the safe handling and 
operation of gas cutting tools and appurtenant equipment. Standard Rules and 
Regulations have been promulgated by the cutting industry in co-operation with 
regulatory bodies dealing with the public and workers’ safety. In **Safe Practices 
Bulletin No. 23,” published by the National Safety Council, and in "Regulations for 
the Installation and Operation of Oas Systems for Welding and Cutting,” issued by 
the National Board of Fire Underwriters, the subject of general safety as it applies 
to gas welding and cutting processes is well covered. 

Electric Arc Catting—The process of electric arc cutting is purely one of 
applying the heat energy of the electric arc to melt the metal along the desired line 
of cut. Due to the extremely high temperature developed in the electric arc, it 
can be used to fuse almost any electrical conducting material and, in this way, is 
employed for cutting metals. Arc cutting is, of course, not a true cutting process, 
since the metal is merely melted away. It does not equal gas cutting from the 
standpoint of smoothness, quality, or accuracy of cut surfaces, and hence, is not 
used where high quality, accurate cuts are required. It is, however, useful where 
smooth, uniform cut surfaces are not essential and merely severing is the main 
object, as in scrapping operations. Arc cutting is also used for metals not easily cut 
in any other manner, such as cast iron, manganese steel, and large sections of non- 
ferrous metals. It is particularly applied to cutting risers of large manganese steel 
castings. Rivet cutting and hole piercing are other operations for which arc cutting 
is used. 

Carbon Arc Cutting—This process consists essentially of drawing an arc between 
a carbon or graphite electrode and the material to be cut. Direct current Is 
generally used, with the carbon electrode negative (straight polarity), although 
alternating current can be used also. Graphite electrodes are preferred to carbon 
electrodes, as they have a much longer service life and retain a point longer. The 
latter is essential for clean, smooth cuts. The heavy currents used for arc cutting 
make ordinary electrode holders unsuitable, except for light work. Special holders 
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with long shank, special gripping mechanism, and hand protecting shield are 
recommended. 

Manipulation of cutting arc, when cutting plates of H in. thickness or less, 
consists simply in advancing along the line of cut at a rate equal to that at which 
the metal is being melted away. The most smooth and uniform cuts are obtained 
with the plate in the horizontal plane, but the operation may be done with the plate 
in inclined or vertical position also. In horizontal cutting, the electrode is held 
vertical or pointed slightly forward. For inclined or vertical cutting, the electrode 
is pointed downward. When cutting materials heavier than H in., the vertical face 
of the cut is progressively melted away by working from top to bottom, thereby 
having the bottom of the cut advanced slightly ahead of the top of the cut and 
producing an undercut which permits the molten metal to run out more easily. 
Skilled operators can make narrower cuts. The width and speed of the cut increase 
with the current and the electrode diameter. Recommended current values for 
dififerent size graphite electrodes are given in Table IX. 

Table IX 


Current Values for Arc Cutting 


Electrode Dia., in. 

Current Values In Amperes 

Va 

Up to 200 

% 

200-400 

% ' 

300-600 

% 

400-700 

% 

600-800 

Vs 

700-1000 

1 

800-1200 


Rivet Cutting by Carbon ,Arc Process—The best results are obtained with the 
plates in the vertical position. If the plates are in the horizontal position, and 
rivets are being cut from the top of the plate, the molten metal is removed by an 
air blast or by mechanical means. If rivet heads are cut underneath the plate, 
the molten metal is removed by gravity, as when removing rivets from vertical plates. 
Where plates are to be salvaged the arc should not be struck on them as it is apt to 
bum a depression. Rather the arc should be struck on the rivet head and rotated 
slightly, care being taken not to concentrate it too long at the periphery of the rivet 
head. For rivet cutting, a in. graphite electrode using 400-600 amperes current 
is recommended. 

Arc Cutting with Coated Electrodes—lUhe application of heavily coated electrodes 
to cutting is not always an economical process, but has certain merits, particularly 
where no oxy-acetylene cutting torch or graphite electrode is available. Electrodes 
with either gaseous or slagging type coatings can be used, but the latter give better 
results because they will handle higher current densities. Plates up to % in. thick 
can be cut by simply advancing the electrode along the line of cut. On heavier 
plates the electrode is pointed forward and moved from the top to the bottom of 
the cut, so as to keep the bottom slightly ahead. Electrodes smaller than A in. dia. 
are not suitable for arc cutting. The width of the cut is approximately constant 
for all electrodes up to ^ in. dia. Alloy steels and many nonferrous metals can be 
readily cut by the coated electrode cutting process. 

Piercing Holes with Coated Electrodes —Coated electrodes can also be used to 
pierce holes in plates. This process is applied in cases where a hole is desired and 
it is impractical to punch or drill it, or use gas cutting. The operation depends on 
the formation of a crater at the end of the electrode which results from the steel 
core melting faster than the surroimding coating. This permits pushing the eleo* 
trode end against the plate without shorting the circuit. Consequently, there Is 
still a gap between the metal conductors and the electric arc does not become 
extinguished. High current is applied to the electrode. The arc is struck at the 
point where the hole is to be pierced and the electrode given, a circular motion, 
equal to the diameter of the hole to be pierced, until the surface of the metal is 
melted. Then the electrode is pushed down against the molten metal and the 
chcular motion continued. This will cause a hole to be melted through the plate. 
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Principles of Heat Treatment of Iron and Steel^ 

By E. S« Davenport* 

Introduotion—The purpose of this article is to outline the principles underlsring 
the heat treatment of ferrous materials. These fundamental principles are used 
when one Intentionally alters the mechanical properties of steel by heat treatment in 
order to make it more serviceable for some particular purpose. The general aim 
of heat treatment is to improve some property or combination of properties as com¬ 
pared to the condition of the material prior to the heat treatment: for example, if 
the properties in the hot rolled, cold rolled, or cast condition are not suitable for 
some particular purpose a heat treatment is applied to develop the desired structure 
and properties. A misunderstanding of the principles involved may result in a heat 
treatment which develops inferior properties instead of the intended improvement. 
It is necessary, therefore, that anyone attempting to devise a treatment for a new 
material or for the development of new combinations of properties, should have a 
thorough grasp of the fundamentals of the subject. 

An article on the subject of heat treatment of metals in general appears on 
page 198. The present article confines itself to the heat treatment of steel and, 
moreover, is limited to a discussion of principles. For more specific information 
on the heat treatment of particular classes of steels, reference may be made to other 
articles in this voliune. 

General Principles—The following definition of heat treatment has been adopted 
by the SAJB., A.S.T.M., and the A.S.M. 

HeftI Trefttmeni—An operation or combination of operations, involving the heating and cooling 
of a metal or an alloy In the solid state for the purpose of obtaining certain desirable conditions 
or properties. 

Note—Heating and cooling for the sole purpose of mechanical working are excluded from 
the meaning of this definition. 

In spite of this “Note** it should be borne in mind that the cooling from hot 
woridng operations, such as rolling or forging, may, and often does, constitute a 
heat treatment Just as much as if a separate heating and cooling cycle were applied. 
For many purposes, of course, the structure and properties resulting from such cool¬ 
ing may not be those desired, in which case further heat treatment is necessary. 

It is assumed that the reader has a good working knowledge of the iron carbon 
diagram and the allotropy of the element iron, and recognizes the fact that the 
whole art and science of the heat treatment of steel is based upon the fact that 
there are two forms of iron: Alpha (ferrite) and gamma (austenite). It is the dif¬ 
ference in solvent power of these two forms of iron for carbon and other alloying 
elements which places at our disposal the wide range of properties capable of being 
developed by heat treatment in ferrous materials. 

In general, all heat treating processes involve two fundamental operations: A 
heating cycle, and a cooling cycle. A third factor—the element of time at one or more 
temperatures either in the heating, cooling or tempering cycle—must be taken into 
consideration in devising a heat treatment schedule for any particular steel. Some 
of the questions which must be answered in developing such a schedule are: How 
hot and at what rate should the steel be heated? How long should it be held at 
temperature? At what rate should it be cooled? Is the heat treatment to be con¬ 
sidered as finished at the end of the cooling cycle or is a tempering treatment 
required? If tempering is necessary, what heating, cooling, and time-temperature 
cycles are to be followed? Let us now consider these questions in somewhat greater 
detail and attempt to arrive at answers from the viewpoint of general principles. 
It is realized that, in practice, the size and shape of the part being treated must 
be taken into account; but except where otherwise noted, this factor will be neglected 
in the following discussion as it does not affect the principles involved. Articles 
dealing more fully with this aspect of heat treatment appear elsewhere in this 
volume (Relation of Design to Heat Treatment, page 214, Mass Influence in Heat 
Treatment, page 512). 

Heating—The first step in the heat treatment of steel is the heating of the 
material to some temperature either in or above the transformation range in order 

•IfetaUarglst, United States Steel Oorp., Research Laboratory, Kearny, K. J. Prepared for the 
Sttbeommittee on the Heat Treatment of Metals. The membership of the subcommittee was as 
follows: R. 8. Archer, Ohalrman; J. P. Olll, W. O. HlMorf, G. C. ZJlly, W. B. Price, C. T. Willard, 
and X. a DaTenporl. 
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to put the Iron in the gamma condition: the carbon and other elements are thus 
caused to dissolve in the gamma iron and to form the homogeneous solid solution, 
austenite. The solution of these elements may be either partial or complete, depend¬ 
ing upon the time-temperature cycle. This austenite solid solution is the raw material 
out of which we build the final structure of ferrite and carbide in the subsequent 
cooling, or cooling and tempering operations. 

Heating Ra^e—Por many purposes the rate of heating is not as important as 
certain other essential features of the heat treating cycle such as, for example, max¬ 
imum temperature, time at temperature, and rate of cooling. The initial condition 
of the material, with respect to internal stress produced by cold work or otherwise, 
may have an important bearing on the optimum heating rate because of its influence 
on distortion and cracking, and on the initial size and growth ciiaracteristics of the 
austenite grains; moreover, the volume change accompanying the alpha to gamma 
transformation as the metal passes through the transformation range must be taken 
into consideration in selecting a heating rate. Hard, brittle, highly stressed mate¬ 
rials, such as steels in the martensitic or fully hardened condition, should be heated 
more slowly and carefully than is necessary for stress-free materials: otherwise 
cracking may occur. On the other hand, materials which have been subjected to a 
certain amount of cold working may. exhibit a tendency to germinative or excessive 
grain growth when heated slowly through the transformation or recrystallization 
range; in such cases a rather rapid rate of heating through the germinative tem¬ 
perature range is indicated if excessive grain growth is to be avoided. 

The thermal conductivity of the material, the nature of the furnace atmosphere 
(whether scaling or nonscaling) and the thickness of section, all have an influence 
on the behavior of the steel in relation to the rate of heating. The difference in 
temperature rise within thick and thin sections of articles of variable cross section is, 
of course, an ever present problem in practical heat treating operations; whenever 
possible, provision should be made for retarding the heating of the thinner sections 
in order to minimize thermal stress and distortion. In general, the heating rate 
should be such eus to avoid injury to the material through excessive thermal and 
transformational stresses, but the possibility of germinative grain growth should be 
kept in mind. Indeed, uniformity of proper temperature throughout the material 
is the ultimate objective of the heating cycle; in most instances this uniformity will 
be attained more safely, and with less over-all damage to the steel, by slow heating 
than by fast heating. 

Maximum Temperature—‘The selection of the maximum temperature will be 
determined to some extent by the chemical composition of the steel, the proportion 
of carbide or ferrite it is desired to put into solution in the austenite, and the 
maximum permissible austenite grain size if the latter has been defined or specified. 
In general, the higher the temperature, within limits, the greater the solubility of 
the phases (carbide or ferrite) and the greater the rate at which they are dissolved 
in the austenite; likewise, the higher the temperature, other things being equal, the 
larger the austenitic grain size. 

For plain carbon, hypoeutectoid steels (below about 0.85% carbon) a tempera¬ 
ture just above the upper transformation or critical temperature (A«) is usually 
recommended. At this temperature (As), which, of course, varies with the carbon 
content of the steel, the transformation from alpha to gamma on heating is just 
completed, that Is, all of the carbide and proeutectoid ferrite is in solid solution; 
thus maximum solubility of the constituents is achieved with minimum growth of 
the austenite grains. As the temperature is raised above the As for any given steel, 
the austenite grains begin to grow; such grain coarsening is sometimes desirable for 
improving machlnability; less frequently it is employed to increase hardenability 
(depth of hardening) although deeper hardening can usually be achieved better by 
other means. 

For plain carbon, hypereutectoid steels (above about 0.85% carbon) a tempera¬ 
ture between the lower transformation or critical temperature (Ai) and the upper 
critical (Aem) is usually recommended. The upper critical line (Arm) in the iron 
carbon diagiam rises so steeply with Increasing carbon content above 0.85% that 
an excessively high temperature may be required to dissolve all the proeutectoid 
carbide in the austenite; this tends to develop undesirably coarse austenite grain 
size with consequent deep hardening and cracking effects. If it is desired to take 
full advantage of the hardening effect of the carbon and of the alloy content, It 
may be necessary to have most of the carbide in solution, in which case a tempera* 
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ture Just at, or slightly above, the Aem temperature must be employed; otherwise, 
it may be preferable to leave some of the carbides undlssolved In order to restrain 
austenite grain growth and to act as transformation nuclei on cooling; when this 
Is done a part of the potential hardenablUty of the steel Is sacrificed in order to 
limit or control grain growth and depth of hardening. Undlssolved carbides are 
almost always present to some extent In the austenite of alloy steels containing the 
reluctanUy-soluble carbides of elements such as chromium, vanadium, molybdenum, 
and tungsten; excessively high temperature or an absurdly long heating period 
would be required to put all of these carbides Into solution. 

To summarize then, the maximum temperature in the austenitic range should 
be Just high enough to achieve the necessary extent of solution of the constituents, 
ferrite or carbide, but no higher. The austenite must be held long enough at tem- 
peratiure to become essentially homogeneous and rich enough In carbon, and In such 
alloying elements as may be present to bring about the desired hardening in the 
subsequent cooling operation; yet excessive growth of the austenite grains should 
be avoided. In so far as possible. If for any reason, a coarse austenitic grain size 
is desired, a higher maximum temperature should be used. 

Time at Maximum Temperature—In general, time at temperature has an in¬ 
fluence similar to maximum temperattire, as discussed in the preceding section. 
In any heat treating process temperature and time must be considered simultane¬ 
ously since practically all changes in metals take place more rapidly at higher tem¬ 
peratures, owing to the Increased atomic mobility. Thus the longer the time at any 
given temperature in the austenitic range, the greater will be the amount of carbide 
and alloying elements (if present) taken into solution, the more homogeneous the 
austenite due to diffusion of these dissolving elements and the larger the austenitic 
grain size—all within limits fixed by the equilibrium conditions of these reactions 
at the particular temperature under consideration. Carbide particles, in particular, 
require a surprisingly long time interval for complete solution even when the tem¬ 
perature is such as to cause their ultimate solution, that is, above Aem. 

Since the constitutional changes which we aim to bring about at the maximum 
temperature are comparatively rapid, the element of time is less important than 
the actual temperature itself. In general, a relatively small increase in temperature 
will have a far greater effect in accomplishing the desired change than a longer 
time at some lower temperature; this is particularly true for the diffusion and grain 
growth changes mentioned above. On the other hand, when we consider the ques¬ 
tion of time at temperature from the standpoint of thickness of section, thermal 
conductivity of the metal, scaling, decarburization and other surface reactions de¬ 
pendent upon finnace atmosphere, the time factor assumes gnreater significance. The 
heavier the section or the lower its thermal conductivity, the longer the time neces¬ 
sary to attain uniform temperature throughout the piece; in the great majority 
of cases, uniformity of temperature throughout the piece is highly essential. Scaling, 
decarburization and similar surface phenomena all proceed continuously with time 
at temperature and if these effects prove to be detrimental it behooves the heat 
treater to keep the time as short as possible. Many of these surface reactions can 
be limited or even advantageously utilized by proper adjustment of the furnace 
atmosphere as, for example, when we intentionally introduce elements into steel 
by means of carburizing, nltrlding, or a similar treatment. 

In general, the time at maximum temperature should be long enough to attain 
uniformity of temperature and to bring about the desired constitutional changes; it 
frequently happens that these two aims can be accomplished in about the same 
time. On the other hand, the time at temperature should be kept to the minimum 
consistent with the above requirements in order to avoid imdesirable effects from 
austenitic grain growth or surface changes due to the heating atmosphere. 

Cooling—When the steel has attained the predetermined temperatiure through¬ 
out, the next step is to cool it at the proper rate to develop the desired structure. 
When, for a given steel, the austenite on cooling transforms to an aggregate of 
ferrite and carbide, or to martensite, the resultant structure—hence the mechanical 
properties—is, to a large extent, determined by the temperature at which this 
transformation actually takes place. With a slow cooling rate only moderate under¬ 
cooling occurs; the transformation takes place Just slightly below the lower critical 
temperature (At), and the resulting structure is characterized by cdarse, lamellar 
pearlite of relatively low strength and hardness and high ductility. With such a 
slow cooling, there is, in addition to the pearlite reaction, a precipitation of proeutec- 
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told ferrite In hypoeutectold steels and of proeutectold carbide In hypereutectoid 
steels; these proeutectold constituents usually precipitate in the austenite grain 
boundaries and thus outline the austenite grains which existed at the maximum 
temperature; advantage is taken of this behavior in making austenite grain size 
measurements In hypo and hypereutectold steels. 

With progressively greater rates of cooling the actual temperature of transforma* 
tion Is progressively lowered by undercooling until, eventually, it is depressed to 
temperatures in the vicinity of 950-1000*^F.; the lamellar pearllte becomes pro¬ 
gressively finer, stronger, harder and less ductile.and the precipitation of the proeu¬ 
tectold phases—ferrite or carbide, as the case may be—gradually diminishes In 
volume imtll finally at the faster cooling rates, It may be suppressed altogether. 
However, In the very low-carbon steels (0.20% carbon and lower) there is so much 
excess ferrite available that Its precipitation ordinarily cannot be suppressed even 
with the most drastic cooling. 

If the cooling speed Is Increased still further, as in quenching, the transforma¬ 
tion is depress^ by undercooling to temperatures approaching room temperature; 
the product of the austenite transformation at these low temperatures is not pearlite, 
but martensite, the characteristic constituent of fully hardened steel. The cooling 
rate which Just causes the steel to harden fully to the martensitic condition is 
known as the ‘^critical cooling speed”; It depends upon the composition and the 
austenite grain size of the steel. Martensite is now generally considered to be an 
unstable, supersaturated solid solution of carbon In alpha iron; It is glass-hard, 
brittle, and in steels carrying more than about 0.5% carbon, always in a condition of 
high internal stress, due, in part, to the volume changes accompanying the gamma 
to alpha transformation, to the solid solution effect, and to the drastic cooling 
which the material imderwent in the hardening operation. In this condition steel 
is ready to precipitate its carbon and to relieve Itself of stresses at the first appor^ 
tunity, as, for example, on reheating for tempering or drawing-back. In some 
cases, fully hardened steel may relieve itself of internal stresses by spontaneous 
cracking, a fact well known to practical heat treaters. 

At cooling rates intermediate between those giving rise to the pearlitlc struc¬ 
tures and those yielding martensite, mixtures of the two structures may be formed 
due to part of the transformation occurring at the higher temperatures and part at 
the lower; this mixed structure is always encountered in the transition zone between 
the hardened exterior and unhardened core of quenched heavy sections In which the 
surface may have cooled fast enough to form martensite while the interior cooled 
more slowly and transformed to the softer pearlitlc products at higher tem¬ 
perature. Thus it is evident that thickness of section has a marked influence on 
the depth to which a given steel may be hardened (hardenabllity) at any particular 
cooling rate. 

Effect of Alloys—The mechanism by which, at any particular cooling rate, dis¬ 
solved alloy content depresses the transformation to lower temperatures as com¬ 
pared to carbon steel, is now fairly well understood. The action is due to the 
retarding of the fimdamental transformation rate of the alloy bearing austenite, 
causing the finer, harder pearlitlc structures to be formed at any given slow cooling 
rate or resulting in deeper hardening characteristics on rapid cooling—all, of 
course, as compared to plain carbon steels. Thus it corresponds to a faster cooling 
rate prior to the beginning of transformation as compared to carbon steel. A so- 
called ”air hardening” steel, therefore, is one in which the transformation rate 
has been so retarded by the addition of alloys as to form fully hard martensite even 
on moderately slow cooling from the austenitic condition. In high alloy steels 
containing substantial amounts of the austenite-stabilizing elements the austenite 
solid solution may be retained all the way down to room temperature by the use 
of even very moderate cooling rates such as air cooling; these steels constitute 
extreme examples of the retarding of the fundamental transformation rate by the 
addition of alloying elements. 

Effect of Austenite Grain Size—Increasing the austenite grain size by employing 
higher mtu^um temperatures before cooling has an effect upon hardenability 
similar to that of adding alloys; coarsening the austenite grain retards the funda¬ 
mental transformation rate and results in harder, finer pearlitlc structures, or 
deeper hardening characteristics, for any given rate of cooling as compared to the 
• same steel in the fine grained condition. 

Effect of Thickness of fifection—The influence of size of section must be taken 
into account in any consideration of the subject of heat treatment from the stand- 
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point of cooling rate. A heavy section cannot be cooled as rapidly as a thin section; 
the interior of a heavy section cooling more slowly than the surface, transforms not 
only at a later time, but at a higher temperature and hence to a softer product than 
the more rapidly cooling exterior. This £dves rise to differences in properties between 
the interior and exterior as well as to possible distortion, nonimiform internal stress 
and other difficulties well known to those familiar with heat treating practice; the 
subject is discussed more fully elsewhere in this volume, page 512. 

Effect of Condition of Sur/ace—Another factor which may be mentioned in 
connection with cooling practices is that of the surface condition of the metal 
about to be cooled. Steel which carries a heavy insulating coating of scale from 
the heating operation cannot be cooled as rapidly, under a given set of cooling 
conditions, as steel which is free from scale. This may result in erratic and non- 
uniform properties in the final product, particularly in connection with treatments 
designed to achieve full hardening; soft spots, or in extreme cases, complete lack 
of hardening may result from attempts to quench badly scaled steel. The remedy, 
of course, is either to descale in some manner before cooling, or practically, to carry 
out the heating operation in a less severely scaling atmosphere. Decarburization 
may cause nonuniform hardening and other undesirable effects, particularly as 
reflected in the behavior of the material under repeated or alternating stress 
(fatigue). 

To summarize the effect of cooling rate on a given steel, the slower rate yields 
the softer pearlitic structmres while the rapid rate gives rise to the harder, marten¬ 
sitic structures; the former are relatively stable and stress-free while the latter are 
quite unstable and are likely to be so highly stressed internally as to be unservice¬ 
able for most purposes. This brings us to the question of whether the heat treat¬ 
ment is to be considered as completed at the end of the cooling operation or whether 
a further treatment is necessary. Ordinarily, the softer, pearlitic products result¬ 
ing from the slow cooling operations require no further treatment since they are 
rtiatively stable (although not entirely so) from a structural standpoint. Occasion¬ 
ally, the fine, pearlitic structures are given a low temperature (subcritical) stress 
relieving anneal; such a treatment tends to spheroidize the fine lamellar carbides, 
the extent of spheroidization depending upon the temperature and time of the 
annealing operation. On the other hand, the harder, martensitic products, result¬ 
ing from rapid cooling or quenching, are usually so unstable and brittle as to be 
of little practical value in the *‘as quenched” condition; hence a further treatment 
known as tempering is almost invariably applied. 

Tempering—l^'empering of fully hardened steel is carried out for relief of 
quenching stresses and for the recovery of a limited degree of toughness and 
ductility. The operation consists of heating at temperatures below the lower trans¬ 
formation or critic^ temperature (Ai), that is, at temperatures at which the steel 
is in the ferritic condition. The stress relief and recovery of ductility are brought 
about through precipitation of carbide from the supersaturated, unstable alpha iron 
solid solution (martensite) and through diffusion and coalescence of the carbide as 
the tempering operation proceeds. 

It should be clearly understood that the carbide precipitation which occurs dur¬ 
ing the tempering of martensite does not take the form of plates or lamellae char¬ 
acteristic of the pearllMc structures formed directly out of austenite on slow cool¬ 
ing; on the contrary, the carbide precipitated during tempering takes the form of a 
fine dispersion of more or less spheroidal particles, the size of which depends upon 
the time-temperature conditions of the tempering operation; this cannot be empha¬ 
sized too strongly since there appears to be considerable confusion on this particular 
point. So far as is known, no one has ever succeeded in making lamellar pearlite 
out of martensite by a subcritical tempering treatment. The tensile properties of 
a tempered specimen (spheroidal carbides) and a pearlitic specimen (lamellmr car¬ 
bides) of the same steel, at the same hardness, are distinctly different. 

The higher the tempering temperature, or the longer the time at temperature, 
the coarser the spheroidal carbide particles and the softer and more ductile the 
steeL Alloy steels containing the carbide forming elements tend to show greater 
resistance to softening in tempering than plain carbon steels; hence higher temper¬ 
atures or longer times may be employed in tempering such steels, thereby attaining 
more thorough relief of quenching stresses without proportionate sacrifice in 
hardness. 

Some steels are susceptible to embrittlement, or at least a reduction In ductility. 
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when tempered In the so-called “blue heat” range, or when slowly cooled through 
this range after tempering. This, which is due presumably to some predpitatton 
in the steel, can be minimized either by tempering at temperatures below the 
range in which the steel is sensitive, or by rapid cooling through the range If the 
tempering temperature is above it. 

In general then, the tempering operation may be conducted so as to give almost 
any desired combination of properties by proper selection of the time-temperature 
conditions. The correct time-temperature cycl^ for any given set of properties de¬ 
pends, to a large extent, upon the composition of the steel, and particularly the 
composition of the austenite with respect to its dissolved carbon and alloy content 
prior to its conversion to martensite by rapid cooling. 
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Flame Hardening* 

General—The **flame hardening** process, also known as the **Shorter'* process 
or **Shorterizing,** embraces the use of the oxy*acetylene flame to raise the tempera¬ 
ture of the surface of ferrous material above the Ac, transformation point so that 
subsequent quenching will produce a desired hardness and structure. 

The hardened layer varies in depth from a mere skin to % in., according to 
the operating practice and t 3 rpe of material being treated. This method forms a 
hardened case on the surface of the parts being treated without altering the chemical 
composition, so must not be confused with such processes as carburizing, cyaniding, 
or nitriding that require the addition or absorption of other elements. 

Comparison of Furnace and Flame Hardening— For mass heat treating of small 
objects which are to be uniformly hardened the furnace method is usually the most 
efficient and economical. There are many Instances where the parts are too large 
or where there is danger of excessive distortion when using the furnace method. 
In such cases, the oxy-acetylene flame may be used to advantage since this process 
permits the hardening of any accessible portion of an article with neglible distortion. 

Distortion—While flame hardening tends to minimize distortion, there are appli¬ 
cations which must be held to little or practically no distortion. The amount of warp 
is not predictable and frequently it is not possible to prophesy the direction of dis¬ 
tortion. The composition of the material, its physical condition, the depth and degree 
of hardness, and the section undergoing treatment should be considered. Practically, 
the answer must be determined by experiment on the particular section. Distortion 
is greatest when only one side of a thin object is heated and quenched. Often it will 
be found that some simple expedient such as a water bath or compensative heating 
on the opposite side from which the flame hardening is being done will hold distor¬ 
tion to a minimum. In sections where both sides of an object are hardened simul¬ 
taneously, such as gear teeth, distortion is practically nil. Where the metal section 
between the bore and root diameter is less than in., the bore may expand several 
thousandths. 

Materials—steels—To obtain any appreciable degree of hardening, the material 
treated must be of such a chemical composition as to readily respond to heating 
and quenching. For carbon steels the carbon content should be at least 0.35%; the 
best range is 0.40-'0.70%. Steels with a higher carbon content may be successfully 
flame hardened, but greater care has to be exercised to prevent surface checking or 
cracking. 

The high alloy steels produce a more difficult problem in heating and quenching, 
and many are to be avoided. Table I illustrates the type of steels that have been 
successfully flame hardened. 


Table I 

Types of Steels Suitable for Flame Hardening* 

(Bee page 612 for compositions) 


S.A.B. 

Carbon 

Steels 

S.A.E. 

Manganese 

Steels 

S.A.E. 

Nickel 

Steels 

S A.E. 

Nickel- S.A.E. 

Chromium Chromiiim 
Steels Steels 

S.A.E. 

Chromium- S.A.E. 

Vanadium Molybdenum Miscellaneous 
Steels Steels Materials 

1035 

T1330 

2330 

3140 

5140 

6135 

4130 

Carbon Vanadium 

1040 

T1335 

2335 

X3140 

62100 

6140 

X4130 

steels 

X1040 

T1340 

2340 

3145 



4135 

Carbon Molybdenum 

1045 

T1345 

2345 

3230 



4140 

steels 

X1045 


2350 

3240 



4340 

Malleable iron 

1050 



3335 

‘ 


4640 

Cast iron 

X1060 



3340 




Oraphltic steel 

1065 



3435 





X1055 









*As a guide to the type of steels, the 8.A.E. steels are listed but many other steels similar to 
these grades are also flame hardened. 


'Prepared by the Subcommittee on Flame Hardening. The membership of the subcommittee 
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Cast /ro7^~Pearlitic cast irons and malleable irons offer a broad field for the 
fiame hardening process. Chilled, cast iron has a high resistance to wear, 
but ordinary chilled cast¬ 
ings can not be used when 
machined surfaces are 
required and where dimen¬ 
sional accuracy is impor- , 
tant. It is here that fiame 
hardening is particularly 
useful, because the wearing 
properties of cast iron sur¬ 
faces are greatly increased 
by this process. Table II 
shows the results obtained 
in fiame hardening a num¬ 
ber of cast irons. 

Properties-—Thismethod 
of heat treatment produces 
the optimiun hardness on 
the surfaces subjected to 
wear, but leaves the core in 
its original condition. This 
makes it possible to heat treat the core to the desired properties and then impart a 
hard surface layer without altering the core. 

Table II 

Brinell Hardness of Cast Iron Before and After Flame Hardening 



“A” case of gray Iron immediately below treated surface, 500X. 
“B'* untreated base metal, 500X. 


Brinell Hardness. 3,000 kg. load 


Combined 

Carbon 

Graphitic 

Carbon 

Silicon 

Nickel 

Chromium 

Before 

Hardening 

After 

Hardening 

0.49 

2.61 

1 91 


0.064 

235 

450 

0.49 

2.58 

1.92 


0 064 

241 

472 

0.96 

1.92 

1 42 

trace 

0 11 

350 

560 

0.76 

2.35 

2.43 


0 022 

223 

441 

0.74 

2.00 

2.26 

0.48 

0.36 

269 

450 

0.69 

2.08 

1 82 

0.16 

0.10 

253 

472 

2.09 

0 56 

1.01 


0 24 

367 

578 

0 64 

2.30 

1.58 

0.07 

0 076 

292 

450 


Hardness —^The surface hardness that can be anticipated from flame hardening 
any of the steels tabulated in Table I at least equals the same as would be obtained 
from these analysis if hardened in a conventional heat treating furnace and 
quenched. Table III gives hardness values for a guide as to what may be obtained. 

The hardness is maintained through about 80% of*the depth of the hardened 
area. The core is not affected and 
there is no rapid falling off of the 
hardness, the transition from case to 
core being gradual (Fig. 1). As a sharp 
line of demarcation between the case 
and core is not observed flaking and 
spalling under service stresses are 
avoided. 

Application and Methods—This 
process may be adapted to castings, 
forgings, or rolled sections. Size is not 
a limiting factor and if the part is 
fabricated from material of the proper 
analysis and the sections which re¬ 
quire hardening are readily accessible, 
then the part may be flame hardened. 

Flat sections, circular parts, 
irregular shapes and varied combina¬ 
tions may be successfully hardened by this method. 

The Stationary or Spot Hardening Method—This method Includes operations 
where the torch and work are stationary during the treatment. 



Sorfyce-hofm 


Fig. 1—Hardnes/i exploration of flame hardened 
case on S.A.E. 1045 steel. 
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Straight Line Progressive Method-^Jn this method, the torch and quench travel 
along the face of the object such as gear teeth or track rails. With this procedure 
only the material directly under the heating head is undergoing treatment at any 
Instant. 

Rotary Progressive—In this method, cylindrical objects of large diameter are 
rotated at a speed of from 3-12 in. per min. in front of a stationary flame. The 
torch being mounted so that it progressively heats and quenches the desired width 
of path to be hardened. This method leaves at the starting and stopping points a 





• Table m 

Expectant Hardness After Flame Hardening—Water Quenched 


8A.8. 

jSteels 

Scler. 

BrineU 

Rockwell C 

S.A.E. 

Steels 

Scler. 

Brlnell 

Rockwell C 

1035 

37 

850 

35 

3140 

65 

477 

49 

1040 

63 

461 

47 

3145 

67 

495 

so 

1045 

70 

614 

52 

3340* 

84 

627 

60 

1050 

78 

578 

57 

3435* 

72 

534 

63 

1060 

84 

627 

60 

4130 

70 

614 

62 

T1335 

61 

444 

46 

4140 

81 

601 

68 

T1340 

66 

477 

49 

4640* 

84 

627 

60 

T1345* 

70 

614 

52 

5140 

81 

601 

58 

2830 

69 

429 

45 

52100* 

95 

712 

66 

2835 

61 

444 

46 

6140 

85 

627 

60 

«Thefle 

steels are recommended 

to be hardened by the spinning method 

only. 



narrow oblique path which is generally two or three points softer on the Rockwell 
than the adjacent hardened areas. The tempering of the hardness at the overlap 
may be held to a minimum by placing an auxiliary cooling stream ahead of the torch. 

Large cylindrical pieces may be hardened by mounting the torch In the tool 
post of a lathe and moving the carriage slowly along the cylinder axis, producing 
a spiral path, the width of the strip depending on the width of the torch. Where 
complete hardening is desired the paths should overlap about % in. 
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Spinning Methodr—¥ov hardening gears under 4 diametrical pitch and producing 
hardened bands on cylindrical surfaces of small diameter, the spinning method is 
employed using a water cooled tip without quenching Jets. The heating flames cover 
the entire width of the path being hardened while the object is rotated rapidly <at 
a surface speed of approximately 100 r.pjn.). When the surface of the object has 
been heated to the desired temperature, the flames are extinguished, and the part 
is ejected or dropped into a tank of quenching medium or a spray quench is directed 
upon it. Where larger diameter surfaces are to be hardened it may be necessary 
to use two or more heating tips spaced equally aroimd the cylinder circumference. 

Progressive Spinning—This method may be employed for the hardening of cylin¬ 
drical surfaces of extended length by progressing a heated band followed by a 
quenching stream along the axis of the cylinder being heated at the general pro¬ 
gressive hardening speed of 3-12 in. per min. The work is mounted on centers and 
rotated at a speed of about 100 r.pm. One or more torches, depending upon the 
diameter of the object, are mounted with the quenching arrangement on a separate 
carriage and are spaced at equal intervals along the objects perimeter so as to heat 
a narrow band. Moving the carriage slowly, the heated band is progressed along 
the axis of the cylinder followed by the quenching stream. 

Hardening Irregular Surfaces—Irregular contours may be hardened by using 
specially designed torches. In many instances it is preferable to divide an irregular 
shape into several sections and treat each part as a separate operation. This method 
permits simplification of torch design as well as promoting easy operation, but it 
has the disadvantage that in certain applications or design, there may be produced 
zones of lower hardness at the Junctions of the different sections. 

Equipment—^Whlle there are instances where torch hardening must be performed 
by hand, most all operations may be mechanized and in order to reduce cost and 
obtain consistently uniform results, mechanical means should be used. 

There are several types of flame hardening machines used in the United States, 
the Monitor, Radiagraph, Sykes machine, the Gleason design, the Universal tsnpe, 
camshaft and rail hardening machines. Variable speeds of tmvel on all types of 
machines permit uniform treating of sections of different sizes and varsring cross 
sections. 

Torches—The recent developments of dependable 
internally water cooled torches and multiflame tips, 
capable of maintaining stable flames under severe heat¬ 
ing conditions, in close proximity to the heated surface, 
and the operation of these tips by mechanic&l means 
have made possible the application of the flame harden¬ 
ing process to industrial production. 

Tips—A large selection of flame hardening tips for 
hardening gear teeth, flat, round, and cylindrical sur¬ 
faces; both internal and external are available. In 
general, for progressive hardening, the tips have integral 
water quenching jets at the proper distance to the rear 
of the heating flames, which progressively quench the 
surface as it is heated. The water Jets perform two 
functions, that of cooling the tip, as well as quenching 
the heated surface. For other applications where the section of flame hardened 
surface is first heated and then quenched separately, showing ease, 

the tips are designed with internal cooling while an 
auxiliary quenching stream is used for quenching after 

the heating flames have been extinguished. These quenching streams may be built 
into the tip or may be separate. 

Gear Hardening—In gear hardening the head is designed to allow operation in 
the restricted area between the teeth. Although it has been the practice until quite 
recently to flame harden the opposite sides of each tooth separately, the develop¬ 
ment of the “straddle type*’ heads has made simultaneous treatment possible. 

With this method the gear may be hardened in half the time formerly required. 
In addition to time saving, the simultaneous application by the straddle method 
leaves both sides of the tooth hardened uniformly. As the straddle method provides 
for heat and quench striking both sides of the tooth simultaneously, the tendency 
for small teeth to distort is overcome. 

To insure equal hardness and contour on each side of the tooth, the distance 
from tooth faces to head faces must be equal, and the flame intensities and gas 
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ratios the same. The leading flames of the heads must arrive at the entering end of 
the tooth at the same time. 

Quenching pressures are important, especially on the small tooth sizes. Too 
much pressure will interfere with the flames, and too little pressure may not produce 
sufficient hardness. 

Stress Relieving—Tempering or stress relieving is absolutely essential and should 
follow shortly after quenching. This operation is performed in a standard type heat 
treating furnace or air or oil bath at temperatures from 350-400'’F. This low tem¬ 
perature is sufficient to relieve the stresses set up by quenching, but has little if any 
effect on the hardness. After this tempering operation the work may be removed 
from the furnace and cooled in still air or may be furnace cooled. 

Economics—Computation of cost and gas consumption per unit area depends 
upon several varying factors, such as set up time, case depth, method used, rate 
of torch travel, size of tip, and relation of the surface to mass of the object treated. 
It would appear that owing to these variables only an approximation can be made. 
A fair estimating flgure is that M cu. ft. of each gas will flame harden one sq. in. 
of surface to a depth of about H in. In certain practices this flgure has been 
reduced to ^ cu. ft. of each gas per sq. in. of surface treated; speed range 3-10 in. 
per minute. 

Precautions—^While this method of hardening appears simple, there exist a num¬ 
ber of variables which have to be carefully regulated and co-ordinated to insure the 
most satisfactory results. 

Since flame hardening is only surface hardening and only a comparatively thin 
layer is treated, it is of the utmost Importance that this surface be in the proper 
condition to successfully respond to this operation. Decarburized zones are to be 
avoided. The components must have the requisite carbon content at the surface 
as well as underneath. 

The surfaces to be hardened must be scale-free as scale retards the quench and 
maximum hardness will not be attained. Pits, blow holes, seams and laps, are to 
be avoided as they may result in the formation of large surface holes or develop 
into cracks diuring the quenching operation. 

This method produces no scaling or pitting and the hardened surfaces are left 
clean and smooth but precaution must be taken, because a temperature of 6300*F. 
is applied at a distance of only % in. from the surface desired to heat to a tempera¬ 
ture range of only 1450-1550'’F. Positioning the flame too close to the work, or apply¬ 
ing it for too long a time, may result in searing or burning the surface material 
and producing a brittle and coarse unflerl 3 rlng grain, or it may result in overharden¬ 
ing and surface checking. 

The operator must learn to Judge the proper quenching temperatures and while 
this varies with different steels, practice will soon permit him to Judge with fair 
accuracy. The light of the flame makes the steel appear colder than the actxial 
temperature and a new operator may overheat the work. Inexperienced operators 
often report that the material is excessively hot under the last two flames but cold 
in between, but with a properly designed head the heat will be distributed satisfac¬ 
torily although the appearance under the flame would tend to indicate otherwise. 
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Heat Treatment of Carbon Steels* 

General—This article covers the heat treatments for carbon steels of all com¬ 
monly used types except those classified as tool steels. All common applications are 
covered except those of case hardening, spring making and the hardening of tools. 
From the treatments not covered, see appropriate sections of this Handbook., 

Chemical Composition—The composition of the steels covered are the S.AJB. 
specifications for carbon steels as given on page 612. 

Heat Treatment—General—Table I gives the commonly used temperatures and 
quenching media for heat treating some of the carbon steels. The S.AJ5. carbon 
steels whose treatments are representative of a particular carbon range are the on^ 
steels listed in Table I. For a discussion of the principles involved, the reader is 
referred to the articles “Heat Treatment of Metals'* and “Principles of the Heat 
Treatment of Iron and Steel" given in this Handbook. 


Table I 

Heat Treatments for Carbon Steels 


S.A.E. 

No. 

Normalize, 

•P. 

Anneal. 

•P. 

Quench. 

•P. 

Quenching 

Medium 

1010 

1650-1800 

1600-1700 or 1000-1350^ 

1650-1700 

Water»-Oil*.» 

1020 

1650-1750 

1600-1700 or 1000-1350> 

1575-1675 

Water»-Oil*.» 

1030 

1600-1675 

1575-1650 or 1250-1400’ 

1550-1625 

Water’-Oil 

1035 

1575-1650 

1575-1625 or 1250-1400’ 

1525-1600 

Water«-Oil 

1040 

1575-1650 

1550-1600 

1500-1575 

Water*-Oil 

1045 

1550-1650 

1550-1600 

1475-1550 

Water’-Oil 

1050 

155(W1625 

1550-1600 

1450-1525 

Water*-OU 

1060 

152^1600 

1500-1575 

1425-1550 

Water’-Oil 

1070 

1500-1576 

1475-1550 

1425-1550 

Water’-OU 

1080 

1500-1575 

1475-1550 or 1250-1400’ 

1400-1525 

Water’-Oil 

1095 

1500-1575 

1475-1550 or 1250-1400’ 

1400-1525 

Watcr’-OU 


ipor explanation of double temperature range, see discussion of Group 1. >Thi8 temperature 
range is for spheroidizing. ’Brine or caustic soda solution is frequently used. ^Soluble oil soluUoo 
is used for hardening bolts. ’Mineral oil is used when treating for machinability only. 


To simplify further discussion of the treatment, the steels will be classified as 
follows: Group I, S.AJE. 1010-1025: Group II, S.AJB. 1030-1050; Group HI, SAJB. 
1055-1095. 

Group t, S.A,E, Steels f0f0-f025—There are three important kinds of heat 
treatment used on these low carbon steels: (1) Process treating of material to pre¬ 
pare it for subsequent operations; (2) treatment of finished parts to improve pin¬ 
eal properties, and (3) case hardening, which is covered elsewhere in this Handbook, 
so does not concern this article. 

The process treatment of these steels is applied principally to sheet and strip 
for stamping and drawing and to parts made from such steels between drawing 
operations. 

It is often necessary to process anneal drawn products between operations to 
relieve work strain in order to permit further working. This operation is usiutUy 
carried out at temperatures between the recrystallization temperature, and the lower 
critical temperature. Its effect is to soften by recrystallization and grain growth 
of ferrite. It is desirable to keep the recrystallized grain size relatively fine and for 
that reason rapid heating and short holding time at temperature are desirable. The 
low temperatures also keep the scaling at a minimum. The customary practice is to 
discharge the parts from the temperature into air. If complete surface protection 
is desired, the material may be heated in liquid baths or controlled atmosi^ere 
furnaces. 

A similar practice may be used in the treatment of low carbon cold headed 
bolts. Sometimes the strains introduced from cold working so weaken the heads 
that they break through the most severely worked portion at the slightest dis- 
tmbance. Process annealing as described above is sometimes used to overcome this 
condition. The temperatures used ate, as a rule, close to the lower critical. This 
results in considerable reduction of the normal cold drawn physical properties. A 
stress relieving treatment at about lOGO^'F. for cold headed bolts made from SAJB. 
1020 for the automotive industry retains much of the strength acquired in cold 


*Prepared by the Subcommittee on the Heat Treatment of Carbon Steels. The membership wm 
as follows: M. L. Frey, Chairman: B. O. Dixon, and T. A. Benton. 
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working and provides ample toughness. A more common practice is to combine a 
stress relieving treatment with an actual quench from the upper critical tempera* 
ture or slight^ above. This treatment produces physical properties which approach 
those of the cold drawn stock. A common quenching medium is a water solution of 
soluble oil. Its use produces two desirable results. First, the surface of the parts 
is ^ven a pleasing black color which is accepted as a commercial finish and, second, 
the speed of the quench is slowed down to the point where extreme hardness is 
not produced and it is not necessary to temper the parts. 

The heat treatment applied to machinery parts other than bolts and stampings 
sometimes consists of normalizing when high toughness is desired. Since the air 
hardening properties of these steels are low, the resulting tensile strength and yield 
point will be low. Annealing from above the upper critical temperature, followed by 
slow cooling is seldom used because it results in low strength and poor machinability. 
With special work, a drastic quenching as in water or 5% caustic followed by temper¬ 
ing is tised to produce moderate strength and high toughness^ in parts of small 
section. The obtainable increase in strength, however, is not suflacient for general 
practice, so it Is better to use a material with higher carbon steel or alloy steel. 

Heat treatments to Improve machinability are frequently employed. The gen¬ 
erally poor machinability of the low carbon steels, except those containing sulphur 
or other special alloying elements, is due principally to the fact that the proportion 
of free ferrite to carbide is high. Additional factors are the form in which the 
carbide occurs and the distribution pattern of the carbide containing constituent. 
Because it is soft and ductile, ferrite is responsible for the tearing action of tools and 
the loading of metal on their cutting edges. Any treatment which distributes the 
carbide throughout the ferrite mass in such a way as to effectively break it up 
favors machinability. In the case of spheroidized steels, the distribution of free 
ferrite and carbide is the highest possible, and in this condition.the machinability 
is poor in spite of a favorable distribution pattern. In fully aimealed steels the 
distribution of free ferrite and carbide is more favorable because the carbide is 
present as pearlite, which occupies more volume, but the distribution pattern is 
poor. Normalizing improves this condition and therefore aids machining. Even 
though the as-forged structure varies considerably, the distribution pattern is usually 
good and steels in this condition machine with reasonable satisfaction. 

The best machinability in steels up to 0.20% carbon is usually obtained by 
quenching the steel into mineral oil from 1500-1600*’F. Since the rate of cooling 
is below the critical cooling rate, no martensite is formed and tempering is not 
required (with the exception of steels 1025 and X1025). This treatment improves 
machinability by improving the distribution pattern for ferrite and carbides. 

Group II, SAJf. Steels Because of their higher carbon content, heat 

treating becomes of increasing importance when considering steels of this group. 
They are the most versatile of the carbon steels because their hardenability can be 
varied over a wide range by suitable control of the various factors. 

Hardenability is an inverse function of the critical cooling rate^**; that is, a 
low critical rate produces high hardenability and a high one, low hardenability. The 
critical cooling rate may be defined as that rate of cooling through the transfor¬ 
mation range which must be equalled or exceeded if complete hardening (marten- 
^tization) is to take place. A knowledge of the factors affecting this critical cooling 
rate may, therefore, be used to clarify the matter of hardenabiUty. The relation¬ 
ships have not been fully defined quantitatively and the following discussion is in 
qu^tative terms. In addition to those factors affecting the critical cooling rate, 
other pertinent points are presented. 

1. Increasing the carbon content to the eutectold point lowers moderately the 
critical cooling rate* but since we are primarily interested in controlling the 
hardenability of a steel with a narrow range of carbon, this factor is of secondajry 
Importance. The primary factor is that carbon alone up to about 0.55% determines 
the surface hardness obtainable,* provided first, that all carbon is in solution in 
the austenite at the time of quenching, second that the critical cooling rate is 
reaped or exceeded in quenching and, third that no appreciable austenite is 
retained after the quench. This statement appll^ regardless of the presence of other 
alloying elements. Maximum hardness is attained at about 0A5% carbon and further 
Increase has no effect on surface hardness. 

2. The effect of manganese, silicon and other alloying elements is to decrease 
the critical cooling rate,* thus making easier the attainment of full hardness as de¬ 
termined by the carbon and increasing the depth to which hardening will 
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place in any particular section. In the carbon steels under consideration, man¬ 
ganese and silicon in moderate amounts are the principal hardening elements to be 
considered. Their effect is appreciable but not nearly as pronounced as the larger 
quantities found in some alloy steels. 

3. Hardenability decreases as grain size number increases^-that is, line 
grained steels harden less deeply than coarse grained steels.** * It has been shown* 
that fine grained steels have a higher critical cooling rate than coarse grained steels; 
therefore, any alloying element which reduces this rate will tend to offset the effect 
of fine grain. In the carbon steels manganese* is frequently used for this purpose. 

4. Normal steels harden more deeply than abnormal steels because of their 
lower critical cooling rate. Contrary to popular opinion, abnormality is not confined 
to fine grained steels. Both manganese and silicon are effective in counteracting 
abnormality. 

5. Hardenability decreases as size of section increases.* This effect takes place 
in two stages; first, there is a reduction in ddpth of hardening with little or no 
reduction of surface hardness; second, with further increase of size there is a 
marked reduction in surface hardness until finally no worthwhile hardening can be 
observed. 

6. Depth of hardening increases as quenching temperature is increased frmn 
the upper critical point of the steel to a point well above commercial hardenhig 
temperatures. This effect is caused by the fact that increasing the temperature from 
which the piece is quenched increases the grain size and effective cooling speed of 
the quench. Surface hardness falls off slightly with increase of temperature after 
the grain coarsening temperature is reached. 

7. Depth hardness increases as the severity (speed) of the quench increases 
up to the critical cooling rate. When that rate has been reached, there will be no 
further increase in surface hardness since this value is controlled solely by carbon 
coritent. Further increase in severity of quench may or may not result in increased 
depth of hardening, depending on the effect of other factors, principally man- 
ganese, silicon and grain size. It follows that the depth hardness of fine grained 
steels will be increased by increasing the severity of the quench and, conversely, the 
depth hardness of coarse grained steels will be decreased by decreasing the severity 
of the quench. It should also be kept in mind that increasing the speed of quenching 
beyond that necessary to produce the required hardness is usually of little value 
and often results in warpage and breakage. 

8. The rate of heat removal in quenching is seriously affected by the surface 
condition of the work. Tightly adhering or heavy scale or soot or tightly adhering 
material from liquid baths prevent rapid transfer of heat to the quench, thus 
making more difficult and sometimes impossible the attainment of critical cooling 
speed and full surface hardness. 

9. The rate«of heating of parts for quenching has a marked effect on harden¬ 
ability imder certain conditions. In those cases where the structure is nonuniform 
as from severe banding or lack of proper normalizing or annealing, extremely rapid 
heating such as may be obtained in liquid baths will not allow sufficient time for 
diffusion of carbon and other alloying elements in the austenite with the result 
that nonuniform or low hardness will be produced. In the case of steels containing 
free carbides, for example, spheroldized material, sufficient time must be allowed 
for the solution of these carbides, otherwise the austenite at the time of quenching 
will have a lower carbon content than is represented by the chemical composition 
of the material and disappointing results may be obtained. For a case in which 
this condition is deliberately produced see the discussion under Group m. 

10. From the .above, it is evident that structure of the material prior to harden¬ 
ing has an impoiiant bearing on the hardenability. 

For best physical properties after hardening and tempering, these steels should 
be either normalized or annealed before hardening. Parts made from bar stock are 
frequently not given any treatment prior to hardening but it is common practice 
to so treat forgings. Heating practice for these steels should be in accordance with 
the principle^' “ given elsewhere. 

Like the low carbdn steels of Group I, these steels machine poorly in the 
spheroldized state. This may be improved, especially in the case of fine grained 
steels, by high normalizing temperatures such as the upper limits of the ranges in 
Table I. This high temperature treatment temporarily coarsens the grain, thus im- 
provi^ machinability. Upon subsequent treating the coarsening effect disappears 
and the steels again behave as fine grained materials. 
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Cold headed products are commonly made from these steels, especially those of 
lower carbon. Process treating before cold working is usually necessary because the 
higher carbon decreases the workability. In some cases normalizing or annealing 
above the upper critical is used but more frequently a spheroidizlng treatment is 
used. The degree of spheroidization required will depend upon the application. After 
the mechanical operations are finished, the parts are heat treated by quenching and 
tempering. 

These steels are widely used for machinery parts for moderate duty. When such 
parts are to be machined after heat treatment, the maximum hardness is usually 
held below 300 Brinell and is frequently much lower. When no machining except 
grinding is required hardnesses may go much higher. 

The following gives the range within which the hardness of representative parts 
is usually foimd: 


Name or Part Grade of Steel Brinell Hardness No. 


Crankshafts . 1040, 1045 228-386 

Connecting Rods . 1035, 1040 187-241 

Wheel Flanges . 1030, 1035 802-444 

Steering Arms . 1035, 1040 307-269 

Shafts . 1045, 1050 228-402 

Front Axles . 1035, 1040 196-269 

Couplings . 1030, 1045 307-321 

Thrust Washers . 1040, 1045 341-514 

Wheel Lugs . 1040, 1045 364-477 


The selection of a quenching medium will vary with the steel composition, the 
design of the part, the hardenability of the steel and the hardness desired in the 
finished part. When the design of the part permits, the best combination of strength 
and toughness results from full hardening (martensitization) of the part followed 
by suitable tempering. In these steels this nearly always means water, brine or 
caustic soda quenching. Often the design is such that breakage will result from 
such quenching or the distortion limits will be exceeded and the mild oil quench, 
with its lower hardness and less complete retention of ferrite must be used. Con¬ 
siderable help may be had in such cases, from proper adjustment of chemical com¬ 
position and from control of hardenability. The lower carbon steels, if fine grained 
and abnormal, are shallow hardening even when quenched in caustic while the 
higher carbon steels when coarse grained and normal, will give hardnesses of 450 
B^ell when oil quenched in small sections and exhibit satisfactory hardening up 
to two in. dia. The wide range shown in the quenching temperatures in Table I 
is made necessary by the fact that a wide range of conditions must be met. It is not 
intended that such a temperature range should be used on any one part or under 
any given set of conditions. General practise is to use a suitable temperature within 
±;10''F. The lower temperatures should be used for the X1300 series (high 
manganese) steels, light sections, coarse grained material or water quenching. Con¬ 
verse the 1000 series (carbon) steels, heavy sections, fine grained material and oil 
quenching will require the higher temperatures. 

A type of treatment finding considerable use is the light case hardening of 
many machinery parts. The material is heated to its normal hardening tempera¬ 
ture in an activated bath atid quenched into oil. The purpose of this treatment is 
to produce a superficial hard skin for wear resistance. Only low temperature temper¬ 
ing can be done on such parts, otherwise the surface hardness will be impaired. It 
is necessary to choose the degree of hardenability in relation to section such that 
the required degree of toughness is obtained in the as-quenched product. In ap¬ 
plying such parts it must be borne in mind that the presence of the hard skin 
reduces their notch toughness below that which would be found if the skin were 
absent. 

Many common hand tools such as pliers, open end wrenches, screw drivers and 
a few edged tools such as tin snips and brush knives are made from these steels. 
The cutting tools are necessarily water, brine or caustic quenched locally on the 
cutting edges, followed by suitable tempering treatments. In some cases the edge 
Is time quenched severely, followed by oil quenching the remainder of the tool for 
partial strengthening. Pliers, wrenches and screw drivers, when made of these grades 
are usually quenched in water and suitably tempered. The quenching may be either 
local or complete. 

Group III, S.A.E. Steels f(755-1095—The principal uses of steels of this group are 
heavy machinery parts, hand tools, cutting tools, and springs. The material and 
heat treatment for springs are covered elsewhere in this Handbook. 
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For heavy machinery parts such as shafts, collars and the like, steels 
X1055 and X1065 may be used either as normalized and tempered for moderate 
strengths or as quenched and tempered for higher strengths. Other steels in the list 
may be used but the combination of carbon and manganese in the two mentioned 
makes them particularly well adapted for such applications. In selecting any of 
these steels for such applications, it must be remembered that even with all harden- 
ability factors favorable, these steels are essentially shallow hardening (as compared 
to alloy steels) because carbon alone, or in combination with manganese in the 
amounts involved here, does not promote deep hardening. Therefore^ the sections 
for which such steels are suited will be definitely limited. In spite of this char¬ 
acteristic, the danger of breakage when treating such parts, especially when changes 
in section are involved is real and must be carefully guarded against. 

Hand tools of many kinds such as open end wrenches, Stillson wrenches, ham¬ 
mers, mauls, pliers and screw drivers and cutting tools, both hand and power 
operated, such as hatchets, axes, mower knives and band knives, when made of 
carbon steels classed as commercial as opposed to tool grades, are made of steels 
in this group. The combination of carbon and manganese in the steels used may 
vary widely for the same type of tool, depending partly upon available equipment 
for manufacture and partly upon personal experience with or preference for certain 
combinations. In some cases, lower manganese content will be used. This is Justified 
when it makes a particular carbon range easier to handle but it should be under¬ 
stood that in most cases a combination of lower carbon and higher manganese would 
serve just as well. An exception to this is the case of hand cutting tools which will 
be discussed later. 

Forged parts should be either normalized or annealed, preferably the latter, 
first, because refinement of the forging structure is important in producing a first 
quality hardened product and, second, because the parts as they come from the 
hammer are too hard for cold trimming of the flash and for any machining opera¬ 
tions. Ordinary annealing practice as given in the table, followed by furnace cooling 
to llOO^’F. is satisfactory for most parts. 

For hardening wrenches, except the Stillson tsnpe, screw drivers, pliers, and such 
tools, oil quenching, followed by tempering to the required hardness range is generally 
used. Even when no reduction of as-quenched hardness is desired, a stress relieving 
temper at 300-375'’F. is desirable to prevent sudden service failures. In the case of 
Stillson t 3 rpe wrenches the Jaw teeth are really cutting edges and are nearly always 
water or brine quenched to produce full hardness. The Jaws may be either locally 
heated and quenched or the parts may be heated all over, the Jaws locally time 
quenched for full hardness in water or brine and the entire part then quenched 
into oil for partial hardening of the remainder. In this way considerable structural 
strength is obtained. 

Hammers must possess high hardness on the striking face and somewhat lower 
hardness on claws, if of that type. They are usually locally hardened and tempered 
on each end in accordance with their type. The striking face is always water or 
brine quenched. Satisfactory service depends upon getting the proper depth of fully 
hardened (martensitic) surface on this face, followed by a stress relieving temper 
at about 350*'F. 

Hand cutting tools, most particularly axes and hatchets, must possess high 
hardness and high relative toughness in their cutting edge as well as the ability to 
hold a keen edge. Since nothing is so effective as carbon in imparting the latter 
property, the carbon content is always higher than would be the case if hardness 
and toughness alone were to be considered. Many such tools are given an ordin^ 
furnace anneal following forging, but in many cases they are prepared for hardening 
by spheroidization. This may be done as a separate operation following regular 
annealing but most frequently the refining and spheroidi^g treatments are accom¬ 
plished by quenching into oil from 1600°P. followed by tempering at 1250-1375®F. 
Heating for quenching puts all constituents into solid solution and quenching retains 
the carbon in a finely divided state from which condition spheroidization takes 
place rapidly at the temperatures specified. For hardening, such tools are usually 
heated in liquid baths to the lowest temperature at which the piece can be hardened 
and then brine quenched. The quick heating of the liquid bath plus the low tem¬ 
perature fails to put all of the spheroidal carbon into solution with the result that 
the cutting edge of the tool consists of martensite of lower carbon content than 
indicated by the chemical composition of the steel in which are embedded many 
particles of cementite. In this condition the tool is at its maximum toughness relative 
to its hardness and the embedded carbides promote long life of the cutting edge. 
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Agricultural implements make much use of the steels in this group. Braces, 
control rods, shafts and similar parts are often made of high carbon steels, untreated, 
in order to obtain increased strength at low cost. The principal heat treated parts 
are plow shares, moldboards, coulters, cultivator shovels, discs for harrows and 
plows, mower and binder knives, ledger plates and band knives. Those parts used 
for cutting or turning soil must have the ability to resist abrasion and be moderately 
tough. They are made from various combinations of carbon and manganese such 
that full hardening may be obtained. Frequently the cutting edges of plow shares 
and cultivator shovels are water or brine quenched to obtain high hardness. Plow 
shares, moldboards and cultivator shovels are often made from '‘soft center steel" 
which consists of a layer of dead soft material between two equally thick layers of 
high carbon steel. This material is rolled from specially cast composite ingots. 
Such parts are heat treated to produce high hardness in the outer layer, leaving 
the relatively soft interior layer to provide toughness. The final product is similar 
In physical properties to a case hardened part, in fact, these parts are sometimes 
case hardened. 

The grass and grain cutting tools are usually made of S.AE. 1090 or 1095 
because of the effect of carbon in providing the desired long life edge. These parts 
are made from strip stock by blanking and no annealing is done except probably 
some process annealing by the rolling mills at or below the critical. Spheroidization 
is, therefore, only occasionally obtained. Hardening is done usually in continuous 
furnaces provided with fixtures that cause the pieces to be differentially heated 
on the cutting edges only. Upon discharge the parts are quenched all over in oil 
and tempered at a low temperature. Final hardness on the cutting edges is in the 
neighborhood of 55-60 Rockwell C. 

In many applications of the steels in this group, hardenability is of considerable 
Importance and must be adjusted to the needs of the individual case for best results. 
Heat treating tests on representative or critical sections are the most satisfactory 
method of determining hardenability. 

A method of heat treating in which, instead of being quenched and tempered 
in the usual manner, the pieces are heated in the regular manner, put into a liquid 
bath maintained at an elevated temperature and allowed to transform there, is 
suitable for steels of approximately eutectoid composition. This method, which is 
covered by patents, is similar to the patenting of high carbon wire. It is particularly 
useful in producing a combination of high hardness and high toughness. At the 
present time it has been developed only to the point where it is suitable for light 
sections usually not over % in. Since further discussion is beyond the scope of this 
article, it is suggested that those interested consult the original publications.*' 
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Composition and Heat Treatment of Carbon and 
Alloy Steel Castings’*' 

Heat Treatment for Carbon Steel Castings 

General—The following article applies generally to commercial castings for 
ordinary construction purposes, and not for special uses. Where authoritative speci¬ 
fications, as for example A.S.TM. specifications* exist, the practice listed conforms 
to such specifications. 

Chemical Composition—The range of chemical compositions considered in this 
article is given in Table I. 


Table I 

Chemical Composition 


Class Carbon Manganese Silicon Phosphorus Sulphur 


Low carbon. below 0.20 0.50-1.0* 0.25-0.75 0.05 max. 0.05** max. 

Medium carbon. 0.20-0.50 ** ** “ " “ “ 

High carbon. over 0.50 ** *• •* “ “ “ 


*A.S.T.M. specifications place an-upper limit of 0.85% on manganese in castings for railroad use. 
**A.S.T.M. specifications allow 0.06% sulphur in acid steel. 


Cooling and Cleaning Castings After Pouring—After pouring, castings are usually 
allowed to cool in the mold to a temperature below the critical range. Cast steel in 
the unannealed state tends to be tender and brittle. This is especially true of large 
sections and higher carbon contents and such castings are often shaken out above 
the critical temperature, partially cleaned and charged to the annealing furnace 
Just below red heat. This procedure is to prevent possible cracking from stresses 
set up by cooling. 

After shaking out and before heat treating, the castings should be cleaned 
sufficiently to insure thorough and even penetration of heat during heat treatment. 
If gates and risers are to be nicked and broken off this should be done before heat 
treating while the steel is less ductile. If the gates and risers are to be removed by 
flame cutting, this should be done before heat treating in order that the hardened 
zone adjacent to the kerf may be softened. High carbon steels should be fiame cut 
while still hot. 

When thus prepared the castings are sub¬ 
jected to one or more of the heat treatments 
described below. 

Single Normalizing or Single Full Anneal¬ 
ing*—The castings are placed in a furnace and 
heated to the temperature given in Fig. 1. Uni¬ 
formity of heating is Important and the rate of 
heating should be so governed as to insure a rea¬ 
sonable degree of uniformity. This is especially 
important for heavy sections in order that there 
will be the minimum lag in temperature between 
the surface and center. 

The purpose of the annealing is twofold: 

(1) To produce an allotropic change which 
causes the steel to recrystallize, thus breaking 
up the very large crystals formed during freez¬ 
ing; (2) To homogenize, or correct by diffusion, 
the microsegregation of constituents, sometimes 
known as dendritic segregation, which always 
occurs during "the freezing of an impiure liquid 
such as steel.* 


*Prepared by the Subcommittee on the Heat Treatment of Steel Castings. The membership ef 
the subcommittee was as follows: G. B. Sims, chairman; J. H. Hall, H. D. Browne, H. D. Phillips, 
H. B. Blnowlton, and W. C. Hamilton. 

>See page 8 for definition of terms. 

•Although complete homogeneity by diffusion is desired and attempted such a state is probably 
never attained, owing to the slowness with which some elements, such as manganese, siUoon, and 
phosphorus diffuse. It is almost certainly true, nevertheless, that the dendritic structure obtained 
by macroetching an annealed steel is due to pseudo-morphs of the dendrites that onoe existed. 
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Per Cent Carbon 

Fig. 1—Temperature range for the 
heat treatment of steel castings. The 
lines bounding the "range** indicate 
the normal lower and upper limits for 
annealing carbon steel castings with 
carbon from 0.15-0.80%. 
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The recrystallization is completed as soon as the critical temperature range is 
passed, but the rate of diffusion is rather slow at this temperature. The rate of 
diffusion increases rapidly with the temperature, and in order to save time an 
annealixig temperature somewhat above the upper critical range is used. Since both 
the rate and extent of grain growth also increase rapidly with temperature, too high 
a temperature is not desired. Therefore, a compromise temperature, which is seldom 
more than gOO^^F. above the upper critical range, but which will give diffusion in a 
reasonable time without excessive grain growth, is used. 

Since the size of the primary crystals and, therefore, the degree of microsegrega¬ 
tion are increased by the slower freezing of heavy sections the time required for 
diffusion will vary with the section of the casting. Very light castings which are 
practically chill cast can be homogenized in less than 1 hr. For heavier sections, 
experience, backed by some experimental evidence, has dictated a rough guide which 
is usually stated as 60 min. per'in. of heaviest section. 

This rule requires some modification. While 1 hr. is usually enough for a 1 in. 
section the time is not critical. The size of the crystals does not vary as a linear 
function of section but apparently reaches a maximum in sections somewhere 
between 6 and 12 in. It is doubtful, therefore, whether any casting however big is 
benefited by annealing more than 10-12 hr. This time, called the holding time, should 
begin when the castings are uniformly heated to the annealing temperature. Pro¬ 
viding the temperatures are not too high (Fig. 1) overtime heatixig causes little 
change in the physical properties. 

Normalizing vs. Full AnneaZinp—In general, normalizing produces higher yield 
and ultimate strength than full annealing. Ductility is approximately the same 
after either treatment, but normalizing often gives higher impact resistance. There 
is less separation of ferrite and pearlite in normalizing. Full annealing gives a softer 
steel and greater freedom from stresses, but ties up furnace equipment for a longer 
time. 

Double Treatment—As was pointed out in regard to single annealing the condi¬ 
tions favorable to rapid and complete diffusion and fine grain are quite dissimilar. 
Inasmuch as both homogeneity and fine grain are highly desirable for optimum 
physical properties in a steel, a double heat treatment is often employed. For the 
first treatment temperatures and times similar to those advocated for single anneal¬ 
ing may be used but sometimes higher temperatures or longer times are used. 
In this treatment homogeneity due to diffusion of the contained elements is 
approached, but, unless the steel is resistant to grain growth, the grain structure is 
made relatively coarse. 

The second treatment is designed only to refine the grain and the temperature 
used is Just above the upper end of the Ac, range. Because grain growth is partly 
a function of time, the time used in the second treatment should be Just long 
enough to insure uniform heating of the castings to the desired temperature. 

Tempering or Stress Relief Annealing—^After the normalizing treatment (seldom 
after full annealing) a treatment below the lower critical temperature may be given 
at the discretion of the operator. This may be for one or both of the following 
purposes: (1) To remove stresses set up in the castings by nonuniform cooling; and 
(2) To improve the ductility and Impact resistance of the steel with some sacrifice 
of strength. 

For the removal of stresses, temperatures below about 500®F. are of little value 
and temperatures above 1000®F. are unnecessary. As a rough guide, it has been 
found that a temperature of 750'*F. willi reduce the stresses approximately 50% and 
1000®F. will reduce them over 90%. 

Except in special cases, the time the castings are held at the tempering 
temperature should be at least sufficient to insure complete equalization of the tem¬ 
perature throughout the heaviest section of the casting. After reaching the tempera¬ 
ture a common holding time for light and medium weight castings 4s 2 hr. Times 
of 5-10 hr. are used for heavy castings with sections a foot or more in thickness. 

Ordinarily temperatures below lOOO'^F. have no effect on strength or ductility in 
a normalized steel. Temperatures above lOOO^'F. up to ISOO^F. progressively lower the 
strength and increase the ductility in moderate degree. The effect of such tem¬ 
peratures is also progressive with time but at a constantly diminishing rate. Holding 
times over 2 hr. are probably of little value. 

Oil and Water Qnenchlng Steel Castings—When exceptional physical properties, 
high degree of structural refinement, and resistance to wear are required, heating 
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and quenching will greatly assist in producing the desired results. When the carbon 
content of the castings is above 0.30% or when the manganese is high (0A5-0.95%), 
quenching and tempering are especially effective in producing these requirements. 
If quenching is for hardening it should be borne in mind that carbon steels are 
shallow hardening and that, in the medium carbon ranges even with water quench¬ 
ing, only a thin shell or case will be effectively hardened. The higher carbon steels, 
of course, are deeper hardening. Quenching for the purpose of toughening is not 
confined to light sections. 

For maximum properties and to minimize the danger of cracking, it is recom¬ 
mended that castings should be annealed or normalized before quenching, although 
for some work this is not essential. The argument for this is similar to that for 
double normalizing. A coarse grained martensite is less tough and more apt to crack 
than one that is fine grained. 

When water is used as the quenching medium, the temperature of the water 
should preferably be maintained at 125-150®P. for the higher carbon contents. With 
carbon under 0.40% the quenching may be more drastic. 

When the size and design of the castings are such that quenching might cause 
cracking if kept in the water or oil \mtil cold, the castings should be removed from 
the quenching bath when they have become black, but are still hot enough to 
dry the water quickly; or in the case of oil, the castings should be hot enoui^ to 
cause the oil to smoke freely on the surface of the casting. This temperature should 
not be less than about 400''F. 

Differential Quenching---Wiere it is desirable that only certain portions of the 
casting shall develop the qualities secured by liquid quenching, differential quench¬ 
ing is followed. In this process certain sections are subjected to a liquid quench, 
either by dipping or spraying, the rest of the casting being protected from the 
quenching effect. This quenching is often controlled by a stop watch and requires 
careful attention. The quenched portions are tempered in some cases to give the 
desired properties. 

rcmpeHnp—After quenching, the castings should be tempered immediately. 
When the load is charged while hot into the tempering furnace, the temperature of 
the furnace should be approximately the same as that of the castings (about 700'’F.). 
The tempering temperature ranges from 800-1250*'F., depending upon the physical 
properties desired. The higher the temperature, in this range, the lower will be 
the strength and hardness and the higher will be the ductility and toughness. 

The quenching and tempering temperatures are given in Table n. 

Table H 

Quenching and Tempering of Carbon Steel Castings 


Carbon 

Range 

Quenching 
Temp.* "P. 

Time at Heat 

Quenching 
Medium and 
Temp., "P. 

Tempering 

Tempering Time at 

Temp., ‘P. Heat 

0.15-0.30 

1600-1650 

Va hr. for every in. 
of dia. or thickness 

Water at 

70 

800-1250* 

At least 2 hr. 

0.30-0.40 

1550-1600 

Vi hr. for every in. 
of dia. or thickness 

Water at 

125 

800-1250* 

At least 2 hr. 

0.40-0.60 

1500-1550 

Vi hr. for every in. 
of dia. or thickness 

Water at 

125 or oU 

800-1250* 

At least 2 hr. 

^These temperatures are 
*See text for tempering. 

based on the assumption that the castings were first annealed. 


Notes on the Process—^With some castings that have had considerable machine 
work performed on them, such as heavy duty gears, it is often considered advisable 
to remove the machining stresses by heating the castings slowly and uniformly 
to a temperature of 400-600°P., then cooling in air. 

Castings should be charged into the furnace in such a maimer that lighter 
castings will be protected from the heat of the furnace by the heavier castings. 
Should the castings be of similar section, care must be exercised not to heat too 
long those on the outside of the charge before the inner ones have reached the 
annealing temperature. 

When charging the furnace, the castings should be piled loosely so that the hot 
gases will have free circulation throughout the charge. To further Insure free 
circulation of the gases, it is advisable to pile the castings a few Inches above the 
floor of the furnace and so permit free circulation of the hot gases. When cooling 
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from the normalizing temperature, this practice of piling the castings on racks also 
insures free circulation of the air. 

A sujficient number of thermocouples should be used and so arranged in the 
furnace and, if possible, in the charge of castings, that the desired temperature 
can be maintainecit at the top, center, bottom, and sides of the charge. 

Steel castings shoi;ld be grouped for heat treatment, so that the carbon content 
of the entire charge falls within one of the carbon ranges given in the recommended 
practice. 

As a basis for determining the physical properties of the metal in the casting, 
it is commercial practice to use test coupons cut from separately cast blocks or 
attached to the castings. When attached to the casting they should be so placed 
that they are properly fed and represent, as nearly as possible, the inherent prop¬ 
erties of the metal. Test coupons should be heat treated with the castings they 
represent. 

To check the heating operation and to obtain closer control of the temperature, 
it is sometimes the practice to distribute several test specimens, for fracture inspec¬ 
tion, throughout the charge of castings. The cross sectional dimensions of the 
q}ecimens should represent the largest cross section of the castings, and the carbon 
content should be approximately the same as the castings being heat treated. After 
completion of the heat treatment, an examination of the fractures of the speci¬ 
mens for grain refinement indicates the uniformity of heat distribution without 
destroying a casting for fracture inspection. This practice is obviously impracticable 
with veiy heavy sections. 


Table 111 

A.S.TJkI. Specifications for Properties of Cast Carbon Steel 


Orade 

Tensile 

Strength. 

pal. 

Yield 

Strength, 

psl. 

Elong. 
in a in., 

% 

Red. of 
Area, 
% 

A-1 

60,000 

30,000 

22 

80 

A-a 

60,000 

30,000 

26 

38 

B 

70,000 

38,000 

24 

86 

H 

80,000 

43,000 

17 

26 


Of the abore grades all but A-1 require annealing. Grades A >^nd B cover eastings for railroad 
and miscellaneous uses. Grade H does not apply to railroad use. 


Composition and Heat Treatment for Alloy Steel Castings 

Glenei«l---This article is designed to cover the heat treatment of alloy steel 
castings and applies generally to commercial alloy castings for ordinary construction 
purposes and not for special uses. 

Chemical Composition—Only the so-called low alloy steels are considered in this 
section. In such steels the carbon range is from 0.15-0.60% and the total alloy 
content is less than 5%. There are about 75 different alloy combinations that have 
been recommended or used that fall in this classification. Some have but one special 
allosdng element while others may have as many as four. The list is being constantly 
revised. Typical compositions and physical properties are shown in Table IV. 

Cooling and Cleaning of Castings—The lighter section alloy steel castings should 
be allowed to cool in the molds to a temperature below the critical range, then 
shaken out and cleaned of adhering sand before heat treatment. Gates and risers 
are usually removed by fiame cutting while the castings are still warm to avoid the 
formation of small cracks adjacent to the kei^. 

Because of the fact that high carbon and alloy steel castings tend to be weak 
and brittle before heat treatment and as the stresses set up by imequal cooling are 
sometimes sufficient to fracture them^ large castings often are not allowed to cool 
in the mold below red heat. Instead they are ifiiaken out quite hot, roughly cleaned 
of sand, gates and risers removed by flame cutting, and the castings charged to the 
annealing furnace when Just below red heat, or at least above 500**F. 

If the castings are to be given more than one heat treatment the gates and 
risers are often removed by fiame cutting after the first treatment, but in any case 
it is^preferably done while the castings are hot. 

Heat Treatment— Heat treatments may be classified as follows: Full annealing, 
normalizing, quenching, and tempering. 
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Broadly speaking, the benefits of alloys in steel are obtained thisgugh their 
effect on the response to heat treatment, such as a slower critical cooling rate, or 
resistance to softening during tempering. Full annealing, therefore, would fail to 
take advantage of these benefits and is seldom used except as a first treatment, 
to be followed by normalizing or quenching. Probably the main advantage of full 
annealing is to put the steel in a condition where it is easily machined. 

Whether an alloy steel should be normalized or quenched is largely determined 
by <1) the type of steel and (2) the use to which it is to be put. Some alloy steels 
attain the optimum combination of properties through normalizing. This is espe¬ 
cially true of those steels that have great resistance to grain growth, the so-called 
fine grained steels. 

Many alloy steels require quenching and tempering to develop their best prop- 
erties.^ Quenching is also used when high hardness is desired. Some castings which 
have intricate design or large differences of section are not quenched because of 
danger of cracking or warping. The steel should be selected to fit the casting and 
if hardness is desired in a casting that cannot be safely quenched, an air hardening 
composition may be used. 

NormaZteiny—Both single and double normalizing treatments in general follow 
the procedure given for carbon steels, and have similar objectives. In the first 
treatment temperature (fur a given carbon content) may be somewhat higher and 
times of holdiiig may be longer than for carbon steels because the alloy constituents 
diffuse somewhat more slowly than does carbon. 

Temperatures for the first anneal of from 1550-1700'^F., depending on the carbon 
content, are satisfactory for all the steels in this classification with the possible 
exception of some molybdenum steels which are sometimes annealed as high as 
1750°F. The time of 1 hr. per in. of section is a good guide, subject to the modifica¬ 
tions listed for carbon steels. 

In the second normalizing the objective is grain refinement and the temperatures 
used should be from 25-50‘’F. above the end of the Ac, range.* The time should not 
be longer than required to insure uniform heating and complete solution of carbide 
in the gamma iron. Some of the alloy carbides such as molybdenum carbide are 
less easily soluble than is iron carbide and require a longer time for solution. In 
most cases hr. after reaching uhiform temperature is sufficient. 

QuencZiing—Quenching of alloy steels is preferably but not necessarily preceded 
by a normalizing or full annealing treatment to avoid the coarse grain resulting 
from the long soak otherwise necessary to attain homogeneity. 

After such proper annealing, the castings should be heated slowly and uniformly 
to the quenching temperature, which is similar to that used for a second normalising 
treatment, or 25-50'’F. above the Ac, range. The time of holding should also be 
the same as for normalizing. 

When water is used as the quenching medium, the temperature of the water 
diould preferably be maintained at 125-150''F., especially for the higher carbon 
steels. 

When the size and design of the castings are such that quenching might cause 
cracking, if kept in the water or oil until cold, the castings should be removed 
from the quenching bath while still hot enough to dry the water quickly, or in case 
of oil, the castings should be hot enough to cause the oil to smoke freely on the 
surface of the castings. They should be charged immediately into a warm tempering 
furnace. 

Differential Quenching—Tor Information on this practice see article on carbon 
steel castings. 

Tempering—AXioy steel castings should be reheated for tempering as soon as 
possible after quenching. It is a very general practice to temper normalized alloy 
castings also but the stresses in the normalized steels are naturally of far less 
magnitude and it cannot be said that the tempering treatment is necessary for all 
compositions and designs after normalizing. 

The purpose of tempering is to relieve the stresses and brittleness caused by 
quenching or normalizing and to moderate the hardness, that is, to toughen the 
material. The temperature to be used depends upon the hardness and physical 
properties desired. Usually the higher the temperature, up to the begixming of 
the critical range, the softer and more ductile the steel. For maximum hardness and 
strength a tempering temperature only sufficient to relieve excessive stress is used. 


*The margin used will depend somewhat on the uniformity of the furnace. An avenes tom* 
perature that will insure the lowest temperature above the Ac, range should be used. 
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This is usually from 350-450‘*F. The maximum tempering temperatures depend 
on the lower critical temperature but should usually not exceed 1250®P. 

The softest and most ductile state is usually obtained by heating Just below 
the critical range for a long period of time» that is, spheroidizing. 

Except in special cases, the time the castings are held at the tempering tempera* 
ture should be at least sufficient to insure complete equalization of the temperature 
throughout the heaviest section of the casting. After reaching the temperature a 
common holding time for light and medium castings is 2 hr. Times of 6-10 
hr. are used for heavy castings with sections a foot or more in thickness. The 
discussion on tempering carbon steel castings applies as well to alloy steel. 

Uses—The alloy steels listed possess desirable combinations of hardness, strength, 
and toughness not obtainable with carbon cast steel. The castings are used for loco¬ 
motive frames, gear blanks, dies, stamps, crusher jaws, pinions, car wheels, shovel 
teeth racks, chain, valves and fittings, and caterpillar treads. The selection of the 
alloy depends upon the service required. 

Due to their higher physical properties it is possible to obtain greater strength 
for a given cross section than with carbon steel castings. These alloys, therefore, 
find a particular application where reduction of weight is important, and where 
high stresses are encountered. 

Notes on the Process-Oeneral comments on carbon steel castings apply equally 
to alloy steel castings. 

The straightening of castings is best done while they are uniformly heated to 
a temperature above SOO^’F. This operation can be done while the castings are cooling 
from the normalizing treatment, while heated for tempering, or after a special 
heating for this purpose. 

The physical properties obtained by heat treating alloy castings are destroyed 
by the local application of heat, such as in welding, flame cutting, or hot straight¬ 
ening.* These operations produce dangerous local disturbances of grain structiu^, 
hardness, and excessive stresses. Castings should, therefore, be retreated after 
such practice, although in some cases a strain relieving treatment will suffice. 

The rate of cooling in the normalizing practice is merely relative, depending 
upon the size of the charge and of the castings. The smaller the load or the lighter 
the sections, the more drastic the cooling, and therefore, the higher the physical 
strength. The ductility is not affected materially except for the more extreme 
changes of cooling rate. 

It is commercial practice to use test specimens cut from a separately cast block 
or from test coupons attached to the casting as a basis for determining the physical 
properties of the castings. Test pieces or test coupons should be heat treated with 
the castings which they represent. 


*Thl8 refers to local heating as with a torch for straightening or bending and not to the 
regular straightening done while the casting Is heated uniformly to a temperature of 500-900*F. 
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Composition and Heat Treatment of Plain 
Carbon Steel Gears* 

General—This article covers the selection of s^el and the heat treatments for 
gears and sprockets made from plain carbon steel bars or forgings. Because of the 
wide diversity In the size and service application of gears, it Is Impossible to give 
detailed practices applicable to all cases. 

All the temperatures recommended In this article refer to the temperature of 
the stock and not to the furnace temperature. 

The steels given In Table I are suitable for gears and sprockets requiring only 
a moderate degree of strength and wear resistance. Their cost is less than that 
of alloy steels, and the cost of machining these steels Is less than that of medium 
carbon alloy steels. The strength, hardness, and toughness are somewhat lower 
than that obtainable with the alloy steels. 

It Is recommended that the temperature of the furnaces for all heating opera¬ 
tions, Including the forging furnace, should be under proper pyrometric control. 

Table I 

Chemical Composition of Carbon Steels for Gears 


8.A.E. P S 


Steel Nos. 

C 

Mn 

Max. 

Max. 

103S . 

. 03.0-0.40 

0.60-0.90 

0.045 

0.055 

104# . 

. 0.35-0.48 

0.60-0.90 

0.045 

0.055 

1045 . 

. 0.40-0.50 

0.60-0.90 

0.045 

0.055 

1#48* . 

. 0.40-0.50 

0.40-0.60 

0.045 

0.055 

106# . 

. 0.45-0.55 

0.60-0.90 

0.045 

0.055 

Note—A silicon content pf 0.15-0.30% is optional, 
tent must not exceed 0.30%. 

The total of the nickel and 

Chromium con- 


*Thit is not n regulsr 8.A.S. Steel. 


Selection of Material—The chemical compositions of the steels commonly used 
are given in Table I. 

The higher the carbon and manganese content of the steel, the greater will 
be the surface hardness and the penetration of hardness with any given speed of 
quenching. As a result, undet* any given quenching conditions, the higher carbon 
gears will have more tendency to distort and crack in treatment and to show less 
shock resistance after treatment. The smaller the gear and the faster the quench 
the lower must be the carbon and the larger the gear and the slower the quench, 
the higher must be the carbon. The mill practice and grain size of the steel likewise 
affect the hardness obtained and the hardness penetration with any given speed of 
cooling. 

Steels 1635 and 1040 are commonly hardened by quenching In water, brine, or 
caustic solution. Steel 1045 may be water or oil quenched. When cracking in quench¬ 
ing is feared because of the design or the speed of quenching, steel 1046 Is recom¬ 
mended. This steel Is less prme to quenching trouble because the combined carbon 
and manganese content is less than 1.10%. Steel 1050 is primarily an oil quenching 
steeL 

Forging—For forging, the bars should be heated to a temperature of 2100- 
23S0^F. The forging temperature is governed by the amount of work to be done. 
The finishing temperature Is Important and should be 1600-1850^F. 

The upsetting method is preferred because it gives proper grain flow, stronger 
gears, and less distortion in heat treatment. The upsetting may be accomplished 
in an upsetting machine or by hammering forgings In such a way that the direction 
of the blow Is parallel to the grain flow of the bar before forging. Where high 
stnmgth and winimiim distortion are not essential, other methods of forging are 
permissible. 

Normalizing and Annealing—In general it Is recommended that all forgings 
diould be normalized or annealed to refine the coarse structure product by the 

•Prepared by the Subcommittee on the Heat Treatment of Gears. The membership of the 
sttbeommittee was as follows: W. S. Jomlny, Chairman; Fred Young, Scott Taylor and H. B. 
Knowlton. 
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forging temperature. This treatment will minimize the distortion in subsequent 
heat treating operations and improve the machinability. When cutting gears from 
bar stock, annealing or normalizing of the bar stock may be advisable in some cases* 
but Is frequently unnecessary. 

The recommended temperatures for normalizing and annealing are given in 
Table II. The cooling rate depends upon the size of the gears, the carbon content, 
and the hardness desired. In general plain carbon steel forgings are considered 
machinable in the normalized condition, although full annealing may improve the 
machinability. 

Table n 

Heat Treatment for Carbon Steel Gears 



Normalizing 

Annealing 


S.A.S. 

After 

After 


Steel Nos. 

Forging, *F. 

Forging, *F. Quenching, *F. 

Temp.,»F. 

1035. 1040^ 1046. 1046, 1050. 


1570-1660 1500-1550 

350-B50 


When parts are large or the service required is not severe, normalizing or an¬ 
nealing may be the final heat treatment. A variation of these processes called 
*'stack annealing” consists of piling the pieces as they come from the forging ham¬ 
mer or press and allowing them to cool. 

Hardening—The gears should be heated uniformly to the temperature given 
in Table II and under conditions which do not scale, carburize, or decarburize. 

The exact hardening temperature depends upon the analysis of steel, the thick¬ 
ness of the section, and the quenching medium employed. The higher the carbon 
and manganese content and the more severe the quench, the lower should be the 
quenching temperatiu-e. For any given steel and quenching medium, the heavier 
the section the higher should be the quenching temperature. To help eliminate 
distortion the lowest quenching temperature, consistent with the other conditions, 
should be used. When the carbon and manganese are at the high limit in steel 
1050, temperatures as low as 1475^F. may be used and when the carbon and man* 
ganese are at the low limit in steels 1045 and 1046 temperatures as high as 1575''F. 
may be required. 

Quenching—For quenching these steels, four methods are available as follows: 

1. Oil QtfCTichinip—Oil quenching produces the lowest and shallowest hardness 
and the least distortion of any of the methods. Where sections are thin, or the 
carbon and manganese content high, or the least distortion possible must be ob¬ 
tained, this quench should be used. It is not generally suitable for heavy sections. 
It is conunon practice to have the temperature of the oil bath somewhere between 
90 and 130*’F. 

2. Water Quenching—Quenching in water is applicable to most sections. Cold 
water quenching produces higher hardness but increases the danger of distortion 
and cracking. To withstand such quenching, the sections must be reasonably uni¬ 
form. A combined carbon and manganese content above 1.10% increases the hazard. 
The heavier and more uniform the section and the lower the carbon and manga¬ 
nese contents, the more drastic may be the quench. 

Quenching in warm water produces results intermediate between that of cold 
water and oil quenching. The danger of distortion and cracking, and the degree 
and penetration of hardness produced, decrease with increase of the temperature 
of the water. Bath temperatures above ISO^’F. are not usually recommended. 

3. Time Quenching—Time quenching in water is used in connection with those 
parts which, because of either composition or design, cannot be completely quenched 
in water. The operation is carried out by allowing the piece to remain in the 
quench only imtil such time as it contains enough residual heat in the center of the 
heavier sections to reheat the entire part to a temperature approaching that used 
for tempering. At this point the piece is withdrawn from the quench and allowed 
to cool in the air until the residual heat has been distributed as evenly throughout 
as possible. After Ui& it may be cooled in any convenient manner. The use of 
automatic devices for timing the quench and ejecting the gear is desirable. If the 
time quenching is carefully done and the hardness range on the finished gear is 
not too close, the tempering operation may be omitted, but it is safer to temper 
the gear the same as if completely quenched. 
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4. Caustic Soda Solution—h very severe quench is obtained by using a water 
solution containing a minimum of 4% caustic soda by weight. Such a quenching bath 
will .operate satisfactorily up to ISO^F. When used warm it is less likely to produce 
cracks than a water quench but at the same t^me it produces a high and deep 
hardness in the treated parts. This quench is of particular advantage when sections 
are heavy or the steel has a tendency to harden erratically in other quenching 
baths. 

5. Quenching from Cyanide—K satisfactory gear can be made from 1010 steel 
with a 0.002-0.010 in. cyanide case. Where a deeper case is desired an activated 
cyanide bath may be used. A deeper case may also be obtained by carburizing. 
Cyanide hardening Improves wearing surfaces. For example, if steel 1045 is quenched 
in oil from a cyanide bath, a file hard and serviceable gear should be obtained. 

When small or finer pitched teeth necessitate the lower carbon steels, they 
should be given the cyanide treatment. The low carbon steels do not produce a good 
tooth finish. The quenching temperatures indicated in Table n should also be 
followed when heating in cyanide. 

For 1010 to 1030 steels, the minimum cyanide bath temperature should be ISOO^'F. 
and in all cases above the Ac, critical point. 

Tempeiing—Temperlng consists of reheating the gears to some temperature 
below the critical temperature of the steel in order to relieve strains, reduce hard¬ 
ness, and induce toughness. These results are accomplished simultaneously and 
are increased in degree with increase of time and temperature. All sections should 
be brought to the proper temperature and held for 15 min. to several hr., depending 
upon the size and type of gear. 

The tempering temperature used will be governed by the hardness required 
in the finished gear, by the reaction of the parts to the quench, and by the pecu¬ 
liarities of the heat of steel from which the gears are produced. Because the re¬ 
action to quenching varies In different mill heats, there will be a variation in the 
hardness produced. There may also be a variation in the response of some heats to 
tempering. These conditions necessitate a variation in the tempering temperature 
in order to produce gears within any specified hardness range. 

In Table II a tempering range of 350-850^P. is given. Tempering at tempera¬ 
tures above 850^F. will aid machining operations performed after heat treating, 
but will reduce the surface hardness below that usually required on heat treated 
gears. 

Hardness—Because of the diversity of application, gears are used over the entire 
range of hardness that is obtainable in the material. It is. therefore, impossible to 
recoxhmend hardness limits, but for any specific part a hardness range as narrow 
as practicable should be specified. 

Testing—It is recommended that two teeth 90° apart be selected for hardness 
testing. 

Periodic tests to determine tooth strength, fracture and microstructure are 
valuable in safeguarding the quality of the product. 
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Composition and Heat Treatment of Oil Hardening 

Alloy Clears* 

General—This article covers the process to be followed in the heat treatment 
of oil hardening gears. It is recognized that the size, composition, and type of 
gears govern entirely the heat treating process. This article, therefore, pertains 
only to gears of approximately the size of automotive transmission gears. 

All the temperatures recommended in this article refer to the temperature 
of the stock and not to the furnace temperature. 

Chemical Composition—The alloy steels most commonly used for gears, together 
with their chemical compositions, are listed in Table I. 

Table I 

Approximate Chemical Composition 


S.A.E. 


Steel Nos. 

C 

Mn 

Cr 

V (Min.) 

Ni 

Mo 

2345 

0.40-41.50 

0.60-0.90 



3.25-3.75 


3140 

0.35-0.45 

0.60-0.90 

0.45-0.75 

.... 

1.00-1.50 


3150 

0.45-41.55 

0.60-0.90 

0.45-0.75 


1.00-1.50 


3250 

0.45-0.55 

0.30-0.60 

0.90-1 25 


1.50-2.00 


3440 

0.35-0.45 

0.30-0.60 

0.60-0.95 

.... 

2.75-3.25 


4145 

0.40-0.50 

0.60-0.90 

0.80-1.10 



0.15-0.25 

4640 

0.35-0.45 

0.5(M1.80 



I'oM.bo 

0.20-0.30 

5140 

0.35-0.46 

0.60-0.90 

0 80-1.10 




5150 

0.45-0.55 

0.60-0.90 

0.80-1.10 




6140 

0.35-0.45 

0.60-0.90 

0.80-1.10 

o.is 



6150 

0.45-0.55 

0.60-0.90 

0.80-1.10 

0.16 




Grain Size and Hardenability—It is a common practice to control the grain size 
as measured by the McQuaid-Ehn test. Since this test is used to indicate the depth 
hardness characteristics of steel, it is often desirable to measure this property 
directly by some form of hardenability test. 

Forging Temperature—The steels considered in this article should be forged 
or upset between 2100 and 2350‘’F., and it is recommended that the temperature of 
the forging furnaces should be automatically controlled with pyrometers. It is 
suggested that finish forging temperature be not lower than ISOO'^F. 

Heat Treatment After Forging and Before Machining—^To eliminate forging 
structure and to obtain desirable machining properties, gear blanks should be nor¬ 
malized and annealed. These heat treatments are given in Table 11. 

Table II 

Normalizing and Annealing After Forging 


S.A.E. Steel Noe. 


- Normal lzlng- 


-Annealing'- 


Temp., "P. 

Cool in 

Temp., •P. 


Cool in 


1660-1750 

Air 

1500-1550 

Furnace 

at 60* 

per hr. to 

900*F. 

1650-1750 

Air 

1500-1550 

Furnace 

at 50* 

per hr. to 

1000*F. 

1600-1750 

Air 

1500-1550 

Furnace 

at 35* 

per hr. to 

750*F. 

1650-1750 

Air 

1550-1600 

Furnace 

at 50* 

per hr. to 

1100*F. 

1650-1800 

Air 

1550-1600 

Furnace 

at 50* per hr. to 

900*F. 

1600-1750 

Air 

1550-1600 

Furnace 

at 50* 

per hr. to 

1100*F. 

1650-1750 

Air 

1550-1600 

Furnace at 50* 

per hr. to 

1100*F. 


2345 
31401 
3150f 
3250 J 
3440 
4145 
4640 
5140) 

6160| 

6140) 

61501 

^When the normalizing is omitted the annealing temperatures should be raised 40*P. 


It is common practice to combine these treatments by a so-called cycle treat¬ 
ment consisting of heating to the normalizing temperature, rapid furnace cooling 


^Prepared by the Subcommittee on the Heat Treatment of Gears. The membership of the 
subcommittee was as follows: W. E. Jominy, Chairman; Fred Young, Scott Taylor, and H. B. 
Knowlton. 
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to the critical range at approximately 200-250^F. per hour, and holding in the 
critical range until a proper structure Is developed, usually requiring several hours, 
then furnace cooling to the temperature indicated in Tableau. 

After these heat treatments, the Brinell hardness number should be between 
187 and 207. However, the Brinell hardness is not always indicative of good 
machining qualities, so microscopic inspection should show lamellar pearlite with 
a minimum amount of free ferrite or spheroldization. 

Heat TTreaiment of Finished Machined Geara—After machining and cutting 
the teeth, the gears are hardened and tempered. 

Healing for Quenching—The gears are heated slowly and uniformly to the 
quenching temperatures given in Table III, and held for sufficient time to assure 
complete and thorough penetration of heat. The heating medium should be so 
selected that scaling and decarburizing are held to a minimum. 

To prevent excessive wear, and to produce a file hard surface, it is recom¬ 
mended that the gears should be heated in a medium (such as cyanide) or in an 
atmosphere producing a light carburized case; otherwise, the gears shoidd be dipped 
into a medium such as cyanide after heating. 

Quenching—The gears are quenched from the quenching temperature in oil 
as indicated in Table HI. The quenching oil should be maintained constant within 
a suitable temperature range with a minimum variation consistent with the grade 
of oil used. It is common practice to keep within the temperature range of DO-ISO^’F. 

The best results are obtained by free circulation of oil around the gear being 
quenched. The formation of gas pockets should be avoided. In some cases specisd 
quenching fixtures are advantageous in producing rapid and uniform cooling, which 
eliminates distortion. The speed of cooling depends somewhat upon the rapidity 
of circulation of the oil. 


Table m 

Heating, Quenching, and Tempering of Gears 


- —^Heating for Quenching-^ 

aAJB. 0teel Hot. Temp., Quenching Medium Tempering Temp., *F. 


S345 

1360-1420 

Oil 

400-460 

314# 

1480-1620 

Oil 

400-450 

316# 

1440-1480 

ou 

400-460 

33B0 

1420-1460 

Oil 

400-460 

344# 

1400-1440 

ou 

400-460 

414# 

1600-1640 

Oil 

450-600 

4640 

1440-1500 

Oil 

400-460 

5140 

1600-1540 

on 

400-450 

5100 

1480-1620 

ou 

400-460 

6140 

1600-1540 

ou 

400-460 

6160 

1480-1620 

Oil 

400-460 


m Ihe gears are quenched from liquid heating media the temperature may be dropped 2a*F. 


Tempering—Alter quenching, the gears are reheated to the temperature given 
in Table HI and held for at least % hr. For tempering, either a liquid or a circu* 
lating air beating medium Is satisfactory. 

Notes Aboat the Process—Upset gear blanks produce teeth of uniform strength 
all the way around, whereas, pegged out flats when drop tested usually reveal 
strong teeth on two sides of the gear and weak teeth on two sides between the 
strong teeth. 

InepecHng and Testing—At least two teeth 90* apart on every gear .hmiM be 
polished and tested for hardness. After quenching and temperl^, the Rockwell, 
hardness should be C>S2-0-S7. Special fixtures are of advant^e for obtaining the 
hardness tests. 

j^iedmens should be broken periodically under a dr(^ hammer to check up 
on the forgins and heat treating methods. 

CIeanln^p^—It Is recommended that after quenching the gears should be properly, 
washed to remove all oil before tempering, and that after tempering they should 
be cleaned by a suitable process. 
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Heating, Forging, Annealing, and Normalizing Locomotive 

Forgings* 

Introduction-—This article is to be used as a guide in the manufacture and heat 
treatment by annealing or normalizing of locomotive forgings* such as locomotive 
driving and trailer axles* crank pins* main and side rods* piston rods* and similar 
forgings. The heat treatment of certain classes of such forgings by quenching In a 
liquid medium followed by tempering, which may also be done, is not covered by this 
article. 

Heating Billets for Forging—As rapid heating may produce internal ruptures, 
care must be taken to avoid it, particularly from the low temperatures. Ample time 
should also be given for the heat to penetrate uniformly and thoroughly into the 
billet before forging. The actual heating time required will depend on the type of 
steel and the equipment and methods used for heating. 

Cold billets should not be charged into a hot furnace. Billets that have been 
stored outdoors, particularly during winter months, should be brought into the shop 
for a wanning period of 10-12 hr. before being charged into the furnace for heating. 

Preheating Forging Billets—It is good practice to preheat the billets. This is 
best done in a separate furnace or one with a preheating chamber. If such a fur¬ 
nace is not available* the billets can be charged into a forging furnace after the 
operations for the day are completed* and the furnace has been cooled down to a 
dull red. The billets will absorb the furnsuse heat and by the next morning will 
be preheated to a temperature of several hundred degrees Fahr. They are then 
ready for direct firing* which should proceed slowly. When a separate furnace is 
available for preheating* the billets are charged into the cold furnace and brought 
up slowly and uniformly to a temperature of 1100-1200®P. The time required to 
heat to this temperature should be approximately three-quarters of an hour to an 
hour per inch of least thickness. 

To avoid loss of heat, the billets should be transferred quickly from the pre¬ 
heating furnace to the forge heating furnace. As the danger of rupturing the bil¬ 
lets has been practically eliminated by preheating, the forging furnace can be at 
considerably higher temperature than the preheated billets. Raising the preheated 
billets to the forging temperature is carried out with the usual precautions to insure 
uniform heating and thdrough penetration of the heat. The minimum time required 
to bring preheated billets from a temperature of about 1100*^F. to the forging heat 
(2100-2200*'P.) is approximately one-half hour to one hour per inch of least thick¬ 
ness. For billets of various thicknesses* the following heating schedule is typical: 


Sx 8 In.*.. 

.3 hr. 

10x10 in. 


12x12 in. 

.5 hr. 

14x14 in. 

.8 hr. 

16x16 in. 


18x18 in. 


12x 6 in. 


14X 8 in. 

.4 hr. 

20x 8 in. 



Forging Temperatures for Billets—The proper forging temperature for both car¬ 
bon and alloy steel billets, of the types generally used for locomotive forgings* is 
1900-2100®F.* which is an orange to yellow heat. Overheating and imeven heating 
must be avoided, as both are sources of forging ruptures. It is desirable to have the * 
heating furnace under pyrometric control* preferably by thermocouples. 

The temperature at which the forgings are finished will be determined by the 
initial forging temperature* and by the temperature lost during forging* which 
depend respectively on the size of the forging and on the amount of work required 
to shape the forging from the billet. Generally* they are finished at a temperature 
of 1500-1700^F. Lighter sections* such as connecting rods* are usually finished at the 
lower temperature* while heavy sections* such as driving axles, are finished near the 
higher temperature mentioned. 

Heat Treatment of Locomotive Forgings—After the forging operation is com¬ 
pleted, the forgings should be allowed to cool to below the critical range under 
suitable conditions to prevent injury by too rapid cooling. To remove forging stresses 
and to refine the grain, an appropriate heat treatment should then follow. 


*Thi8 article was prepared by the Subcommittee on the Heat Treatment of Locomotlye Forgings. 
The membership of the subcommittee was as follows: M. A. Hersog* Chairman; J, B. Higgins, J. A. 
Sueeop and P. I. McKinney. « 
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The heat treatment may consist of annealing, but It is the usual practice for 
high duty locomotive forgings in which better physical properties are required, to 
receive a treatment consisting of normalizing followed by tempering. 

When forgings are to be bored or rough machined, preliminary to normalizing 
and tempering, they may be annealed to Improve their machinability. 

Annealinp—The purpose of annealing a forging is to refine the grain structure, 
increase the ductility, or soften it for ease of machining. Annealing consists of 
heating to a temperature above the critical range, holding a sufficient length of 
time at that temperature, and then cooling in the furnace or under other suitable 
conditions to secure uniform retarded cooling. 

NormaUsslng and Tempering Locomotive Forgings—The purpose of normalizing 
locomotive for^ngs is to refine the grain structure and to secure the highest com¬ 
bination of physical properties without resorting to quenching in a liquid medium. 
The temperature must be held a sufficient time to permit complete grain refine¬ 
ment in the forgings. 

Normalizing may consist of a single heating to a temperatiure above the critical 
range followed by cooling in the air, or of a sequence of such heatings and coolings. 
If a sequence of heatings and cooling is used, the temperature may vary. A decrease 
in temperature is usually made for each successive heating, but the temperature 
for each heating should be above the critical range. Normalizing should be followed 
by tempering. 

To eliminate the lack of uniformity in the grain structure of forgings, resulting 
from variations in reduction and finishing, temperatures, and to produce a homo¬ 
geneous grain structure throughout the forgings which will respond uniformly to 
the usual normalizing temperatiure, it is often desirable, particularly with large 
forgings, to first normalize the for^ngs at a temperature much above the upper 
critical limit (approximately X750-1850^F.). 

Tempering—The purpose of tempering is to remove strains set up in the forg¬ 
ings during the cooling from the normalizing temperature. The ductility of the 
forgings is increased by tempering, while the tensile strength may be slightly re¬ 
duced. Tempering is not intended to change the grain size, therefore the tempera¬ 
ture is below the critical range. After tempering, the forgings may be cooled in the 
air, slowly with the furnace, or under other conditions to secure uniform retarded 
cooling. The forgings should be held at temperature a sufficient time to insure 
complete penetration of the heat. 

In annealing, normalizing, and tempering, the choice of temperatures used, the 
number of normalizing treatments, the length of time that the forgings are held at 
temperature, the method of cooling in annealing and tempering, all must be de¬ 
termined by experience, taking into account the type of steel, the size and character 
of the forgings, and the condition of the furnace used. 

Temperatures and Times of Heating—In view of the large number of variable 
conditions involved, it is impossible to lay down exact rules of pro(;edure for anneal¬ 
ing, normalizing, and tempering, with stated temperatures and times of heating 
which will be applicable under all conditions. The following sections give general 
•information regarding temperatures and times of heating which may be expected 
to give satisfactory results imder favorable conditions. The information is given 
only as a ^de and not as standard practice for all cases. Experience based on the 
actual conditions involved will sometimes show that better results are obtained by 
the use of other temperatures. 


Table I 

Heating and Holding Time for Forgings 


Thleknets of Lsrgest Approx. Time of Approx. Time of 

Beelion of Forging Heating, Hr. Holding, Hr. 

Medium Charge 


Up to and Indudlng 6 In. 

Over 5 In. and including 8 In, 
Over 8 in. and including 10 in. 
Over 10 in. and including 12 in, 


8 [Carbon ateel, % hr. per in. of 

8 J dla. or max. thickness. 

10 lAlloy steel, Vt hr. per in. of 

18 I dla. or max. thickness. 
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The rate at which forgings are heated to the normalizing and tempering tem¬ 
peratures must not be too rapid or the forgings may be injured. The proper rate 
will depend to a considerable extent on the design of the furnace. In general, the 
time allowed for each inch of diameter or thickness of the forging should be 45 
minutes for raising to the normalizing temperature and 30 minutes for raising to 
the tempering temperature. 

After the temperatures desired for normalizing have been reached, the forgings 
should be held at these temperatures a sufficient time to permit the desired changes 
in structure to be completed. A holding time of % hr. for O and % hr. for alloy 
steels per in. of dla. or max. thickness will usually be foimd satisfactory. 

Table I gives, for general guidance, the time for heating and holding a medium 
furnace charge of forgings. 

Normalizing and Tempering Temperatures—Table n gives, for general guidance, 
temperatures which may be used in normalizing and tempering forgings of the 
various compositions as indicated. The figures are based on a single normalizing 
treatment with slow cooling in the furnace from the tempering temperature. As 
previously stated, the temperatures may require modification to meet individual 
requirements. 


Table II 

Normalizing and Tempering Locomotive Forgings 


o 

Mn 

Si 

v 

N1 

Normalizing 
Temp., ‘P. 

Tempering 
Temp., •P. 

Approx. 

Ten. 
Str., Psi. 

0.40-0 46 

0 50-0.85 

0.18-0.30 



1500-1550 

1000-1100 

80.000 

0.46-0.60 

0.50-0.85 

0.18-0 30 



1476-1625 

1100-1250 

80.000 

0.60-0.66 

0.60-0.85 

0.18-0.30 



1450-1500 

1200-1350 

80,000 

0.46-0.60 

0.70-0 95 

0.18-0 30 

6.15-0.25 


1575-1650 

1050-1250 

96.000 

0.50-0.55 

0.70-0.95 

0.18-0.30 

0.15-0.25 


1575-1650 

1050-1250 

95,000 

0.35-0.40 

0.60-0.80 

0.18-0.35 

j. 

3 25-3.75 

1425-1450 

1000-1150 

90,000 

0.40-0.45 

0.50-0.80 

0.18-0.35 


3.2‘)-3 75 

1400-1425 

1050-1200 

90,000 

0.20-0.30 

0.80-1.00 

0.18-0.35 


2.50-3.00 

1425-1475 

1000-1200 

80,000 


Annealing temperatures will usually be lower than the normalizing temperatures. 
The difference is approximately 50°F. lower for annealing the plain carbon steels, 
25®P. lower for the nickel steels, and 100®P. lower for the vanadium steels. 

Appendix—The following Information was taken from specifications of the Association of 
American Railroads, covering the chemical and mechanical properties of railroad forging of carbon 
and alloy steels: 

A. A. R. Bpeelfloatlon M-lOZ-34 —Chemical Composition —^The steel for grade 3 shall conform to 
the following requirements as to chemical composition, given in per cent: C, 0.4(M>.55; Mn, 0.60-0.90; 
P, 0.046, max.; and 8, 0.06, max. 

Tension Tests—Grade 3 forgings shall conform to the following minimum requirements as to 
tensile properties: 


Unannealed Condition 

Size, Outside 

Tensile 



all Thickness 

ObFCIlK blip 

Psi. 

Point, Psi. Inverse Ratio Not Under 

Inverse Ratio Not Under 

Not over 8 in. 

Over 8-12 in., incl.. 

76,000 

76,000 

0.6 ten. str. 1,600,000 ten. str. 18 

0.6 ten. str. 1,600,000 ten. str. 17 

2,200,000-{-ten. str. 24 

2,000,000 4-ten. str. 22 

Annealed Condition 

Size, Outside 

Dia. or Over¬ 
all Thickness 

Tensile 


1 —^Reduction of Area, %—» 
Inverse Ratio Not Under 

Psi. 

Point, Psi. Inverse Ratio Not Under 

Not over 8 in. 

Over 8-12 in., ind.. 
Over 12-20 in., ind. 

80,000 

80,000 

80,000 

0.6 ten. str. 1,800,000-i* ten. str. 20 

0.6 ten. str. 1,726,000-i-ten. str. 19 

0.6 ten. str. 1,660,000 ten. str. 18 

2,800,000 4-ten. str. 32 

2,640,000 4-ten. str. 30 

2,400,000 4-ten. str. 28 


A. A. B. Specification M*104-S4--GAefiiieal Composttfon—(a) The chemical composition of the 
forgings shaU conform to the following: 
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Class ABO 


OarbOB, % . 0.40-0.55 0.40-0.55 0.20-0.30 

Manganese, % . 0.60-0.00 0.65-0.05 0.65-0.05 

Phosphorus, % max... 0.045 0.045 0.045 

Sulphur, % max. 0.05 0.05 0.05 

Silicon, % . 0.15 min. 0.15 min. 0.15-0.35 

Vanadium, % min. 0.15 .... 

Nickel, % . .... 2.50-3.00 


(b) The steel shall not show residual alloying metal Impurities in excess of the following 
limits: 


Chromium, % . 0.15 0.15 0.15 

Nickel, % ... 0.25 0.25 


Tension Tests—(a) The forgings shall conform to the following minimum requirements for 
tensile properties: 

Class A 


Sise, Outside Tensile 

Dia. or Over- Strength, Yield -—^Elongation in 2 in., %—. .—^Reduction of Area, %—. 

all Thickness Psi. Point, PsI. Inverse Ratio Not Under Inverse Ratio Not Under 


Not over 8 in. 88,000 50,000 2,300,000-i-ten. str. 25 3.650,000ten. str. 40 

(4 in. max. wall) 

Over 8-12 in. 86,000 48,000 2,100,000ten. str. 24 3.320,000 •4* ten. str. 38 

(6 in. max. wall) 

Over 12-20 in. 84,000 46,000 2,000,0004-ten. str. 23 3,100,000 4 ten. str. 36 


(10 in. max. wall) 


Class B 


24 48 

22 44 

21 42 


Class C 


Under 5 in. 90.000 60.000 

5-9 in. 90,000 60,000 

9-13 in. 90,000 58,000 
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Composition and Heat Treatment of Spline Shafts’^ 

General—'This article covers the processes to be followed for the heat treat* 
ment of spline shafts. A spline shaft is so constructed that it interlocks, either 
rigidly or sliding, with a part or parts, such as gears. Thus a spline shaft may 
have one or more keyways, or one or more keys, but it is not customary to have 
both keys and keyways on the same shaft. Spline shafts are used in two general 
classes of work, represented by automotive parts and machine tool parts. Short 
shafts are widely used in automotive parts, whereas long spline shafts are more 
common in machine tools. No arbitrary dimensiohs are set in distinguishing 
between long and short shafts, but in general, shafts not over 12 in. in length or 
1% in. in diameter may be called “short” spline shafts. It should be understood 
that the selection of a steel for a spline shaft is not limited to the steels discussed, 
for steels other than those listed have been successfully used. However, it is be* 
lieved that the lists given include most of those that have been foimd satisfactory. 

Design—As spline shafts in operation are subjected to alternating stresses, their 
endurance limit of resistance to fatigue is of importance. The shaft should be 
designed to eliminate imnecessary necks and sharp comers where stresses might 
be concentrated. Fillets and machined grooves in splines should always be gradually 
rounded up. 

Stiffness is one of the necessary properties of some types of spline shafts, par* 
ticularly long shafts. Shafts should be designed of sufficient section so that harmful 
deflection will not occur under the applied load. Where the design is incorrect, 
the shaft may twist or bend, thus causing undesirable effects due to alternating 
stress, vibration, and the like, which will be felt in the gears or other moving parts 
as well as in the shaft. Heat treatment may raise the elastic limit of the steel, 
but it will not change the modulus of elasticity. For this reason, heat treated shafts 
may not be any stiffer than untreated shafts, when operating below the elastic 
limit. 

Distortion—Distortion is the trouble most commonly encountered in the heat 
treatment of spline shafts. To avoid distortion care must be exercised in all opera¬ 
tions. The steel must be carefully selected and inspected. If much machining is 
performed on the shafts, the machining stresses should be relieved by normalizing 
or annealing before subjecting the shafts to the final heat treatments. 

The carburizing and heat treating operations should all be carried out with 
extreme care. It may be necessary with some carburized spline shafts to omit the 
double treatment and to carburize at a lower temperature to avoid distortion. 

There are many spline sliafts made of bar stock of either black hot rolled flnish, 
or bright cold drawn flnish. In either case this material is more liable to distortion 
than a properly normalized forging; and therefore when minimum straightening 
is essential, spline shafts made of bar stock should be normalized in the same way 
as forgings unless the straightening operation is considered absolutely necessary 
on the finished shaft. If hot rolled or cold drawn bar stock is used, it is essential 
that in. should first be machined from the outer surface to insure a clean 
surface for hardening. 

Keyways in a spline shaft may cause distortion in quenching. Unless designed 
with ample section, a shaft with a keyway has less stiffness than one carrying 
keys integral with the shaft. To minimize distortion in quenching, it is advan¬ 
tageous to have more than one integral key. These keys are equally spaced about 
the shaft to facilitate equal cooling and to balance the section. 

Chemical Composition of Spline Shaft Steels—Three tsrpes of steel are com¬ 
monly used for spline shafts. These are the carburizing, water hardening, and oil 
hardening types and iilclude the following steels: 

Carburizing 5fteeZs—1020, 2315, 2320, 2512, 2520, 3115, 3120, 3312, 3415, 4615, 4620, 
4815, and Manganese A.* 

Water Hardening ^Steels—1045, 1335, 2320, 4130. 


*Thi8 article was prepared by the Suboommtttee on Spline Shafts. The memberthtp of the 
subcommittee was as follows: O. M. Bnoa, Ohairman, B. Stanley Binns, A. B. d'ArcambcO, Xk A. 
Danse. B. B. Knowlton, and B. O. M a nn . 

>0 0.15-0.85; Mn 0.90-1.10; P 0.04-0.05; S 0.04-0.06; Cr 0.15-0.95. 




976 


SPLINE SHAFTS 


on Hardening Steele--im* 1340, 2345, 3140, 3250, 3450, 4140, 6150, and Manga¬ 
nese B.* 

Sdeotien of Steels for Saline Sbafts—Spline shafts which are not to be highly 
stressed can be satisfactorily made from steel 1020 or 1315. To make the shaft 
sufficiently stiff, it is sometimes designed large enough so that these steels may 
be used instead of alloy steels. 

For small shafts which are to be carburized, steels 3115, 2512, 3312, 2315, 4616 
and 4815 are satisfactory. If the diameter is over 1^ in., the carbon content can 
be increased slightly without encountering brittleness on quenching. For example, 
for large Shafts steels 3415, 3120, 2320, 2520, 4620, or 4815 are satisfactory. 

While the water hardening steels can be used, it should be pointed out that 
water quenching may result in cracking, particularly if the design is such that the 
shaft will be susceptible to cracking. Steel 1045, although used for spline shafts^ 
is not entirely satisfactory. It does not always respond uniformly to heat treat¬ 
ment, whereas 1335 does. 

The steels designated as Manganese A, B, and 1335 are representative of the 
manganese structural steels. Steels of this general type are used successfully in 
spline shafts. They machine freely, have good physical properties and harden 
without difficulty. 

In addition to these manganese steels, steels 1340 and 1345 are used to some 
extent for spline shafts. These steels contain carbon 0.35-0.45, and 0.40-0.50% re¬ 
spectively with 1.60-1.90% manganese. They do not machine so readily as the man¬ 
ganese steels listed, but have excellent physical properties and are of the oil quench¬ 
ing type. 

The oil hardening steels listed are in general quite satisfactory. 

Normalizing and Annealing of Carburizing Steels—To normalize the carburiz¬ 
ing steels, heat thoroughly to a temperature between 1650^ and 1825"F. For best 
results in machining, the temperature should be at least 50*' above the carburizing 
temperature. Holdi]^ too long at elevated temperatures has the disadvantage 
of causing excessive scaling, if the furnace atmosphere is not properly controlled. 
Cool slowly, to give the desired machining qualities. 

Careful annealing of helical spline shafts is essential, so as to minimize the 
movement of the helical angle or lead in subsequent heat treatment. 

Carburizing—Carburize to a depth to suit individual requirements. The methods 
of carburizing ajs given in this Handbook may be followed. The conventional car¬ 
burizing process (packing the material in a carburizing compound in a box) is satis¬ 
factory. Long and short shafts should stand vertically in the box, but uniform heat¬ 
ing is essential, which in some furnaces may require horizontal heating at a sacrifice 
of straightness. The carburizing temperatures and the heat treatments for carbu¬ 
rized spline shafts are given in Table I. 

Quenching Treatments for Carburized Spline Shafts—There are several possible 
quenching treatments which may be given. They are as follows: (1) A direct 
quench from the box, and (2) a single, or (3) double quench after cooling in the 
box. The factors which govern a choice of methods are: (1) Shock resistance de¬ 
sired, (2) grain growth characteristics of the steel, (3) distortion. Thus in some 
plants for certain steels, experience has shown that suitable impact values and 
minimum distortion were obtained on direct quenching from the box. It is common 
practice, however, to use the single quench, namely, cool in the box after carburiz¬ 
ing, reheat to the temperature given in Table I for the single heat treatment, fol¬ 
lowed by quenching. With the single quenching treatment it Is advisable to use 
lower carburizing temperatiures, and if the structure is coarse after carburizing, 
it is advisable to use the higher reheating temperature (single treatment) as given 
in Table I. It is, of course, desirable to hold distortion to a minimum. By select¬ 
ing steels which do not coarsen at the carburizing temperature used, distortion 
is held to a minimum by direct quenching from the box, or by a single reheat after 
cooling in the box. 

A double quench as given in Table I will give case and core refinement and 
resistance to shock and impact, without exercising great care in the control of grain 
size. It is open to the objection that more distortion may occur. 


ao OJ0-e.40; Mn 1.60-1.00; P 0.040; 8 0.050. 

•O 0.45-0.66; Mn 0.00-1.10; P O.Oa; 8 0.050; Or 0.45-0.60. 
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Table I 

Carburizing and Heat Treating of Carburized Spline Shafts 


steel! 

I?- 

II 

Cool in 

ai 

• 

1 

Quench in 

! 

Quench in 

Only for 

Single Treatment' 
Reheat to. •F. 

1 

III 

I*' 

It 

1020 

1600-1700 

box 

1050 

oil 

1400-1450 


1400-1450 

water 

350-420 

2315 

1600-1700 

box 

1540 

oil 

1375-1400 

.... 

1320-1375 

oU 

300-420 

2320 

1600-1700 

box 

1640 

oU 

1370-1400 

.... 

1320-1370 

oU 

300-600 

2612 

1600-1700 

box 

1526 

oil 

1370-1400 

.... 

1300-1350 

oil 

300-000 

2620 

1600-1700 

box 

1020 

oil 

1360 

oil 

1350-1450 

oil 

270-400 

3110 

1600-1700 

box 

1000 

oil 

1400-1420 

.... 

1370-1425 

oil 

300-420 

3120 

1600-1700 

box 

1550 

oil 

1400-1420 

.... 

1370-1420 

oU 

300-000 

3312 

1600-1700 

box 

1025 

oil 

1370-1400 

.... 

1370-1425 

oU 

300-000 

3410 

1600-1700 

box 

1625 

oU 

1375-1400 

.... 

1350-1400 

oil 

300-000 

ManganeM A 

1600-1660 

box 

1670 

oil 

1400-1425 

.... 

1400-1420 

oil 

300400 

4610 

1600-1700 

box 

1026-1070 

oil 

1375-1425 

oil 

1420-1470 

oU 

270-400 

4620 

1600-1700 

box 

1520 

oU 

1420 

oil 

1420-1470 

oil 

270-400 

4810 

1600-1700 

box 

1600 

oil 

1375 

oU 

1370-1420 

oil 

276-400 

Carburising at the 

lower 

temperature 

causes 

less distortion. 

while at the higher tern- 


perature more rapid penetration la aecured. The tendency la to make 1650*F., the minimum 
earburiaing temperature. 

Udany find It desirable to quench from 14S0>1SS0*P. 

•There la conaiderahle difference of opinion as to the tempering temperatures that should 
be used for various steels. For some steels a lower tempering temperature, but not leas than 
275*F., may be desirable. 


For hardening it may be suggested that the spline shafts be hung verticiOly 
from eyebolts in the furnace, and also quenched vertically from the same eyebolts 
on both single and double quenched shafts. Spline shafts are always out in rela¬ 
tion to the keyway. Shafts can be quenched in a fixture or on a machine on Uie 
final heat, so that they will come straight enough to clean up on grinding when 
an ample amount of grinding stock is allowed. By using this method, the straight¬ 
ening operation may be unnecessary in many cases. 

Spline shafts can also be heated in a horizontal position in a continuous furnace 
provided the supports are properly spaced. The shafts come out fairly straight 
although they usually require some straightening. 

Tempering Carburized Spline Shafts—In tempering, the highest temperature 
should be used that will give the desired hardness. 

Normalizing and Annealing Water Hardening Steels—To normalize or anneal 
the water hardening steels for spline shafts, heat openly, exposing maximum sur¬ 
face area, to a temperature of 1600-1700'’F. for steel 1045 and to 1650-1750*F. for 
steels 2320 and 4130. For this treatment the steels should be held at temperature 
only long enough to insure complete penetration of heat. From these temperatures 
the steels may be cooled in the air or cooled at a rate to produce the desired machin¬ 
ing qualities. 

Table U 


Hardening and Tempering of Water Hardening Spline Shafts 


Steel! 

Quenching 

Temp., •F. 

Quench in 

Tempering 
Temp.. *F. 

1040 

1470-1020 

Water 

700-1200 

1330 

1470-1020 

Water 

700-1200 

2320 

1600-1600 

Water 

700-1200 

4130 

1470-1020 

Water 

700-1200 


Hardening and Tempting Water Hardening Steels—The quenching and tem¬ 
pering temperatures for the water hardening steels are given in TMe IL Before 
quenching in water, it may be advisable to first quench these steels for a few seconds 
in oil. The riiafts should always be removed from the water before they become 
cold. 
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Normalisinf and Annealing Oil Hardening Steele-After forging, these steels 
should be normalized or annealed. The following is a form of normalizing suitable 
for steels 1335, 2345, 3250, 3450, 6150, and Manganese B, and produces good machin¬ 
ing qualities. 

Heat the steels slowly, while exposing the maximum surface area, to a tempera¬ 
ture of 1650-1700^F. Hold at heat only long enough to insure thorough and uniform 
heating. Cool rapidly by opening furnace doors to 1280^F. Cool slowly from 
1280-1000*F. over a period of from 6-10 hr. for good machining. 

Steel 3140 may be normalized by heating slowly and uniformly, while exposing 
maximum surface area, to a temperature of 1575-1625*'F. and cooling from this 
temperature slowly in air. 

Steel 4140 may be normalized by heating slowly and uniformly to a temperature 
of 1650-1700^F. and cooling slowly in air. 

Hardening and Tempering Oil Hardening Steels—The quenching and tempering 
temperatures for the spline shafts made from oil hardening steels are given in 
Table m. 


Table UI 

Hardening and Tempering Oil Hardening Spline Shafts 


Steels 

Quenching 
Ternp.^ •?. 

Quench In 

Tempering 
Temp.*, ‘P. 

Approximate 

Brinell 

Hardness 

1335 

1500-1525 

Oil or water 

000-1000 

255-217 

1340 

1500-1525 

Oil 

900-1000 

321-255 

3145 

1425-1450 

Oil 

900-1050 

351-300 


1525-1550 

Oil 

650- 760 

430-375 

3350 

1475-1500 

Oil 

475- 760 

529-430 

3450 

1475-1500 

OU 

750- 850 

460-387 

4135 

1625-1550 

Oil 

650- 650 

400-387 

4150 

1576-1600 

Oil 

700- 800 

444-351 

Manganese B 

1475-1625 

Oil 

900-1000 

400-321 


'Most oil hardening spline ehafts are quenched from 1450-1650*F. Many of them are hardened 
In cyanide. 

^Tempering temperatures here suggested may be changed to suit conditions. Some find 400> 
450*P. satisfactory. 


Steel 3145 may be hardened in two different ways, as indicated in Table III. 
The method giving a high tempering temperature consists in hardening the shaft 
vertically, with the spline or keyway not cut, and leaving ample stock for grinding. 
The keyway is then milled after the heat treatment. If the steel has been properly 
normalized and carefully handled, straightening is rarely needed, but it can be 
done at the tempering heat if necessary. After tempering, the shafts are rough 
ground to 0.010 in. large, then the spline is milled, and the spline shafts are finish 
ground. 

This same sequence of operations may be followed for any of the steels listed 
in Table m. The tempering temperature would then necessarily be higher than 
indicated in the table in order to make machining possible. By using this treat¬ 
ment on steels 3250 and 3450, more ductility may be obtained than is possible with 
steel 3145. 

Spline shafts may be difficult to straighten after quenching. For example, 
shafts made with ample grinding stock from steel 3450 may be designed to have 
either two splines equally spaced or three integral keys, which eliminates the unbal¬ 
anced distortion. If steels 3250 and 3450 have to be straightened, it is done at the 
tempering temperature or before tempering. 

When steel 3145 is tempered at the lower temperature, the same method as 
outlined for steel 3450 is used. However, it nmy be po^le to jig or machine quench 
this steel with a single spline, so that it will come within a reasonable g^cflng 
allowance. 

Steel 6150 distorts In heat treating more than the steels previously discussed. 
However, it withstands abuse, and has high strength and fatigue re^tance values. 

As it has been suggested that straightening may be easier if the grain size Is 
oontrdlled, a 5-7 grain size is recommended. The use of a vertical retort furnace with 
controlled atmosphere minimizes straightening and grinding. 
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Composition and Heat Treatment of Small Flat Springs* 

Cold Formed From Plates Less Than A Thickness 

General—This article covers the process to be followed in the heat treatment 
of small flat plates designed for springs used for miscellaneous purposes. The prac¬ 
tice includes only springs made from plates less than A bi* in thickness. 


Table I* 

Chemical Composition of Flat Bars Used for Cold Formed Small Springs 


Name of 

Steel 

C 

Ifn 

P 

Max. 

8 

Max. 

Cr 

V 

ICin. 

cold rolled 

0.45-0.70 

0.80-1.30 

0.04 

0.045 



Oil tempered 

0.55-0.70 

0.90-1.20 

0.04 

0.045 


.... 

Annealed 

0.5S-0.70 

0.90-1.30 

0.04 

0.045 


.... 

Oil tempered 

0.60-0.70 

0.30-0.60 

0.04 

0.045 



Oil tempered 

0.80-0.00 

0.30-0.60 

0.04 

o.olb 



Annealed 

0.80-0.90 

0.30-0.60 

0.04 

0.045 


• • • • 

Cold rolled 

0.90-1.05 

0.30-0.50 

0.04 

0.045 


• • • • 

Cold rolled, Cr-V 

0.45-0.55 

0.50-0.80 

0.04 

0.040 

0.80^1.10 

0.15 

Annealed, Cr-V 

0.45-0 55 

0.50-0.80 

0.04 

0.040 

0.80-1.10 

0.15 

Oil tempered, Cr-V 

0.45-0.55 

0.50-0.80 

0.04 

0.040 

0.80-1.10 

0.15 

Imperfections—The flat bars should be free from surface 
seams, surface decarburization,^ slag inclusions, die scratches. 

cracks, hair line 
localized segrega- 


tlons, slivers, and cuts. These defects cause premature failure as they are a source 
of starting points for fatigue. 

Hardness—The flat bars as received from the manufacturer should have even 
hardness in order to obtain uniform results in coiling and forming. 

Chemical Composition—The chemical compositions of the steels generally used 
for cold formed small flat springs of less than A in. thickness are given in Table I. 


Table n 

Heat Treatment of Cold Formed Small Flat Springs 


Steel as Listed 

In Table I 

Carbon Range 

Quenching 
Temp., 'F. 

Quenching 

Media 

Tempering 
Temp., •F. 

Approximate 
RockweU **C" 
Hardness 

Cold roUed 

0.45-0.70 

Cold rolled 

... 

450-6001 

35-40 

Oil tempered 

0.55-0.70 

Pretempered 

... 

450-6001 

35-40 

Annealed 

0.55-0.70 

1450-1525 

Oil 

700-850 

35-40 

Oil tempered 

0.60-0.70 

Pretempered 

... 

450-6001 

35-40 

Oil tempered 

0.80-0.90 

Pretempered 

... 

450-6001 

35-40 

Annealed 

0.80-0.00 

1425-1500 

Oil 

800-850 

35-40 

Cold rolled 

0.00-1.05 

Cold roUed 

..» 

325-3751 

35-40 

Gold rolled, Cr-V 

0.45-0.55 

Cold rolled 

•. . 

450-6501 

35-40 

Annealed. Cr-V 

0.45-0.55 

1575-1625 

on 

850-950 

35-40 

OH tempered, Or-V 

0.45-0.55 

Pretempered 

... 

450-6501 

35-40 


K>11 tempered and cold rolled flat springs are usually given a short tempering to reUeve forming 
strain. 


Heating and Quenching—To prevent excessive scaling the springs made from 
annealed flat bars jshould be heated uniformly in a suitable furnace or liquid bath 
to the quenching temperatures given in Table II. The springs are then quenched 
rapidly in circulating oil which Is maintained at a temperature of 100-140*fV 
Tempering—The springs should be heated in a suitable tempering medium to 
the temperature given in Table n. They should be held at this temperature for a 
sufficient length of time to permit complete penetration of the heat. The method 
of cooling after tempering is not important. 


*Thl8 article was prepared by the Subcommittee on the Heat Treatment of Springs. The mem¬ 
bership of the subcommittee was as follows: W. B. Phillips, Chairman; Henry Chandler, H. W. 
Faus, DuRay Smith, and A. K. Strandberg. 

murfaoe decarburlsatlon should be maintained at a minimum because recent investigation has 
demonstrated that decarburlsatlon as smbU as three thousandths of an inch wlU materii^ reduce 
the enduranoe value of spring steels. 
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Composition and Heat Treatment of Large Flat Springs’" 

Hot Formed from Plates A In. in Thickness or Over 

General—This article covers the process to be followed for the heat treatment 
of hot formed flat springs both plain carbon and alloy steel. The article includes 
only springs made from plates of A in. in thickness or over and of the type gen¬ 
erally used for railway equipment, but also used extensively for miscellaneous 
applications. 

Imperfections—The bars should be free from surface cracks, rolling seams, 
pipes, surface decarburizatlon,^ inclusions, and carbide segregation. These imper¬ 
fections have a tendency to cause early failure of a spring as they are a source of 
starting points for fatigue. Carbide segregation and inclusions also cause quench¬ 
ing cracks. 

Hardness—The steel as received from the manufacturers should be soft enough 
to permit the simple cold working operations (shearing, punching, trimming, and 
bending) without cracking. 

Chemical Composition—The chemical compositions of the steels generally used 
for hot formed flat springs of A in. thickness or over are given in Table I. 

Table I 

Approximate Chemical Composition of Steels Used for Hot Formed Large 

Flat Springs 


Steels 

C 

Mn 

P 

Max. 

S 

Max. 

Si 

Cr 

V 

Low C^ 

0.7(M>.80 

0.50-0.80 

0.04 

0.04 



_ 

C 

0.90-1.05 

0.25-0.50 

0.04 

0.05 




8i-C 

0.90-1.05 

0.25-0.50 

0.04 

0.05 

0.25-0.50 


.... 

Si-C-V 

0.80-0.98 

0.45-0.65 

0.045 

0.045 

0.50-0.75 


0.15 

Cr-V 

0.45-0.55 

0.70-0.90 

0.040 

0.040 


i.00-1.20 

0.15 

Si~Mn 

0.50-0.60 

0,60-0.80 

0.045 

0.045 

i.80-3.20 


.... 

^Used for flat springs less than in 

thickness. 






Heating for Slotting, Nibbing, Spear-Pointing, and Tapering—For these opera¬ 
tions the plates should be heated in a suitable furnace to a temperature not in 
excess of ISOO^F. 

Heating for Forming—For forming, the plates should be heated uniformly in a 
furnace to the lowest temperature at which the steel will work satisfactorily, and 
in no case should this temperature exceed ITSO'^F. Generally, the normalizing 
temperatures given in Table II will be found very satisfactory for the forming 
temperatures. After forming the springs should be cooled in air until they become 
distinctly black. 

Annealing—When annealing is necessary for machining, to relieve machining 
strains, cold working strains, or strains from local heating, the steel may be heated 
to 1250-1325^F. The rate of cooling will vary with the requirements. 

Table H 

Heat Treaments of Hot Formed Large Flat Springs 


Steels 

As Listed in 
Table I 

Normalizing^ 
Temp., "P. 

Quenching 
Temp., "P. 

Quenching 

Media 

Tempering 
Temp., "P. 

Approximate 

Brlnell 

Hardness 

Low C 


1450-1475 

OU 

700- 850 

352-415 

C 

1675^1600 

1500-1550 

OU 

850-1050 

352-415 

Sl-C 

1600-1625 

1525-1575 

Oil 

850-1050 

352-415 

Sl-C-V 

1625-1650 

1600-1625 

Oil 

750^1050 

363-429 

Cr-V 

1600-1625 

1600-1625 

OU 

855-1050 

363-429 

Si-Mn 

1600-1625 

1575-1600 

Oil 

850-1050 

363-429 


^These normalizing temperaturez are also often used for the forming temperatures. 


•This article was prepared by the Subcommittee on the Heat Treatment of Springs. The mem¬ 
bership of the Subcommittee was as follows: W. H. Phillips, Chairman; Henry Chandler. H. W. 
Faus. DuRay Smith, and A. K. Strandberg. 

Surface decarburization should be maintained at a min. because recent investigation has 
demonstrated that deearburisation as small as three thousandths of an in. wiU materially reduce 
the endurance value of spring steels. 
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Hestinr Mid Quenching—After the springs have been allowed to cool to a dis¬ 
tinct black from the forming temperatures, they should be uniformly reheated in 
a suitable furnace to the quenching temperatures given in Table II. The heating 
time in minutes may be determined approximately by multip^l^ the thickness of 
the plate by 60. 

After being held at temperature for a sufficient time to allow for complete 
penetration of heat, the springs are quenched in an ample volume of circulating 
oil which is maintained at a temperature of 100-140*F. The springs should be kept 
in the oil imtil they are cooled to a temperature of not more than 300*F. or until 
sufficiently cold to prevent the oil from flashing when they are removed ftom the 
OIL 

Tempering—For tempering, the plates should be heated in a suitable temper¬ 
ing medium to the tempering temperatures given in Table n. They should be held 
at this temperature for a sufficient Imigth of time to permit complete penetration 
of heat. The method of cooling after tempering is not important. After temper¬ 
ing in a salt bath, a hot water dip removes the salt fllm from the springs. 
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Composition and Heat Treatment of Small Helical Springs* 

Cold Coiled from Wire ^ in. Diameter or Less 

General—This article covers the process to be followed in the heat treatment 
of cold formed small helical springs designed and used for miscellaneous purposes. 
Hie practice Includes only springs made from wire less than in. in diameter. 

Imperfections-*The wire should be free from surface cracks, hair line seams, 
surface decarburization,^ slag inclusions, die scratches, localized segregations, slivers 
and cuts. These defects cause premature failure as they are a source of ^starting 
points for fatigue. 

Hardness—The wire as received from the manufacturer should have even hard¬ 
ness in order to obtain uniform results in coiling and forming. All spring wire 
sizes of ^ in. and less should be sufficiently ductile to wind on their own diameter 
as an arbor. 


Wires Used in the Spring Industries 

Cold Worked Wire (Music Wire)—Music wire is a cold worked wire supplied 
the spring manufacturers to be made into springs without any further heat treat¬ 
ment, except perhaps a short heating to relieve coiling or forming strains. This 
wire is of high carbon steel, usually made by the acid process, and its high tensile 
properties are obtained from its high carbon content and from many passes in 
the cold working dies or rolls. Its toughness is obtained from a process called 
patenting. This patenting process consists of passing the hot rolled material 
rapidly through a furnace at a temperature of about ISOO^'F. (the wire is at a much 
lower temperature) and then quenching into lead or air at a speed to produce 
sorbite, which will enable the steel to withstand severe reduction without develop¬ 
ing brittleness. The wire is then cleaned and passed through drawing dies, duri^ 
which time the coarse grains obtained by the heat treatment are enlongated into 
fibres, producing a wire of great toughness, tensile strength, and particularly tor¬ 
sional strength. This wire is nearly always used in small sizes. Commercial sizes 
range from 0.004-0.135 in. diameter, and are of a bright surface finish. 

Hard Drawn Wire—Hard drawn wire is another cold worked wire furnished 
the spring manufacturers to be made into springs without any further heat treat¬ 
ment, except perhaps a short tempering to relieve coiling or forming strain. This 
wire, like the music wire, has its tensile properties enhanced through cold working, 
but differs from the music wire in that it is simply "process annealed" between 
passes through the drawing dies instead of "patented." The process anneal con¬ 
sists of heating the wire considerably under the critical range to relieve the cold 
working strain but leaves the. structure undisturbed. The steel in the hard drawn 
wire is of lower quality than music wire since it is usually made from lower grade 
material. 

Hard drawn spring wire is made from stock with an analysis similar to "oil 
tempered wire," but it is usually drawn to a lower tensile strength and has a con¬ 
siderably lower yield point. With the same tensile strength, the elastic limit of 
hard drawn wire is less than for oil tempered wire of the same size. 

Oil Tempered Wire—This iilxo is furnished the spring manufacturers in a heat 
treated condition, no further heat treatment being required after the wire has 
been made into springs, except perhaps a short heating to relieve coiling or form¬ 
ing strains. This wire, after having been alternately annealed and cold worked to 
finished size, is usually heat treated by a continuous process which consists of reel¬ 
ing the wire through shallow tanks of molten lead maintained at 1575-1625°F. The 
wire is then quenched either into a lead bath whbse temperature is slightly above 
the melting point of lead; into oil which is at a temperature of about 140^F.; or 
into some other liquid. For tempering, the wire may be heated in an open fur¬ 
nace. in a tank of molten lead, in hot oil, or by bringing it in contact with hot 
sand or with plates or discs of iron or steel. 


*Thi8 article was prepared by the Subcommittee on the Heat Treatment of Sprints. The mem¬ 
bership of the subcommittee was as follows: W. H. Phillips, Chairman; Henry Chandler, H. W. Faus, 
DuRay Smith, and A. K. Strandberg. 

^Surface decarburization should be maintained at a minimum because recent investigation has 
demonstrated that deearburization as small as three thousandths of an inch will materially reduce 
the endurance value of spring steels. 
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With uniform toughness or ductility, the tensile strength of oil tempered wire 
varies, being high for small and low for large sizes. This type of wire is heat 
treated to develop certain xmiform qualities of toughness, tensile strength, reduction 
of area and Rockwell hardness. These properties indicate the ability of the wire 
to make the severe bends, without fracture required in forming springs. 

Annealed Wire—This wire is supplied the spring manufacturers in an annealed 
condition, and used for springs which are to be hardened and tempered after the 
wire has been made into springs. After being alternately process annealed and 
cold worked to finished size this wire is annealed by heating to a temperature of 
about 1350-1400'’F., a temperature which is slightly below the upper critioal range 
of the wire, and which thus produces a partial or complete spheroldization of the 
carbide. The annealing is usually done in a mufTle furnace, a tube furnace, or in 
lead. Since heat treatment is unsuitable on very fine gage wire because of sur¬ 
face damage and oxidation, tiny springs are made of cold drawn wire instead of 
being annealed. 

Other Kinds of Wire-Mother wire materials used for springs are monel metal, 
brass, phosphor bronze, and many other alloys containing nickel, chromium, man¬ 
ganese, vanadiiun, molybdenum, timgsten, and silicon, which may be drawn into 
wire with a reasonably high tensile strength and sufficient ductility for forming 
springs. 

The purpose of various types of special alloys for springs is either to increase 
fatigue life, to Increase resistance to corrosion, or to increase resistance to tempera¬ 
ture. The difficulties of producing these alloys in the correct wire size and of 
sufficiently high strength, as well as the additional cost, limit their use for the 
manufacture of springs. 

Certain grades of stainless steel in the finer sizes may be hard drawn to a 
tensile strength of at least 75% of that found in music wire and may at the same 
time retain excellent toughness and ductility for spring purposes. 

Low Temperature Annealing—Hardening or tempering of spring wire should 
not be confused with the low temperature heat treatment after colling, which is 
actually a low temperature anneal for the purpose of relieving coiling strains. 
This anneal may actually increase the elastic limit of the spring wire and Increase 
its resistance to permanent deformation. Springs which will set as coiled may 
be deflected considerably more after a low temperature anneal without taking a 
permanent set. 

Low temperature annealing for steel may range from 300-800*’F., depending 
entirely upon the stock, the structure of the wire, and the results desired. Usually 
a temperature of 500^F. will give the maximiun benefit. 

Chemical Composition—The chemical compositions of steel wires generally 
used for cold coiled small helical springs made from in. diameter wire or less 
are given in Table I. 

Table 1 

Chemical Composition of Steel Wire Used for Cold Coiled Small Helical Springs 


Name of Wire 

C 

Mn 

PMaz. 

BMax. 

Cr 

VMin. 

Hard drawn 

0.45-0.701 

0.80-1.20 

0.04 

0.045 



Oil tempered 

0.55-0.70 

0.90-1.20 

0.04 

0.045 



Annealed 

0.65-0.70 

0.90-1.20 

0.04 

0.045 



Oil tempered 

0.60-0.70 

0.30-0.60 

0.04 

0.046 



Oil tempered 

0.80-0.90 

0.30-0.60 

0.04 

0.045 



Annealed 

0.80-0.90 

0.30-0.60 

0.04 

0.046 



Music 

0.80-0.95 

0.30-0.50* 

0.04 

0.045 



Annealed 

0.90-1.05 

0.30-0.50 

0.04 

0.045 



Hard drawn. Or-V 

0.45-0.55 

0.50-0.80 

0.04 

0.040 

0.80-1.10 

0.15 

Annealed, Cr-V 

0.45-0.55 

0.50-0.80 

0.04 

0.040 

0.80-1.10 

0.15 

Oil tempered, Or-V 

0.45-0.55 

0.50-0.80 

0.04 

0.040 

0.80-1.10 

0.16 


iln small sizes the carbon is often lower. 

*The manganese is often lower In some music wire. 


Heating and Quenching—To prevent excessive scaling the springs made from 
annealed wire should be heated imiformly in a suitable furnace or liquid teth to 
the quenching temperatures given in Table II. The springs are then quenched 
rapidly in circulating oil which is maintained at a temperature of 100-140*F. 
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Table U 

Heat Treatment of Cold Coiled Small Helical Springs 


Name of Wire 

As Listed in 

Table! 

Carbon Range 

Quenching 
Temp., •P. 

Quenching 

Media 

Tempering 
Temp., ‘P. 

Approximate 
Rockwell *‘C" 
Hardness 

Hard drawn 

0.45-0.701 

Cold worked 

• • 0 

450-600* 

40-45 

Oil tempered 

0.55-0.70 

Pretempered 

• • t 

450-600* 

40-45 

Annealed 

0.65-0.70 

1450-1525 

Oil 

700-850 

40-45 

Oil tempered 

0.6(M).70 

Pretempered 

... 

450-600* 

40-45 

Oil tempered 

0.80-0.90 

Pretempered 


450-600* 

40-45 

Annealed 

0.80-0.90 

1425-1500 

Oil 

800-850 

40-45 

Musle 

0.80-0.9S 

Cold worked 


325-375* 

See Pootnote 3 

Annealed 

0.90-1.05 

1450-1525 

oii 

800-900 

40-45 

Hard drawn 

0.45-0.55 

Cold, worked 


450-650* 

40-45 

Annealed, Cr-V 

0.45-0.55 

1575-1825 

oii 

850-950 

40-45 

Oil tempered, Gr-V 

0.45-0.55 

Pretempered 

... 

450-650* 

40-45 


Knishlon springs may be 0.35-0.45 earbon. 

*Oil tempered and bard drawn wire springs are usually given a short tempering to relieve coll¬ 
ing strain. 

■Musio wire is purchased according to tensile properties, not hardness. 


Tempering—The springs should be heated in a suitable tempering medium to 
the temperature given in Table 11. They should be held at this temperature for 
a sufficient length of time to permit complete penetration of the heat. The method 
of cooling after tempering is not important. After tempering in a salt bath, a hot 
water dip removes the salt film from the springs. 
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Composition and Heat Treatment of Large Helical Springs^ 

Hot Coiled From H In. Diameter Bars or Over 

General—This article covers the process to be followed for the heat treatment 
of hot coiled helical springs of both plain carbon and alloy steel. The practice 
includes only large springs made from bar stock of ^ in. diameter or over and 
of the type generally used for railway equipment, but also used extensively for 
miscellaneous applications. 

Imperfections—The bars should be free from surface cracks, rolling seams, 
pipes, surface decarburization,^ inclusions and carbide segregation. These imper¬ 
fections have a tendency to cause early failure of a spring as they are a source of 
starting points for fatigue. Carbide segregation and inclusions also cause quench¬ 
ing cracks. 

Hardness—The steel as received from the manufacturers should be soft enough 
to permit the simple cold working operations (shearing, trimming, and bending) 
without cracking. 

Chemical Composition—The chemical compositions of the steels generally used 
for hot coiled helical springs of ^ in. diameter or over are given in Table I. 


Table I 

Approximate Chemical Composition of Steels Used for Hoi Coiled 
Large Helical Springs 


Steels 

C 

Un 

P 

Max. 

a 

Si 

Cr 

V 

C 

0.90-1.0S 

0.28-0.60 

0.04 

0.08 



.... 

81-C 

0.90-1.00 

0.28-0.60 

0.04 

0.08 

0.28-0.80 


.... 

C-Si-V 

0.88-0.98 

0.48-0.88 

0.048 

0.048 

0.80-0.78 


0.11 

Cr-Vi 

0.48-0.86 

0.70-0.90 

0.04 

0.04 


b.90-i.i8 

0.18 

8i-Mni 

0.80-0.60 

0.60-0.90 

0.048 

0.048 

1.80-2.20 


.... 


^Thesc iteel8 ere used In special applications, as for example, in highly stressed helical springs. 


Heating for Tapering—For tapering the bars should be heated in a suitable 
furnace to a temperature not in excess of ISOO^F. 

Heating for Coiling—For coiling the bars should be heated uniformly in a 
furnace to the lowest temperature at which the steel will work satisfactorily, and 
in no case should this temperature exceed ITSO'^F. Generally the normalizing tem¬ 
peratures given in Table n will be found very satisfactory for the coiling tem¬ 
peratures. 

After colling the springs should be cooled in air until they become distinctly 
black. 

Annealing—When annealing is necessary for machining, to relieve machining 
strains, cold working strains, or strain from local heating, the steels may be heated 
to 1250-1325*F. The cooling rate will vary with the requirements. 


Table U 

Heat Treatment of Hot Coiled Large Helical Springs 


Steels 

As lasted in 
Table! 

Normalizing^ 
Temp., ‘P. 

Quenching 
Temp., ‘F. 

Quenching 

Media 

Tempering 
Temp., ‘F. 

Approximate 

BrineU 

Hardness 

C 

1878-1600 

1800-1880 

Oil 

780-1080 

382-418 

8i-C 

1878-1600 

1828-1878 

OU 

780-1080 

352-416 

C-Sl-V 

1628-1680 

1600-1628 

* OU 

760-1080 

363-429 

Cr-V 

160(K-1628 

1600-1628 

Oil 

860-1080 

363-429 

8i-Mn 

1600-1628 

1878-1600 

OU 

880-1060 

363-429 

^These temperatures are also often used for the coiling temperatures. 



*Thl8 article was prepared by the Subcommittee on the Heat Treatment of Springs. The mem¬ 
bership of the subcommittee was as follows: W. K. Phillips, Chairman; Henry Chandler, H. W. 
Fans, DuRay Smith, and A. K. Strandberg. 

^Surface decarburization should be maintained at a minimum because recent investigation has 
demonstrated that decarburization as small as three thousandths of an inch will materially reduce 
the endurance value of spring steels. 
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Hwtlnf and Qaenching—After the springs have cooled to a distinct black 
from the colling temperatures they should be uniformly reheated In a suitable fm- 
nace to the quenching temperatures given In Table n. The heating time In min¬ 
utes may be approximately determined by multiplying the diameter of the steel 
in Inches by 60. ^ 

After being held at temperature for a sufficient time to allow for complete 
penetration of heat, the springs are quenched In an ample volume of circulating 
oQ which is maintained at a temperature of 100-140‘P. Hie springs should be 
kept In the oil until they are sufficiently cold to prevent the oil from flawing 
when they are removed from the bath (about 300°F.). 

Tempering—For tempering the springs should be heated In a suitable temper¬ 
ing medium to the temperatures given In Table II. They should be held at ttus 
temperature for a sufficient time to permit complete penetration of heat. The 
method of cooling after tempering Is not important. After tempering in a salt 
bath, a hot water dip removes the salt fllm from the springs. 
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Heat Treatment of Tool Steels* 

(General) 

Purpose—^Much of the general procedure for the heat treatment of one type of 
tool steel is applicable to others. These general instructions are to avoid repetitions 
in the articles on tool steels. 

General—Often when correct temperatures are used» many hardening failures 
result from improper manipulation during heat treatment. The heat treatments 
given in the tool steel articles apply specifically to certain types of steels, the tosic 
compositions of which are given. This does not imply that such steels are the only 
suitable ones. These articles are primarily for the purpose of recommending heat 
treatments. 

For information on the relation of design to heat treatment, see page 214. 

Forging—For information on the forging of tool steels see the tool steel, articles 
in this section. 

Normalizing—Purpose—Normalizing implies heating steel far enough above the 
critical range to carry all carbides into solution and when this is done, it is followed 
by air cooling; excess carbides may thus be broken up and a more uniform distribu¬ 
tion obtained. This operation is more important on pieces that have been forged 
but should not be necessary on steel that has been annealed by the manufacturer 
unless subsequently forged. 

Some steels should not be normalized. In general, steels that air harden are not 
normalized, such as high speed steel. 

Rate of Heating —^Heating tools for normalizing should be done in a manner 
similar to that described under heating for hardening. Correct soaking time is 
proportional to the size of the piece. Prolonged soaking will coarsen the grain, 
rendering subsequent refinement difflctilt. 

Rate of CooZing—The material is cooled from the normalizing temperatures in 
still air. • 

Annealing—Purpose—Tool steel is annealed to soften it for machining, forming, 
and grain refinement. 

Pacfcfnp—Steel to be annealed should be placed in a tight container to keep 
out furnace gases. When pieces are small, they should be packed in csist iron chips, 
lime, mica, or other neutral material to prevent scaling, decarburization, and too 
rapid changes of temperature. Care must be taken to keep the steel from contact 
with the container, and to avoid the presence of scale. 

Heating—Heat slowly and uniformly to the temperature desired (see specific tool 
steel articles in this Handbook). 

Holding at Heat—Hold at the annealing temperature long enough for complete 
penetration of heat, and readjustment of grain. The time will Increase with the 
weight of the charge and the alloy content of the steel, generally 1-4 hr. will be 
sufScient. 

Cooling —Cool slowly, preferably in the furnace, or in mica or other good heat 
insulating material. In general, the slower the cooling, particularly through the 
critical range, the softer the steel. As the alloy content of the steel increases the 
slower the st^l must be cooled. The maximum cooling rate of 50‘'F. per hr. down 
to 1000®F. is suggested. 

Strain Relieving AnneaZ—This process, sometimes called subcritical annealing, is 
useful in removing residual strains induced by heavy machine work or other cold 
working. As indicated, it is usually carried out at temperatures below the critical 
range (1000-1200®F.). In many cases it is safely done in the open fire but for some 
tools packing is necessary to prevent scaling and decarburization. Air cooling may 
be safely used. This treatment often aids in minimizing warpage as well as break¬ 
age during hardening. 

This practice is usually applied after machining and before hardening but it is 
often useful to rough machine, then strain relieve anneal before finish machining. 

Heating for Hardening—Hate of Heating-The rate of heating for alloy tool 
steels should be proportionately slower than for plain carbon steels as the alloying 
content increases. In general, the slower and more uniform the heating, the less 
the warping or change in size or shape, provided other factors are unchanged. 


*Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. I. Stotz, Chairman; A. 8. Jameson, A. J. Scheld, Jr., O. V. Luerssen. W. H. Wills. 
Burns George, J. B. Brb, P. J. McCarthy, F. F. McIntosh, J. H. McCadie, C. L. Harvey, H. T. 
Cousins, J. A. Succop, A. D. Beeken, Jr., J. P. Howley, R. A. Anderson and S. C. Spalding. 
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Attention Is called to the fact that heating for hardening is most rapid in 
molten baths, somewhat* slower in open or semimuffle fuel fired furnaces, and the 
slowest in electric or complete muffle type furnaces. 

Cold tools should be charged at comparatively low furnace temperature (below 
1000**F.). Sudden changes in temperature should be avoided, except where steels such 
as high speed are changed from preheating furnaces to high heating furnaces to 
obtain rapid heating. It is especially important to avoid sudden changes when 
Ideating hardened steel, to prevent breakage. 

The steel should be placed in the furnace so as to expose the maximum surface. 
It is often advisable to place supports under the tool to raise it from the furnace 
bottom, thus allowing better heat circulation. An intricate tool should be supported 
in such a manner as to avoid warping. 

Large Sizes-^A range of temperature is usually given in recommendations for 
hardening heats. This does not imply that satisfactory results can be obtained on 
any tool if held anywhere within that range. Generally the larger pieces are heated 
to the high side of the range while small pieces are heated to the low side. 

Uniform Heating of TooZs-~Cylindrical tools or intricate parts that have a 
tendency to heat nonuniformly should be occasionally rotated. 

Holding at Heaf--Care should be taken to hold the tool at temperatiue long 
enough to insure uniform heating throughout the secUon of the piece. Usually, 
steel of higher alloy contents will require more time, as noted in specific tool steel 
articles. This gives a better solution of the carbides but excessive time at tempera¬ 
ture may cause some grain growth and surface decarburization, particularly at tem¬ 
peratures well above the critical range. 

For the time of holding high speed steel at quenching heat, see the tool steel 
article covering this steel. 

Furnace Atmosphere—Proper control of furnace atmosphere is important and 
varies somewhat with the type of steel and the temperature used. For certain types 
of steels which show a tendency to produce a soft skin on the surface such as the 
oil hardening manganese tool steels, a slightly oxidizing atmosphere wiU overcome 
this condition. On the other hand, the best results for hardening high speed and 
high carbon, high chromium steels are obtained in an atmosphere with high CO 
and minimum CO,. In either case, direct impingement on the steel of flames or 
gases of combustion should be avoided. 

Effect of 5caZe—If tool steel is heated above a low red heat while in contact 
with scale, even though in a neutral or reducing atmosphere, it will be decarburlzed. 
Therefore, care should be taken to keep steel, furnace hearth, and containers as 
free from scale as possible. 

Thermocouples —^The thermocouple should be so placed that the flames do not 
strike it and so located as to indicate as nearly as possible the temperature of the 
tool. It is generally better to insert the thermocouple through the end or side of 
the furnace rather than through the top. Pyrometers should be frequently checked. 
For specific instructions see the article in this Handbook on Pyrometry. 

Cooling—QtfenoAing Mediumr-^Ttie quenching medium should vary with the kind 
of steel treated as well as the speed of cooling necessary for various types of tools. 
Sufflcient volume of coolant should be provided to maintain the quenching medium 
at proper temperature for uniform results. The use of air as a means of a^tation 
and cooling for liquid baths is not recommended. 

Brine—Tools quenched in brine will more readily throw their scale, producing 
a cleaner surface of more uniform hardness. Brine is a more uniform quench than 
water when used in still or mildly agitated baths. On work of considerable mass 
or where definite flow directions are desired, sprays or geysers are necessary. Brine 
should be maintained at a fairly constant temperature. A range of 60-80''F. is 
suggested. 

Wafer—Water should be held at a fairly constant temperature, usually between 
50-70°F. Fresh tap water is often aerated and may produce soft spots, so that water 
which has been previously boiled, or has been used frequently, is recommended. 
When water is used as a quench it should be used in the form of a stream or spray 
designed to suit the tool to be quenched. The purpose is to circulate the water 
continuously against the surface to be hardened. This helps to sweep off scale 
and steam bubbles and results in more uniform hardening. Only small tools should 
be quenched in still water. 

Offs—Oils generally give best results when used between the temperatures of 
100-150°F. Avoid quenching in cold oil of not the proper fluidity. Some oils crack 
or otherwise deteriorate faster than others: consequently, should be reconditioned 
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as found necessary. Oil baths should be frequently checked for the presence of 
water. When quenching tools from a cyanide or salt bath, a straight mineral oil 
should be used to avoid decomposition of the oil. 

Air—Certain types of tool steels require air cooling. Air cooling may be applied 
in three ways: (1) Air blast, which is the discharge from a high pressure line; 
(2) fan air, which is the current of air discharged from a fan; and (3) still air, 
which is atmospheric air undisturbed artificial circulation. When using any one 
of the three methods the tool should be held or supported so as to allow uniform 
cooling, as nearly as possible. Caution should be observed in using air blast to apply 
it through a properly designed device and care taken to avoid the presence of water 
in the blast. 

Special Quenching Medio—Unusual conditions often require special quenching 
media, such as a solution of 5-10% sodium hydroxide in water which has a tendency 
to overcome soft spots and nonuniform hardening in carbon tool steels. A mixture 
of water and glycerine in any proportion will produce a rate of cooling intermediate 
between oil and water. For oil hardening steels the glycerine content is compara¬ 
tively high (60-90% glycerine) whereas for water hardening steels the glycerine 
content is low (10-40% glycerine). Mercury can be used to obtain local hardening. 

QtfCTichin^—Tools should be quenched in such a manner that warping is at a 
minimum. When immersing tools avoid the formation of gas pockets by vigorous 
agitation or by Jets. It is important that the cooling medltun come in contact with 
all parts of the work to be hardened. Usually tools should not be removed from 
the quenching bath until they are below 200''F. or to the point where water boils 
on them, neither should they be allowed to go cold in the quench. A good time 
to remove the tools is when all of the surface is approximately 125-150*’F. Then, 
if any mass is involved, hold at this temperature until the tools become uniform 
in temperature throughout. This may be accomplished by placing in an oil bath for 
the required length of time. The tools are then ready for tempering and may be 
transferred to the tempering furnace. For specific instructions see the articles on 
tool steels in this Handbook. 

Tempering—iSfraiTis—Tools, after removal from the quenching bath and before 
tempering, are always in a highly and nonuniformly strained condition and danger 
of cracking is most pronounced. Tools should not become cold before temperb^. 

Uniform Tempering—Satisfactory tempering results are obtained by heating 
slowly and uniformly in a freely circulating medium. If a liquid is used, the tools 
should be placed in a metal basket for immersion which prevents contact with the 
sides or bottom of the tempering pot. 

Charging the Tempering Furnace—When charging tools for tempering, the 
heating medium should be at a low temperature and the tools still warm. 

Rate of Heating—Tools should be brought to heat slowly to prevent rapid re¬ 
lease of hardening strains and warpage. Better results are obtained by holding at 
a lower temperatiu-e for a longer time. Generally the length of time should not be 
less than 1 hr. at temperature, but for specific steels reference should be made to 
the tool steel articles in this Handbook. 

Rate of heat transfer will vary in different heating media. It is most rapid in 
metallic baths, less rapid in salt and oil baths, and still less in circulated and slowest 
in still air furnaces. 

Cooling from Tempering—Cooling from the tempering operation should be in 
still air because rapid cooling may induce strains in the steel. 

Tempering by Color—Temper colors are the result of slight oxidation of the 
surface of steel when heated at low temperatures, and are dependent upon time, 
temperature, and composition of the steel. They are only indicative of the tem¬ 
perature of the surface and do not indicate that the steel has been heated uniformly 
throughout. Tempering by color is not conducive to uniformity. When necessity 
requires that tools be tempered by color they should be heated slowly as in other 
operations and the heat raised progressively to the point or color desired after 
which further tempering is usually stopped by quenching or withdrawing from the 
heating medium. The quenching should be done in the least drastic manner, 
preferably in oil. 

General Notes—Warping—The amount of warping on hardening is dependent 
on the shape of the tool, the kind of steel, the conditions of heating, and the severity 
of the quench. In general, water hardening steels warp more than oil hardening, 
whereas air hardening steels show least distortion. Long, thin tools warp more than 
short, heavy ones. 
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Some causes of undue warpage are improper tool design, the use of the wrong 
^rpe of steel, nonuniform or too rapid heating. Improper support of the steel while 
heating, heavy machining or cold working strains (see strain relieving annealing 
under annealing) insufQcient removal of surface, nonuniform quenching, and non* 
imiform or too rapid tempering. 

Soft Spots—Common causes of soft spots are decarburization; improper heating, 
quenching or bath agitation; gas pockets; tong contact; adhering scale; insufficient 
removal of surface; or defective furnace bottoms. 

Straightening—yfhen necessary to straighten the operation is best performed 
on the descending heat. Straightening is done by peening, or bending in a vise or 
on a suitable press with an adjustable control and knife edge rests, so that if one 
load does not satisfactorily straighten the tool another load can immediately be 
applied. For straightening on the descending heat, the tools should be withdrawn 
from the bath at a temperature from 500-600°F.. which is Just below the point whore 
the oil ceases to flash, or in the case of water quenched tools. Just where the water 
steams or dries off the tools immedlate^r. 
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Composition and Heat Treatment of Carbon Tool Steels* 

(See also the General Heat Treatment article for Tool Steels, page 987J 

General—This article covers the process to be followed in the heat treating 
of carbon tool steel for general purposes. For specific types of tools x^efer to the 
articles in this Handbook for the particular tool in question. 

Composition and Application—Carbon tool steel hardens with a hard case and 
tough interior except in small sizes. By varying the carbon content a wide range 
of physical properties may be obtained. These factors make it suitable for a great 
many applications. Thus the lower carbon ranges are used for tools where toughness 
and resistance to shock are of primary importance, and the higher carbon where 
hardness, resistance to abrasion, or abifity to hold a keen edge are the main 
requirements. 

The type analyses are given in Table I and the range for the carbon content 
and a few of the more common applications for the steels covered in this article are 
as follows: 

Carhon Content 0.60-0.7S%~-Hot forming or heading dies for short runs; 
machinery parts; hammers (sledges and pinch bars); concrete breakers; riret sets. 

Carbon Content 0.75-0.90% —^Hot and cold set, chisels, dies, shear blades, mining 
driU steel, smith's tools, set hammers, swages, ttatteners. 

Carbon Content 0.90-1.10% —Small cold chisels, small shear blades, large 
pinchers, large taps, granite driU steel, trimming dies, drills, cutters, slotting and 
milling tools, mill picks, circular cutters, threading dies. 

Carbon Content 1.10-1.25% —Small cutters, smaU taps, drills, slotting and plan¬ 
ing tools, wood cutting tools, turning tools, razors. 

Forging—Temperatures for forging are given in Table 11. For thin sectiona 
use the lower temperature range and for thick sections the higher. Continue forging 
until a dark red color is reached and then cool slowly in lime or mica. 

Table I 

Approximate Chemical Composition 


steel 

No. C 


1 .. 0.85 The analyses given are type analyses only. Actual analyses of the 

steels they represent will, of course, vary from these averages a reason- 

2 .. 0.95 able amount. It should be remembered that the greater the variation 

in analysis of any steel from these averages, the more the treatment 

3 . 1.10 and over may differ from that recommended. 


Table U 

Forging, Normalizing, and Annealing Carbon Tool Steels 










Steel 

No. 

Start 

•P. 

Do Not 
Forge 
Below •F. 

Rate of 
Heating 

•F. 

Rate of 
Heating 

Time at 
Heat, 
min. 

Temp. 

•F. 

Rate of 
Heating 

Time at 
Heat. hr. 

1. ... 

1800-2000 

1500 

Slowly to 
1450 

1600 

Slowly to 
1450 

15-60 

1360-1400 

Slowly and 
Uniformly 

1-4 

2. ... 

1800-2000 

•• 

“ 

1550-1650 

ss 


1400-1440 

•• 

«« 

S. ... 

1800-2000 

•• 

«• 

1600-1700 


•« 

1400-1440 


69 

•The temperature at which to start forging is given as a range, the higher side of which Should 
be used for large sections and heavy or rapid reductions, and the lower side for smaller sections 
and lighter reductions. 

^Cooling rate of SO" max, 

. per hr. 

to 1000*F. 







Normalizing—Place the steel in a furnace so as to expose maximum surface 
area. Heat uniformly to the temperature given in Table n, and hold at this 
temperature for sufficient tbne to obtain complete penetration of heat and for com¬ 
plete solution of the cementite. 

•Prepared by the Subcommittee on Tool Steel. The memberdilp of the subcommitteo was as 
follows: N. I. Stotz, Chairman, A. 8. Jameson, A. J. Beheld. Jr., O. V. Luerssen, W. R. Wills, 
Bums George, J. B. Brb, P. J. McCarthy, P. F. McXntosh, J. B. MoCadie, C. L. Harvey, H. T. 
Cousins, J. A. Succop, A. D. Beeken, Jr., J. P. Howley, R. A. Anderson and 8. C. SpaldlDg. 
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Carbon tool steels in larger sections should be heated at the rate of %-l hr. per 
in. of dia. or thickness and should be held at the normalizing temperature approxi* 
mately ^ to H of the heating time. After properly heating, remove the steel tram 
the furnace and cool in air. 


Annealing— The annealing temperatures 
are given in Table n. The cooling should 
not exceed 50®P. per hr. to 1000"P. At this 
temperature the steel may be removed from 
the furnace and cooled In air. Due to the 
long period of heating, holding, and cooling 
it is necessary to protect the steel from the 
Influence of harmful furnace atmosphere 
either by control of the furnace atmosphere 
or sealing In a container. 

The range of temperatures for anneal¬ 
ing given In Table n means that the lower 
temperatures are for the lower carbon 
range and the higher temperature for the 
higher carbon range. 

Hardening— Heat the steel uniformly to 
the temperature given in Table m. The 
quench^ is done in brine or water, pref¬ 
erably a brine solution of 10% by weight held at a temperature of TO-SO^^P. Remove 
the tool from the bath while still warm, but not before it has cooled to about 200'’P. 

The temperatures in Table HI are an average for most tools. Small or intricate 
sections are quenched from the lower side of the range. A fully hardened carbon 
steel tool of 0.90% carbon or higher will have a Rockwell C hardness of 64-07 
as shown in Pig. 1. 



Fig. 1—Hardness of a 0.90% or higher car¬ 
bon tool steel after tempering. 


Table m 

Heat Treatments for Carbon Tool Steels 


steel Rate of Heating Hardening Quenching Tempering 

No. for Hardening Temp., *’F. Medium Temp., *F. 

1 . Slowly 1450-1500 Brine or Water 300-550 

2 <« «« *• •< 

3. ** 1400-1475 


Tempering— After quenching, reheat immediately and uniformly to the tem¬ 
perature specified in Table IH and Pig. 1. Hold at the temperature for at least 
1 hr. then cool in still air. 

Suitable Tempering Heats /or Various Tools---Temperatures--Z00-375'*F,--TjatYie 
tools for brass and copper alloys, milling cutters for brass and copper alloys, 
scraper and cutting tools for soft metals, drawing mandrels, drawing dies, bone 
cutting tools, steel engraving tools, cutting tools for iron and steel, threading dies 
for brass, gages. 

Temperature—375-509*F.—Hand taps and dies, hand reamers, drills, bits, cutting 
dies, pexUmlves, milling cutters, chasers, inserted sawteeth, press dies for blanking 
and forming, rock drills, taps and dies, dental and surgical instruments, twist drills, 
hammer faces, wood carving tools, forming dies, shear blades, reamers, hacksaws. 

Temperature-^e9-659*'P.—Bending dies, shear blades, chuck Jaws, forging dies, 
drifts, tools for wood cutting, hanuners and drop dies, axes, cold chisels, coppersmith 
tools, screw drivers, molding and planing tools, hacksaws, butcher knives, saws. 

Notes About the Process 

Normalizing’—A normalizing treatment for all carbon tool steels is recommended 
after forging and before annealing to obtain a uniform and refined grain structure. 

The variation in temperature for the different carbon ranges becomes evident 
upon a careful examination of the critical range diagram. Pig. 2. A temperature 
much in excess of that required to produce solid solution (austenite) is conducive to 
austenitic grain growth and intergranular weakness. 










CARBON TOOL STEELS 


A low normalizing temperature for high carbon steels carbon) fails 

to break up the massive cementite and results in a brittle structure, since the rate 
of diffusion of the excess cementite depends upon the temperature. The solubility 
of carbide in iron is greater as the temperature rises. 

Quenc^inp—The quenching temperatures given are average for most tools. Small 
or intricate sections are quenched from the lower side of the range. Some classes 
of tools, however, require higher temperatures, such as cold heading and cold 
striking dies. 

The quenching temperature influ¬ 
ences the hardness, penetraticm and 
final grain size. As these affect mark¬ 
edly the physical properties, imiformity 
of die life can not be obtained if the 
quenching temperature is not closely 
controlled. As absolute uniformity of 
heating is obtainable only in theory, the 
best practice is to use temperatures 
above the Ac critical range as shown in 
Fig. 1. 

Brine or water is the customary 
quenching medium for carbon tool 
steels. For details on quenching see the 
General Heat Treatment Article for 
Tool Steels. 

Microstructure—The mlcrostnicture 
of the annealed steel should consist of carbide particles of a uniform and small size 
hi a backgroimd of ferrite. It may or may not contain areas of pearlite not exceed¬ 
ing 25%. It must be free from large carbide particles in the network form. When 
tools are forged and subsequently normalized and annealed, full consideration should 
be given to producing the correct microstructure. 


Of^dnge — 
Salmon — 


Bnght ^ 


Chorny 

HOO 

Med/um\^ 
Che^) 



040 QM L20 
Per Cant Carbon 
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Fig. S-^ritical range diagram for iron*earboii 
alloys, showing normalizing, annealing, and hard¬ 
ening ranges. 
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Composition and Heat Treatment of High Carbon, 

High Chromium Steels* 

(See also the General Article on Page 987.) 

General-Three general types of high carbon, high chromium steel exist, m 
indicated in Table I. A large number of steels of individual character may he 
manufactured and still conform, within reasonable limits, to those listed, when 



800 

OF, 


900 fOOO 1100 


200 W 400 600 000 POO 
Temperhg Temp., 

Pig. 1—^Hardness and tempering curves for high carbon, high 
chromium steels. 


Forging— If heated too 
rapidly or to too high tem¬ 
perature, these steels tend 
to become hot short. They 
should be preheated slowly , ^ ^ . x x 

to 1600®P., and soaked thoroughly at the recommended forging temperature. Forging 
should begin with light blows until the steel has started to flow. Reheat as often 
as necessary to keep within temperature range recommended in Table II. 

follows 

cS53!liaTxT^’cMp.T’DVaiskTOrj^^^^ p. HoWfeyT H. A. Andewon and 8. C. BpaldUw. 
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Table 1 


Approximate Composition of High Carbon High Chromtiim Steels* 


steel 

No. 

C 

Cr 

V 

Mo 

Co 

1 

2.10 

12.00 

0-1.00 Opt. 


None to 

0.60 max. 

2 

1.50 

12.00 

0-1.00 

0.80 

None to 

0.60 max. 

3 

1.40 

12.00 

Opt. 

1.00 max. 

2.60 


•The analyses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation in analysis of any steel from these averages, the more the treatment may 
differ from that recommended. 


Table H 

Forging and Annealing High Carbon High Chromium Steels 


Steel 

No. 

Start 

•P. 

-^Forging**- 

Do not 
Forge 
Below “F. 

Rate of 
Heating 

Temp. 

•P. 

-^Annealing*— 

Rate of 
Heating 

Time at 
Heat 

Rate of 
Cooling 

1 

1800-1900« 

1600 

Slowly to 1650 

1600-1650 

1 hr. per in. 

1-4 hr. 

Max. 50 per hr. 
to 1000*’F. 

2 

1800-1900« 


«« #« 

•* 

66 

3 

1800-1900* 


“ 

** ** 



•• 

■After forging 

bury in lime 

or mica for slow cooling. 

Do not normalize. 



^he temperature at which to start forging is given as a range, the higher side of which 
should be used for large sections and heavy or rapid reductions, and the lower side for smaller 
sections and lighter reductions. 


Annealing—A Brinell hardness of 228 may be considered good for annealed 
high carbon, high chromium steels. Pack annealing will assist in obtaining lowest 
hardness results. Since all of the types tend to decarburize on heating, the use of 
new cast iron chips or charcoal is suggested. Heat uniformly to the temperature 
recommended in Table II, and hold 1-4 hr., depending on size of charge. Cooling 
should be done in the furnace at a maximum rate of 50*^. per hr. to 1(X)0®P. Below 
1000®P. a faster rate may be used, if desired. 

Hardening—All high carbon, high chromium steels tend to decarburize imless 
heated in specially designed furnaces having properly controlled atmospheres. To 
prevent decarburization, pack hardening methods are used. Charcoal will carburize 
at the temperatures recommended in Table III, but may be satisfactory for some 
types of tools and dies. Where edge strength is desired, spent pitch coke should be 
used in place of charcoal. Absorption of heat and diffusion of carbides is much 
slower with these steels than with low alloy tool steels. They should be preheated 
to 1500°F. and held for complete uniformity, then transferred to the quenching 
temperature. Soak at the quenching heat will vary with size of dies, but should 
be about 3 times as long as would be used for similar sized carbon tool steel. 

The quenching temperatures recommended in Table in are best adapted for 
dies and tools because of improved strength resulting from better grain refinement. 
However, attention is called to the hardness curves obtainable from temperatures 
in the neighborhood of 2000'’F. (Fig. 1). Austenite retained on quenching from this 
high temperature produces secondary hardening as it transforms in subsequent 
tempering at about 1000'*F. The high quenching temperature may be valuable for 


Table HI 

Heat Treatments for High Carbon High Chromium Steels 


Steel 

No. 

Preheat 
Temp. “F. 

Rate of Heating 
For Hardening 

Hardening 
Temp, ‘F. 

Time at 
Heat, min. 

Quenching 

Medium 

Tempering* 
Temp. •P. 

1 

1500 

Very slowly 

1775-1826 

16-46 

OU 

400-1000 

2 


*• 

1700-1800 

•• 

Oil 





1800-1900 

•t 

Air 

400-1000 

3 


“ 

1800-1800 

•• 

Air 

400-1000 

■Some people believe it is undesirable to temper these steels between 000-800*P. 
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use on dies that must resist heat. It is also used if dies or tools are to be nitrided 
after hardening. High carbon, high chromium steels are readily nitrided either In 
the ammonia gas process or by tempering at lOOO^P. in cyanide bath mixtures. 

Tempering—The tempering curves (Fig. 1) indicate hardness obtainable from 
various temperatures. Tempering below 400®P. is rarely advisable because of the 
lack of toughness at the lower range. These steels should be heated slowly to the 
desired temperature to prevent cracking. 

Notes—High carbon, high chromium steels often fail in a manner differing from 
low alloy or carbon tool steels. Where these steels generally require regrinding 
because of becoming dull, the high carbon, high chromium steels may wear so long 
^at fatique strains develop and chipping of edges results. In redressing tools or 
dies after such failure it is advisable to anneal, remachine and reharden, rather than 
resort to grinding. This treatment will remove fatigue strains and restore new 
life to the steel. 

These steels are difficult to grind in the hardened condition because of their 
high resistance to abrasion. Unless proper grinding wheels are used heat checks 
may form. Soft wheels of self dressing character are recommended. 
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Composition and Heat Treatment of ^^Nonshrinking^^ Oil 
Hardening Tool Steels^ 

(See also the General Heat Treatment article for Tool Steels, Page 987.) 

General~This article covers the heat treatment of the so-called nondeforming, 
oil hardening tool steels of the types listed in Table I. 

Table I * 

Approximate Chemical Composition* 


Steel 

No. O Mn W Cr V 


1 0.90 1.10 0.50 0.50 0.20 Opt. 

2 0.90 1.60 

8 1.16 0.30 1.60 0.50 0.20 

"The analyses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation in analysis of any steel from these averages, the more the treatment may 
differ from that recommended. 


Application—These oil hardening steels are used for general tools and dies whose 
design prohibits the use of water hardening steels because of the hazard of distor¬ 
tion or cracking during hardening. They do not usually hold their dimensions as 
closely as the air hardening type of high carbon, high chromium tool steels. 

These steels are relatively deep hardening and are often selected where this is 
an advantage. In fully hardened small sections, they give around C-65 Rockwell, but 
as the size of the section increases, the hardness decreases. 

Forging—Heat slowly and uniformly to the forging temperature given in Table 
n. If cold steel is charged in a hot furnace, or if it is heated too rapidly, it may 
be cracked, especially if unannealed. The steel must be uniformly heated through 
before being forged, and reheated as often as necessary during forging to keep It 
within the temperature range given. 

The steel should become black before charging in a normalizing furnace. 

Normalizing—Always normalize after forging at the temperatures given in 
Table II. Steel annealed at the mill does not require normalizing unless sub^uently 
forged. 


Table n 

Forging, Normalizing, and Annealing of Nonshrinking Ofl Hardening Steel 


pa^S ,-^Forging"-* Normalizing After Forging ,--Annealing^’ 


•ON 

Start 

•F. 

Do Not 
Forge 
Below “F. 

Rate of 
Heating 

•F. 

Rate of 
Heating 

Time at 
Heat, 
min. 

Temp. 

•F. 

Rate of Time at 
Heating Heat.hr. 

1 

1800>1950 

1600 

Slowly to 
1500 

1650 

Slowly to 
1500 

15-60 

1425-1450 

Slowly and 
Uniformly 

1-4 

2 

1800-1900 

1600 

Slowly to 
1500 

1550 

Slowly to 
1500 

15-60 

1400-1425 

Slowly and 
Uniformly 


3 

1800-1950 

1600 

Slowly to 
1500 

1700 

Slowly to 
1500 

15-60 

1450-1475 

Slowly and 
Uniformly 

1-4 


"The temperature at which to start forging Is given as a range, the higher side of which 
should be used for large sections and heavy or rapid reductions, and the lower side for smaller 
sections and lighter reductions. 

^Cooling rate 50* max. per hr. to 1000*F. 


Annealing—Heat slowly and uniformly to the temperatures given in Table 11. 
Hold at temperature for sufficient time to obtain complete penetration of heat 
and refinement of grain. Machining strains may be relieved by a subcritical anneal 
at 1200"F. 


^Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. I. Stotz, Chairman, A. S. Jameson, A. J. Scheid, Jr., O. V. Luerssen, W. R. Wills, 
Burns Oeorge, J. B. Brb, P. J. McCarthy, F. F. McIntosh, J. H. McCadle, C. L. Harvey, IL T. 
Cousins, J. A. Succop, A. D. Beeken, Jr., J. P. Rowley, H. A. Anderson and S. C. Spalding. 







‘‘NONSHRINKING” OIL HARDENING TOOL STEELS 




Hardening—In order to hold distortion to a minimum and to get maximum and 
uniform hardness. It is advisable to preheat slowly and uniformly at about 1200*^F. 
Then bring up to the hardening temperatures given in Table III. Type No. 2 
should be quenched as soon as uniformly heated through—>not soaked thereafter. 
Types 1 and 3 should be soaked a short time at the hardening temperature, in 
proportion to the size of the piece, before quenching, in order to obtain maximum 
hardness. Do not soak for minimum distortion. 

Table HI 


Heat Treatments for Nonshrinking Oil Hardening Tool Steels 


steel 

Na 

Preheat 
Temp. *P. 

Rate of Heating 

For Hardening 

Hardening 
Temp. 'P. 

Time at 
Heat 

Quenching 

Medium 

Tempering 

Temp. •P. 

1 

1300 

Slowly 

1450-1500 

Vx hr. for max. 
hardness* 

Oil 

135-500 

2 

1200 

Slowly 

1400-1475 

Do not soak 

Oil 

325-500 

3 

1200 

Slowly 

1575-1625 

^ hr. for max. 

Oil 

350-550 

*No soak for minimum distortion. 


hardness* 




If the tool is of intricate design or has abrupt and extreme change of section, 
It is of great importance to heat slowly in order to prevent breakage and reduce 
warpage. 

Quench in a good quenching oil, the temperature of which should be 100-125‘*P., 
but do not cool the steel below the temperature of boiling water. 

Tempering—Reheat immediately to the tempering temperature given in Table m. 

Notes About the Process—These steels are essentially oil hardening, and over 
heating of the oil during prolonged and continuous quenching should be avoided. 
The ratio of bath volume to mass of steel is an important factor. There must be 
plenty of oil in the bath. 

When using a furnace where atmosphere control is possible a slightly oxidizing 
atmosphere is recommended as a help In preventing “skin softness.” If hardening is 
done In a furnace employing an atmosphere of cracked oil, care must be exercised 
not to drop the oil too fast or carburization of the surface will result. 

The edges and comers of any piece of steel always harden more readily than 
large flat areas because the cooling medium extracts the heat faster. This is par¬ 
ticularly noticeable with fairly large sections of oil hardening steel. In order to crack 
off the scale and harden the broad, flat surfaces properly, it is advisable to force 
plenty of oil, usually by means of a pump under good pressure, against these surfaces, 
and to use the top side of the hardening range. 
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Composition and Heal Treatment of Tungsten 
Finishing Steels’^ 

(See also the General Heat Treatment Practice tor Tool Steels, page 987.) 

General—This article covers the heat treatment of a steel commonly known as 
tungsten finishing steel, or fast finishing steel. 

Composition—There are various minor modifications of composition of tungsten 
finishing steels. However, the following is typical of the class: C 1.90%; W 8.75%; 
and Cr 0.25 (optional). 

Application—Steels conforming to the above analysis are particularly adapted 
to finishing cuts where unusually smooth finish is required and for cold drawing 
dies. The tungsten gives exceptional hardness after water quenching. The ettremely 
hard tungsten carbide particles uniformly distributed throughout the matrix produces 
great resistance to wear. The combination of hardness and resistance to wear makes 
this steel suitable for the following apphcations: Burnishing tools; chilled roll turn¬ 
ing tools; cold extrusion dies; corrugating tools; tools for cutting brass, chilled cast 
iron, hard bone, ivory, marble; dental burrs; drawing dies; fine finishing lathe 
tools, and rifling tools. 

This steel does not possess the red hardness properties characteristic of high 
speed steels. 

Forging—Heat very slowly and uniformly to 1550** and then raise temperature 
to 1850-1950**F. before starting to forge and finish not below 1600*F. After the 
forging has been completed, the cooling should be retarded by the use of some 
insulating material. Do not normalize. 

Annealing—Heat thoroughly to 1450-1500**F. and hold at this temperature for a 
sufficient length of time to Insure complete penetration of heat, follow by slow 
cooling In furnace. 

Hardening—Preheat thoroughly at 1200-1300**F., raise the steel to a temperature 
of 1450-1550**F. Hold at temperature for sufficient time to insure thorough pene¬ 
tration; quench In either brine or water at approximately 70'*F. If the lower side 
of the hardening range is used, it is necessary to hold the steel at temperature for 
15-30 min. longer to obtain full and uniform hardness. 

Tempering—Following the hardening operation the steel idiould be removed from 
the quenching medium while it is still warm and tempered immediately. The tem¬ 
pering temperature varies according to the hardness desired. With a steel similar to 
the above composition the hardness after quenching from 1600**F., and after tem¬ 
pering should be about as follows: 


Rockw^ C bardnMB 


As Quenched . 66-68 

Tempered. 300®P. 64-66 

“ 360^. 64-66 

“ 400*^. 63-65 

500*F.. 61-63 

“ 600’’P.*. 59-61 


The size and hardening conditions may cause a slight variation from these 
figures. 


*Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee WM «s 
follows: N. I. Stotz, Chairman, A. S. Jameson, A. J. Scheid, Jr., O. V. Luerssen, W. B. Wills, 
Burns George, J. E. Erb, P. J. McCarthy, F. F. Mclhtosh. J. H. McCadle, C. L. Harvey. B. T. 
Cousins. J. A. Buccop, A. D. Beeken, Jr.. J. P. Howley, H. A. Anderson and 8. C. Spalding. 
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TUNGSTEN HIGH SPEED CUTTING TOOLS 
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CuLiposition and Heat Treatment of Tungsten High Speed 

Steel Cutting Tools* 

(See also the General Heat Treatment Article for Tool Steels, page 987.) 

General—Thls article covers the heat treatment of 18-4-1, 18-4-2, and the 14% 
tungsten high speed steels. 

Composition-—The approximate chemical compositions for the three types of 
high speed steel considered are given in Table I. 

Table 1 

Approximate Composition of 18-4-1, 18-4-2, and 14% Tungsten High Speed Steel* 


steel 


No. 

C 

W 

Cr 

v 

Mo 

1 

0.70 

18 

4i00 

1.00 


2 

0.80 

18 

4.00 

2.00 

0.70 

3 

0.75 

14 

4.00 

2.00 

0.50 Opt. 


•The analyses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation in analysis of any steel from these averages, the more the treatment may 
differ from that recommended. 


Application—These three high speed steels are used for all classes of cutting 
tools on all types of materials to be cut. 

Forging—For forging, heat slowly and uniformly to a temperature given in 
Table II. It is not safe to continue forging below 1700°F. Slow cooling after forging 
is necessary to prevent possible cracking from forging strains. 

Table II 

Forging and Annealing Tungsten High Speed Steel Cutting Tools 

,-Porgingc-- ,-Annealing**-- 

Steel Start Do Not Forge Rate of Temp. Rate of Time at Rate of 

No, *P. Below “P. Heating ®P. Heating Heat, hr. Cooling 


!• 

2050-2150 

1700 

Slowly to 1600 

1600-1650 

1 hr. per In. 

max. 

thickness 

1-4 

50** per hr. max. 
to 1000'*P. 

2« 

2050-2200 

1700 

Slowly to 1600 

1600-1650 

Slowly and 
Uniformly 

1 hr. per. In. 

1-4 

50" per hr. max. 
to 1000"F. 

3^ 

2000-2100 

1700 

Slowly to 1600 

1600-1650 

Slowly and 
Uniformly 

1 hr. per. In. 

1-4 

50" per hr. max. 
to 1000"P. 


•After forging cool slowly In lime or mica. 

cThe temperature at which to start forging is given as a range, the higher side of which 
should be used for large sections and heavy or rapid reductions, and the lower side for smaller 
sections and lighter reductions. 

<*Do not normalize these steels. 


Annealing—All high speed steel should be annealed after forging and before 
hardening or when rehardening is required. Box annealing is always preferable. 
T^^en annealing partially finished tools and generally when surface protection is of 
prime Importance, it is recommended that cast iron chips be used for packing 
materials. 

Heat slowly and uniformly to 1600-1650®F. and hold foi* complete adjustment 
and uniformity of grain. Cool in furnace at a maximum rate of 50°F. per hr., until 
the steel is below lOGO'^F. The steel should not be taken from the furnace until it is 
below 1000*F. 

After machining and before hardening, it may be necessary to relieve harmful 
machining strains by annealing at 1200-1350‘'F. 


•Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. 1. Stota, Chairman. A. 8. Jameson, A. J. Scheid, Jr., O. V. Luerssen, W. R. WUls. 
Bums George, J. B. Brb, P. J. McCarthy, P. P. McIntosh, J. R. McCadle, O. L. Rarvey, R. T. 
Cousins, J. A. Succop, A. D. Beeken, Jr., J. P. Rowley, H. A. Anderson and 8. C. Spalding. 
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Preheating, Heating for Hardening, and Qnenching»Pre/ieating—Preheat slowly 
and uniformly to 1450-1600'’F. When hardening large tools or when distortion 
must be held to a minimum, it is essential to preheat very slowly and uniformly. 
To accomplish this, it is often advisable to use two preheating furnaces, one held at 
1100-1200°F. the other at 1450-1600*'F. 

Heating for Quenching —^Transfer preheated tool quickly to a high heat furnace 
that is maintained at the temperature given in Table HI. 

Table III . 

Heat Treatments for Tungsten High Speed Steel Cutting Tools 


steel 

No. 

Preheat 
Temp., ®P. 

Hardening 
Temp., ®P. 

Quenching 

Medium 

Tempering 
Temp., ®P. 

1 

1450-1600 

2250-2350 

Oil, Air or Molten Bath 

1000-1160 

2 

1450-1600 

2300-2350 

Oil, Air or Molten Bath 

1000-1150 

3 

1450-1600 

2200-2300 

Oil, Air or Molten Bath 

1000-1150 


In order to obtain the most satisfactory condition, the tool should be brought 
rapidly to heat in the high temperature furnace. High speed steel tools should be 
held at high heat sufficient time for proper solution of the carbides without an 
excessive grain growth or damage to the surface. This should be measiured in 
minutes and seconds. 

Quenching —Quench the tool in oil, air, or molten bath. To reduce the possibility 
of breakage and imdue distortion in intricately shaped tools, it is advisable to quench 
in a molten bath at approximately 1100°F. The tool may be quenched in oil and 
removed from the bath while still red or at approximately 1100°F. The tool is then 
cooled slowly in air to 200-300'’F., then temper immediately to avoid cracking. 

Tempering—Reheat slowly and uniformly to 1025-1ISO^'F. Hold at temperature 
from 1-4 hr.; the time and temperature depend on the hardness and toughness 
required. 

Straightening—When straightening is necessary, it should be done, if possible, 
immediately after hardening and before the steel has cooled much below 900^F. 
If straightening has to be done after tempering the steel should not be allowed 
to cool much below the tempering temperature. 

Notes About the Process— Atmosphere Controlled Furnaces —^Atmosphere con¬ 
trolled furnaces satisfy a demand for more accurate dimensional control and a 
surface not injured during heating for hardening. These furnaces are now available 
in both electric and fuel hred types where the atmosphere is independent of the 
source of heat. This permits control of the atmosphere in contact with the work. 
Small and delicate pieces can be given the heat treatment that will develop the 
best physical properties of the steel without materially injuring the surface or 
overheating thin projections. 

The ideal atmosphere would be one that is neutral to the steel. The atmospheres 
now used are the products of combustion of partly burned fuel. They may be 
cleaned of undesirable constituents and closely regulated as to composition. The 
best conditions are generally obtained when the hardened steel shows a slightly 
oxidized surface. Suitable atmospheres will vary with different fuels and ^uipment. 
A gas analysis apparatus will help in determining the correct atmosphere. 

Salt Bath —^With tools that cannot be ground after hardening, or where it is 
necessary to keep the surface in the best possible condition and preserve sharp edges, 
salt bath heating will give the best results. The only appreciable change in dimen¬ 
sions will be that of expansion or contraction caused in quenching the tool or by 
the change in structure of the steel in hardening. 

Certain precautions are necessary when using salt baths. Fresh salt has a 
dissolving action on the steel which disappears after the bath is used a short time. 
As the bath gets older, a sludge is formed at the bottom of the pot and a heavy 
crust at the top; these must be removed periodically. As the bath becomes excessive]^ 
contaminated, pitting, soft surface, or loss of size will occur. An experienced operator 
can produce satisfactory work by the proper addition of new salt and by avoiding 
excessive contamination. 
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Composition and Heat Treatment of Molybdenum 
High Speed Steel* 

(See also the General Heat Treatment Practice for Tool Steels, page 987.) 

General—This article covers the heat treatment of high speed steels in which 
molybdenum is the principal alloying element. The molybdenum high speed steels 
are relatively new as regards their industrial use, and their chemical compositions 
are not as definitely established as the 18-4-1 type. These steels decarburize more 
readily than tungsten types, but with reasonable precautions in heating for forging 
and hardening this disadvantage can be overcome. 

Composition—The approximate chemical compositions of the molybdenum high 
speed steels considered in this practice are given in Table I. 

Table I 

Approximate Composition* of Molybdenum High Speed Steels 


Steel 


No. 

O 

W 

Cr 

V 

Mo 

Co 

1 

0.80 

1.60 

4.00 

1.00 

9.00 


a 

0.80 


4.00 

2.00 

9.00 


3 

0.80 

1.50 

4.00 

1.50 

9.00 

5.00 


•The analyses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation in analysis of any steel from these averages, the more the treatment may 
differ from that recommended. 


Application—Types 1 and 2 are adapted for most cutting tool applications 
where a general purpose high speed steel is required. Hardness and toughness 
compare favorably with tungsten high speed steels. Type 3 is inherently more 
brittle than 1 and 2, and applications are more limited than the other types. 

Forging—These steels can be forged like the tungsten types but at slightly lower 
temperatures, and some precautions should be taken to prevent excessive decarbu¬ 
rization during the heating cycle. (See notes about the Process, below). 

For forging, heat slowly and uniformly to a temperature given in Table n. 
Avoid prolonged soaking at the forging heat and too little reduction. After forging 
it is desirable to cool slowly down to about 300T. to avoid possible cracking from 
forging strains. 

Table II 

Forging, and Annealing Molybdenum High Speed Steel 

,-Forging*--Annealing**-- 

Do Not 

Steel Start Forge Rate of Temp. Rate of Time at Rate of 

No. ®P. Below ®P. Heai-ii.g ®P. Heating Heat, hr. Oooling 







Slowly and 


Max. 50 

!• 

1900-2000 

1650 

Slowly to 1500 

1550-1600 

Uniformly 

1 hr. per 1 in. 
Slowly and 

1-4 

per hr. 
lOOO'P. 
Max. 50 


1900-2000 

1650 

Slowly to 1500 

1550-1600 

Uniformly 

1 hr. per 1 in. 
Slowly and 

1-4 

per hr 
1000*P. 
Max. 50 

8* 

1900-2000 

1650 

Slowly to 1600 

1550-1600 

Uniformly 

1 hr. per 1 in. 

1-4 

per hr. 
lOOO'P. 


•After forging cool slowly in lime or mica. 

*The temperature at which to start forging is given as a range, the higher side of which 
should be used for large sections and heavy or rapid reductions, and the lower side for smaller 
sections and lighter reductions. 

«Do not normalize these steels. 


Annealing—Like tungsten high speed steels, these steels should be annealed after 
forging and before hardening, or when rehardening is required. 

Box annealing is always preferable. When annealing partially finished tools. 


^Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. I. Stotz, Chairman, A. S. Jameson, A. J. Scheid, Jr., O. V. Luerssen. W. H. Wills, 
Bums Oeorge, J. E. Erb, P. J. McCarthy. F. F. McIntosh. J. H. McCadle. C. L. Harvey. H. T. 
Cousins, J. A. Succop. A. D. Beeken, Jr., J. P. Howley, H. A. Anderson and S. C. Spalding. 
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and generally when surface protection is of prime importance, it is recommended 
that cast iron chip be used for packing material. 

Heat slowly and uniformly to the temperature given in Table n and hold for 
complete adjustment and uniformity of grain. The steel should not be taken from 
the furnace until it is below 1000°P. 

After machining and before hardening it may be necessary to relieve harmful 
machining strains by annealing at 1200-1350''F. 

Hardening---The general method of hardening molybdenum high speed steels 
resembles that followed with 18-4-1, but the hardening temperature (Table HI) is 
lower and more precautions must be taken to avoid decarburization, especially on 
tools where the surface is not ground after hardening. Salt baths represent an 
excellent type of equipment for hardening molybdenum high speed steel. (See below.) 
The use of coke fires or the blacksmith forge is not recommended for hardening 
molybdenum high speed steels. Tools that have been forged should be machined or 
rough ground after annealing to remove possible surface defects and reduce the 
grinding necessary after hardening. 


Table III 

Heat Treatments for Molybdenum High Speed Steels 


steel No. 

Preheat Temp. •P. 

Hardening Temp.®P. 

Quenching Medium 

Tempering Temp. "P. 

1 

1400-1500 

2150-2250 

Oil, Air and Molten Bath 

950-1100 

2 

1400-1500 

2150-2250 

Oil, Air and Molten Bath 

950-1100 

3 

1400-1500 

2200-2250 

Oil, Air and Molten Bath 

950-1100 


Preheating—Preheat slowly and uniformly to 1400-1500®P., using the upper 
part of the range for larger sections. When hardening large tools or when distor¬ 
tion must be held to a minimum, slow preheating may be insured by the use of 
two preheating furnaces, one held at 1100-1200''P. and the other at 1400-1500®P. 

Heating for Quenching—Transfer preheated tool quickly to a high heat furnace 
that is maintained at 2150-2250®P. The exact temperature depends on the type of 
tools, the hardening range of the steel, and the furnace atmosphere. In order to 
obtain the most satisfactory condition, the tools should be brought rapidly to heat 
in the high temperature furnace and should be held for a sufficient time for proper 
solution of the carbides without excessive grain growth. Factors affecting this 
time are temperature, type of furnace, size and shape, and furnace atmosphere. 
Rate of heat transfer is most rapid in salt baths, and slowest in controlled atmos¬ 
phere furnaces (see below). 

Quenching—Quench the tool in oil, air, or molten bath. To reduce the pos¬ 
sibility of breakage and undue distortion in intricately shaped tools, it is advisable to 
quench in a molten bath at approximately 1100°P. The tool may be quenched in 
oil and removed from the bath while still red or at approximately 1100®P. The 
tool is then cooled slowly in air to 200-300''F., then tempered immediately to avoid 
cracking. 

Straightening—When straightening is necessary, it should be done before 
tempering and, if possible, before cooling to room temperature. 

Tempering—Reheat slowly and uniformly to 950-1100®P. Hold at temperature 
from 1-4 hr.; the time and temperature depend on the hardness and toughness 
required. 


Notes About the Process 

Protection of Surfaces During Heating—Due to the tendency of molybdenum 
high speed steels to decarburize when heated to the forging or hardening temperature 
range, the use of a borax film or proper furnace atmosphere is helpful in minimizing 
the decarburization. Borax may be applied by lightly sprinkling over the steel 
when heated to a low temperature (1000-1400®P.). When a reheat is necessary during 
forging, more borax should be applied. Small tools heated as above may be rolled 
in a box of borax. 

Another method more suitable for finidied tools is to apply the borax in the 
form of a saturated water solution. In such cases the unheated tools are immersed 
in the solution at 180-212*’P., or it may be applied with a brush or spray. Pieces so 
treated are heated as usual with care taken in the han dl i n g not to scrape off the 
borax. 
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When borax is used in a lumace with a Carborundum bottom it is necessary 
to use a metal pan, preferably of stainless iron, to prevent the borax from fusing 
with the Carborundum. Such fusion produces a glass like insoluble coating on the 
tool which is impossible to remove without damage to the cutting edge. 

Atmosphere Controlled Furnaces—Atmosphere controlled furnaces satisfy a 
demand for more accurate dimensional control and surface protection. These 
furnaces are now available in both electric and fuel fired types where the atmosphere 
is independent of the source of heat. This permits control of the atmosphere in 
contact with the work. Small and delicate pieces can be given the heat treatment 
that will develop the best physical properties of the steel without materially injuring 
the surface or overheating thin projections. 

The ideal atmosphere would be one that is neutral to the steel. The atmospheres 
now used are the products of combustion of partly burned fuel. They may be 
cleaned of undesirable constituents and closely regulated as to composition. 

The best conditions are generally obtained when the hardened steel shows a 
slightly oxidized surface. Suitable atmospheres will vary with different fuels and 
equipment. A gas analysis apparatus will give help in determining the correct 
atmosphere. 

Another method of producing an atmosphere that protects the surface is to 
heat the tools in a block or muffle of a suitable carbonaceous material. At the 
hardening temperature an atmosphere high in carbon monoxide is generated. To 
maintain uniformity, however, the size of the muffle is limited and this method is 
adapted only to small tools. 

SoXt Bath—With tools that cannot be ground after hardening, or where it is 
necessary to keep the stirface in the best possible condition and preserve sharp 
edges, salt bath heating will give the best results. The only appreciable change in 
dimensions will be that of expansion or contraction caused in quenching the tool 
or by the change in structure of the steel in hardening. The equipment usually 
consists of at least three baths—the preheat, high heat, and quenching bath—the 
function of the latter being to dissolve the high temperature salt from the work 
so as to facilitate cleaxdng. 

Certain precautions are necessary when using salt baths. Fresh salt has a 
dissolving action on the steel which disappears after the bath is used a short time. 
As the bath gets older, a sludge is formed at the bottom of the pot and a heavy 
crust at the top; these must be removed periodically. As the bath becomes exces¬ 
sively contaminated, pitting, soft surface, or loss of size will occur. An experienced 
operator can produce satisfactory work by the proper addition of new salt and by 
avoiding excessive contamination. 
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Composition and Heat Treatment of Cobalt High Speed Steels* 

(See Also the General Heat Treatment Article for Tool Steels, Page 087.) 

General—This article covers the process to be followed in the heat treatment of 
cobalt high speed steels. 

The composition of the steels as given in Table I covers practically the oitire 
range of cobalt high speed steels now in general use. Cobalt high speed steels not 
Included in Table 1 may require different heat treatment. 

Table I 

Approximate Composition of Cobalt High Speed Steels* 


Steel 

No. 

C 

w 

Cr 

V 

Mo 

Co 

1 

0.75 

14 

4.00 

2.00 

0.60 

5.00 

2 

0.70 

18 

4.00 

1.00 

0.50 

5.00 

3 

0.80 

20 

4.00 

2.00 

0.60 

8.00 

4 

0.80 

20 

4.00 

1.25 

0.60 

12.00 

•The analyses given are type analyses only. Actual analyses of the steels they represent will. 

of course, vary 

from 

these averages a 

reasonable 

amount. Zt should 

be remembered 

that the 

greater the variation 

in analysis of any steel from 

these averages, the 

more the treatment may 

differ from that 

recommended. 






Application—Cobalt high speed steels are particularly adapted for cutting hard, 
gritty or scaly material, such as cast iron, heat treated steels, or sand castings. 
They do not show the same Increased efficiency in the cutting of soft materials as 
when cutting comparatively hard materials. 

Forging—Heat slowly and uniformly to the temperature given in Thble II. Do 
not forge these steels after they have cooled below IGSO^'F. as cracking may result. 
After forging, the steel should not be allowed to cool in air but should be buried 
Immediately in some heat insulating material so as to cool slowly, otherwise forging 
strains may cause cracks in cooling. These steels must be annealed after forging. 

Table II 

Forging and Annealing Cobalt High Speed Steels 


Steel 

No. 

Start 

op 

-^Porglng*- 

Do not Forge 
Below ®F. 

Rate of 
Heating 

Temp. 

op 

—Annealing!^ 
Rate of 
Heating 

Time at 
Heat 

Rate of 
Cooling 

1 

2050-2160 

1700 

Slowly to 1600 

1600-1650 

Slowly and 
Uniformly 

1-4 hr. 

50^ Max./hr. 

2 

2050-2150 

1750 

Slowly to 1600 

1600-1650 

Slowly and 
Uniformly 

1-4 hr. 

50® Max./hr. 

S 

2100-2200 

1800 

Slowly to 1600 

1600-1650 

Slowly and 
Uniformly 

1-4 hr. 

50® Max./hr. 

4 

2100-2200 

1800 

Slowly to 1600 

1600-1650 

Slowly and 

1-4 hr. 

50® Max./hr. 


Uniformly 

>The temperature at which to start forging la given as a range, the higher side of which 
should be used for large sections and heavy or rapid reductions, and the lower side for smaller 
sections and lighter reductions. 

*>Do not normalize these steels. 


Annealing—Pack in a suitable container with mica dust or sand to which has 
been added approximately 1% of charcoal by weight. Heat to a temperature given 
in Table II and hold until the heat has thoroughly penetrated the mass. Cool in the 
furnace as slowly as possible. 

Hardening 

Prcheafinp-Heat slowly and uniformly to a temperature of 1500-1600®F. Hold 
at this temperature until the steel is thoroughly heated through and transfer to 
the high temperature furnace. These steels decarburize readily if held too long 
at or above the preheating temperature. 


•Prepared by the Subcommittee on Tool Steel. The membership of the subeommittee wm as 
follows: N. Z. Stots, Chairman, A. 8. Jameson, A. J. Beheld, Jr., O. V. Luerssen, W. R. Wills. 
Bums George, J. B. Brb, P. J. McCarthy, F. F. Mointosh, J. H. McCadle, C. L. Harvey, H. T. 
Cousins, J. A. Suocop. A. D. Beeken, Jr., J. P. Howley, H. A. Anderson and 8. C. Bpaldlng. 








1006 


COBALT HIGH SPEED 


Where large tools are to be hardened, a double preheat is often desirable. The 
first preheating temperature Is 1150-1300^F. and the second preheating temperature 
is 1600-1700«F. 

High Heat—After being transferred to the high temperature furnace, steel No. 
1 should be heated quickly to the hardening temperature of 2325-2375®P., while 
types No. 2, 3 and 4 should be heated to a hardening temperature given in Table m. 
As soon as the steel has reached this temperature it should be immediately 
quenched. Prolonged soaking will cause excessive decarburization and some grain 
growth. 

Table m 

Heat Treatments for Cobalt High Speed Steels 


steel 

Preheat 

Hardening 

Quenching 

Tempering 

No. 

Temp. ®P. 

Temp. ®P. 

Medium 

Temp. ®P. 

1 

1600-1600 

2326-2375 

Oil. Air, Molten Bath 

1000-1150 

3 

1600-1600 

2350-2400 

Oil. Air, Molten Bath 

OH. Air, Molten Bath 

1000-1150 

3 

1600-1600 

2326-2375 

1000-1150 

4 

1600-1600 

2325-2375 

Oil. Air, Molten Bath 

1000-1150 


QiiencAina—These steels may be quenched in either still air, air blast, or oil, 
depending upon the size and design of the tool being hardened. They should be 
cooled to a temperature under 300, but not below 100®P. Unless equipment is avail¬ 
able to keep the tools at a temperature within this range they should be tempered 
immediately. These steels also may be quenched in molten salt or lead maintained 
at a temperature of from 1000-1100®F. When quenched in a salt or lead bath the 
tool is allowed to remain in the bath for from 15-30 min., then removed and allowed 
to cool in still air. Tools treated in this manner are subject to the same tempering 
recommendations as when they are cooled in air or oil. 

Tempering—To obtain maximum hardness, these steels should be tempered to 
1050®F. and held at this temperature from 1-3 hr., depending on size. A second 
tempering, of from 600-650®P., will toughen these steels without materially affecting 
the initial hardness. 

Surface Decarburization and Grinding—^All cobalt high speed steels .show a 
tendency to decarburize during the hardening operation in approximately direct 
proportion to the cobalt content. Because of this characteristic it is always advis¬ 
able to grind the working surface of the steel after hardening. It is strongly 
recommended that the steel be groimd after forging and annealing and before 
hardening to remove any decarburized surface that may have resulted from the 
forging heat. This precaution will lessen the amount of decarburization. 

It is important that the proper grade and speed of wheel be used when grind¬ 
ing a hardened tool, since with too hard or fine a wheel or with too high speed 
there is pronounced danger of cracking in grinding. Wet grinding is not generally 
recommended but may be applied successfully with proper equipment. In dry 
grinding care must be taken not to dip tools into water to cool, because such prac¬ 
tice will result in cracking or checking the tools. 
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Composition and Heat Treatment of Chisels* 

(See Also the General Heat Treatment Article for Tool Steels, Page 987.) 

General—Chisels must meet severe fatigue stresses and retain good cutting 
edges. Various steels as well as heat treatments are employed to meet these condi¬ 
tions. Only the principal steels and simpler treatments are given here. 

Table I 

Approximate Chemical Composition* 


steel 

No. C Mn 81 W Cr V Mo 


1 

2 

3 

4 

5 

6 


7 


0.80 

0.80 

0.50 

0.60 

0.50 

0.55 

0.80 

2.00 

2.00 

0.80 

0.50 

1.25 

0.50 Opt. 

0.20 

0.20 

0.25 

0.25 Opt. 

0.30 Opt. 

0.50 

0.40 

1.00 


(max.) 

(max.) 

Opt. 

(max.) 

0.50 


•The analyses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation in analysis of any steel from these averages, the more the treatment may 
differ from that recommended. 


Table II 

Forging, Normalizing, and Annealing Chisels 


Steel 

No. 

Start 

op. 

— Forging*’- 

Do not Forge 
Below ®F. 

Rate of 
Heating 

i^Normali 

•F. 

zing After Forging—> 
Rate of Time at 
Heating Heat, min. 

Temp. 

”P. 

Annealings 
Rate of 
Heating 

Time at 
Heat, hr. 

1 

1800-2000 

1500 

Slowly 
to 1450 

1600 

Slowly 
to 1450 

15-60 

1360-1400 

Slowly and 

Uniformly 

»» 

1-4 

2 

1800-2000 

1500 

If 

1600 

** 

15-60 

1360-1400 

1-4 

3 

1800-2000 

1600 

If 

1650 


15-60 

1425-1450 


1-4 

4 

1900-2100 

1600 

If 

1600 

•• 

15-60 

1425-1450 

»» 

1-4 

5» 

1850-1950 

1550 

If 

— Do not normalize — 

1450-1500 

»» 

1-4 

6 

1800-1950 

1600 

If 

1600 

Slowly 

15-60 

1450-1500 

•» 

1-4 

7 

1800-1950 

1600 

91 

1600 

to 1450 

15-60 

1450-1500 

M 

1-4 

•After forging cool slowly in lime or mica. 

^The temperature at which to start forging is given 

as a range, the higher side 

Of which 


should be used for large sections and heavy or rapid reductions, and the lower side for smaller 
sections and lighter reductions. 

<'Cooling rate of 50” max. per hr. to 1000”P. 


Table HI 

Heat Treatments for Chisels 


Steel 

No. 

Rate of Heating 

For Hardening 

Hardening 
Temp. ”F. 

Time at 
Heat 

Quenching 

Medium 

Tempering 
Temp. ”P. 

1 


1450-1500 


Brine or Water 

300-550 

2 


1450-1500 


Brine or Water 

300-550 

3 

Slowly and Uniformly 

1425-1450 

1-4 hr. 



4 

Slowly to 1400”F. 

1450-1500 

10 min. 

Brine or Water 

S50-550 

5 

Slowly to 1400”F. 

1650-1750 

10-30 min. 

on 

350-650 

6 

Slowly to 1400”F. 

1650-1750 

10-30 min. 

on 

500-650 

7 

Slowly 

1575-1675 

10-30 min. 

Brine or Water 

S50-700 


Note—With pneumatic chisels various hardening methods are followed to put 
the shank in proper condition. Sometimes the chisel is treated as above and some¬ 
times the shank is given a preliminary quench in oil from the temperatures given 
in Table m, after which the cutting edge is hardened as given in Thble m, and 
the whole chisel tempered at the temperatures given. 

Shank breakage can be minimized by quenching the tool all over and temper¬ 
ing the shank to a Brinell hardness of 450-500 for steels 1-4 and to 375-430 for 
steels 5-7. 

Thumbnail cracks indicate that the steel was forged too cold. Fatigue failures 
can be minimized by eliminating decarburized surfaces and tool marks. 


'Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. I. Stots, Chairman; A. S. Jameson, A. J. Scheld, Jr.. O. V. Luerssen. W. H. Wills, 
Bums George, J. B. Brb, P. J. McCarthy, F. F. McIntosh, J, B. McCadle, C. L. Harvey, B. T. 
Cousins, J. A. Succop. A. D. Beeken, Jr., J. P. Howley, H. A. Anderson and S. C. Spalding. 
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Composition and Heat Treatment of Cold Striking Dies 

for Silverware* 

(See Also the General Heat Treatment Article for Tool Steels, Page 987.) 

General—Thls article covers the process to be followed in the heat treatment 
of cold striking dies for silverware when they are of the composition given in Table I. 
The base metal to be stamped may be steel, nickel-silver, or sterling silver. 

During hubbing, steel work hardens to such an extent that it must be softened 
before the hubbing operations can be continued. To soften, the steel is packed 
and heated to 1250-1300*^., followed by slow cooling. 


Table 1 

Approximate Composition of Striking Dies for Silverware* 


steel 

No. C Mn V 

1 0.90 0.30 0.20 

2 1.10 0.30 0.20 Opt. 

■The analyses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation in analysis of any steel from these averages, the more the treatment may 
differ from that recommended. 


Forging, Normalizing and Annealing—The temperatures for forging, normalizing, 
and annealing are given in Table II. 


Table II 

Forging, Normalizing, and Annealing Cold Striking Dies for Silverware 

, ■■ .. -Forgings - , ^^Normalizing After Forging—> , - -Annealing^ — . -> 

Steel Start Do not Forge Rate of Rate of Time at Temp. Rate of Time at 

No. op. _ Below **F Heating *F. Heating Heat, mm. ■P. Heating Heat, hr. 

1 1800<2000 1500 Slowly 1600 Slowly 15-60 1360-1400 Slowly and 1-4 

to 1450 to 1450 Uniformly 

2 1800-2000 1500 Slowly 1550-1650 Slowly 15-60 1400-1440 Slowly and 1-4 

to 1450 to 1450 Uniformly 

•The temperature at which to start forging is given as a range, the higher side of which 
should be used for large sections and heavy or rapid reductions, and the lower side for smaller 
sections and lighter reductions. 

^Cooling rate of 50” max, per hr. to 1000"F._ 


Hardening—To prevent scale from forming in the patterns, the dies are packed 
in suitable carbonaceous material. Great care should be employed in heating 
slowly to the hardening temperatures given in Table III. These temperatures are 
all well above the critical range, because experience has shown that such high heats 
produce materially better dies. 

Table III 

Heat Treatments for Cold Striking Dies for Silverware 


Steel 

No. 

Rate of Heating 

For Hardening 

Hardening* 

Temp ®P. 

Quenching 

Medium 

Tempering'* 
Temp. *F. 

1 

Slowly and 
Uniformly 

1460-1500 

Brine or Water 

300-550 

2 

Slowly and 
Uniformly 

1400-1500 

Brine or Water 

300-550 


•When hardening, pack all dies in suitable carbonaceous material or place face down in a 
pan of carbonaceous material. 

^The tempering temperature is governed largely by the metal to be worked and the pattern. 

To obtain full and uniform hardness, the use of jets or sprays against the 
impression is recommended. Satisfactory dies can be obtained only by precise con¬ 
trol of all operations. 

Tempering—After quenching, the dies are tempered immediately at the tem¬ 
pering temperatures given in Table HI. The hardness employed depends upon the 
metal to be struck and the pattern. 


*Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. I. Stots, Chairman, A. 8. Jameson. A. J. Beheld. Jr., O. V. Luerssen, W. H. Wills, 
Bums George, J. E. Erb, P. J. McCarthy, P. F. McIntosh, J. H. McCadie, C. L. Harvey, H. T. 
Cousins, J. A. Succop, A. D. Beeken, Jr., J. P. Rowley, H. A Anderson and 8. C. Spalding. 
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Composition and Heat Treatment of Dies for Die Casting* 

(See also the General Heat Treatment Article for Tool Steels, Page 987.) 

Introduction—A die casting is made by forcing a molten or semimolten metal 
or alloy tmder pressure into a metallic mold or die. Little or no machining other 
than drilling for screws, bolts, and the removal of idhs by dressing is required to put 
the casting in condition for use. 

The essential feature in the die casting process which distinguishes it from 
other processes involving metallic molds, is that the fluid metal is forced into the 
die cavity by pressure. The pressure may be mechanical, as a plunger working in 
a cylinder, or air pressure. 

Die castings are produced commercially from lead, tin, zinc, aluminiun, mag¬ 
nesium, and copper-base alloys. Detailed information on the metals used for die 
castings will be found elsewhere in this Handbook. 

General—Table I lists the steels generally used for die casting dies, with the 
treatments suggested for them, although it is recognized that other steels may be 
used. 

The composition and heat treatment of steels used in die casting dies depend 
on the operating temperature. In dies for zinc and lead-base alloys (relatively low 
temperature work) carbon steels may be used without heat treatment. Aluminum 
and magnesium-base alloys require heat treated alloy steels; copper alloys (brass) 
require special steels and heat treatment. For die casting of zinc alloys, high grade 
‘‘machinery steel” may be used, but certain low alloy steels are preferable, and for 
longest service the latter should be heat treated. Nitralloy is also used for zinc-base 
alloys. 


Table I 

Approximate Composition of Steels for Dies for Die Casting* 


Steel 

No 

C Mn 81 W Cr 

V 

Mo Ni 

1 

0.20-0 50 

Used for Zn, Sn, and Pb base alloys—not heat treated. 


lA 

0 50 0.80 0.90 

Used for Zn, Sn, and Pb base alloys—used as normalized. 


2 

0 45 0 70 0 80 

Used for Zn. Sn, and Pb base alloys—not heat 
heat treated for Zn. 

treated for 

1 25 

Pb and Sn. but sometimes 

3 

0 30 0.50 1.20 0.50 max. AM.20 

Used for Zn, Pb base alloys—preferably In nltrlded condition. 

4 

0 45 0 60 .2.25 0.20 Opt. 

Used for some long run dies on Zn. Becoming obsolete for 

A1 and Mg Heat treated. 

5 

0.35 0.90 4.50 5 25 0.25 Opt. 0.50 Opt. 0 50 Opt. 

Co-0.50 Opt. 

Used heat treated—used for A1 and Mg base alloys but is giving way to No. 6 and No. 7. 

6 

0 30 0.60 0 90 5.00 

Used for A1 and Mg base alloys—heat treated. 

0.25 Opt. 

1.00 

7 

0.30 0 90 1.00 5.00 

Used for A1 and Mg base alloys—heat treated. 

0.25 Opt. 

1.00 Co-0.50 Opt. 

8 

0.35 10.00 3.00 

Used for Cu base alloys—heat treated. 

0.50 


■The analyses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the greater 
the variation in analysis of any steel from these averages, the more the treatment may differ from 
that recommended. 


Chemical Composition—The approximate chemical compositions of the steels 
generally used for die casting dies are given in Table I. 

Normalizing and Annealing—Die casting die steels as received from the steel 
mills should be ready for machining. In case further forging must be done the steels 
should be annealed or normalized and annealed as recommended in Table n. Steels 
4, 5, 6, 7, and 8 must be cooled slowly from forging by burying in lime, mica, ashes 
or similar heat insulating products to avoid strain cracks. Proper normalizing and 
annealing of these steels should follow this cooling process. 


•Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was aa 
follows: N. L Stotz, Chairman, A. S. Jameson. A. J, Scheid, Jr.. O. V. Luerssen, W. H. Wills, 
Burns George, J, B. Brb, P. J. McCarthy, F. F. McIntosh, J. H. McCadie, C. L. Harvey. H. T. 
Cousins. J. A. Succop. A. D. Beeken, Jr., J. P. Howley. H. A. Anderson and 8. C. Spalding. 
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Packing for Hardening—It is usually desirable to pack harden dies which require 
temperatures above lOSO^'F. in order to prevent excessive scaling. Many die failures 
are caused from carburized or decarburized surfaces resulting from use of improper 
packing compounds. Carburization is probably the most dangerous and common 
result since carbonaceous materials are generally used. 

Gray cast iron chips when new are carburizing in action at temperatures above 
1650'’F., but this action diminishes with use. Partially spent chips may be used at 
1650-1700''F. Xiarge, clean chips are preferable. 

Aluminum oxide grain of 8-12 mesh size, has been tested and found safe for 
temperatures between 1750 and 2050'’F. At the higher temperature a slight scale may 
form with this material which is usually not difficult to remove. 

Pitch coke, 6-8 mesh size is highly satisfactory when properly prepared. It should 
first be placed in a pipe or box and heated to 2000°F. until all volatile matter has 
been removed. Double heating is recommended when high temperature packing Is 
involved. This material has been used from 1700-2100''F. with safety. Below 1700*^F. 
spent pitch coke is decarburizing in action. 

In all cases the packing box should be well sealed to prevent access of furnace 
gases. 

Rate of Heating for Hardening and Tempering—It should be remembered that 
the slower the heating the less the warping or change of size or shape. Therefore 
dies should not be heated faster than a rate that will give a total heating time of 
1 % hr. per in. of greatest thickness of die plus packing material. Frequent^ it is 
necessary to heat more slowly than this, to hold distortion at a minimum. 

Hardening and Tempering—Table III gives the temperature for hardening and 
tempering die casting dies. Dies should be tempered immediately after quenching. 
Tempering furnaces should be at approximately the temperature of the dies being 
put into them, to prevent too rapid or uneven heating. Dies should not be quenched 
from the tempering heat. 

Tempering temperatures are generally regulated to produce a certain Brinell 
hardness which experience has shown to give the best results. Dies are frequent 
tempered on the low side of the range, the hardness tested, and then retempered 
at a slightly higher temperature if necessary, to produce the desired hardness. This 
method eliminates the chance of over tempering. 


Table HI 

Heat Treatments for Dies for Die Casting 


steel 

Preheat Rate of Heating 

Hardening 

Time at 

Quenching 

Tempering^ 

No. 

Temp., "F. for Hardening 

Temp., ®P. 

» Heat 

Medium^ 

Temp., 'F. 

1 

Not hardened 





lA 

Not hardened 





2 

IVa hr. per in. 

1500-1550 

1 hr ./In. 

OU 

500-^ 


thickness* 




3 

See the article in this 

Handbook 

for instructions 

on nitrldlng. 


4 


1600-1650* 


Oil 

800-900 

6 

IVa hr. per In. 

1850-1950 

IVlihr./ln. 

Still Air 

1000-1100 


thickness 




6 

VAi hr. per In. 

1800-1850 

l%hr./ln. 

Still Air 

1000-1100 


thickness 




7 

IVa hr. per in. 

1800-1860 

1% hr./ln. 

StlU Air 

1000-1100 


thickness 




8 

1600-1560 Rapidly from Preheat 

1850-2160 

Do not soak 

Air or OU 

1000-1250 


similar to high speed ' 

■Usually not treated when used for tin and lead. For zinc, treated dies last longer. 
bDies made from steels 4-8 are used at a working hardness of 402-460 Brinell. 
cDles quenched in oil should not be allowed to become completely cold in the oil. It Is neces¬ 
sary to use Judgment gained from experience to determine when to remove. 

AThe time at the tempering heat is 2 hr. per in. of greatest thickness, or even longer. 

•For Intricate dies, hold at this temperature for the full specified time, then drop the furnace 
temperature with the work to 1500”F. Hold until uniform, then quench as above. 


Notes About the Process—When die casting aluminum or copper-base alloy cast¬ 
ings. first heat the dies uniformly to a temperature of approximately SSO^'F. Dies 
for die casting may be given a protective coating before going into service. This 
coating depends upon the alloy being cast. 
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Composition and Heat Treatment of Cold Heading Dies'^ 

(See also Uie General Heat Treatment Article for Tool Steels, Page 987.) 

General—This article covers the process to be followed in the heat treatment of 
cold heading dies for steels shown in Table I. 

Table I 

Approximate Composition of Steels for Cold Heading Dies* 


Sleel No. C Mn Cr V 

1 . 0.90 0.30 0.30 Max. Opt. 0.50 Max. Opt. 

2 . 1.10 0.30 0.30 Max. Opt. 0.30 Max. Opt. 


oThe analyses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the greater 
the variation in analysis of any steel from these averages, the more the treatment may differ from 
that recommended. 


Annealing for Strain Relieving—Dies and hammers that are cold hubbed should 
be heated to 1250-1350'’F. and slowly cooled before hardening. If much metal is 
moved in hubbing, alternate annealing and hubbing operations are necessary. 

Normalizing After Forging—If normalizing is necessary it should be done accord¬ 
ing to instructions in the article for the Heat Treatment of Carbon Tool Steel, page 
991, and as given in Table II. 


Table II 

Forging, Normalizing, and Annealing Cold Heading Dies 


-Forging*-> ^Normalizing After Forging-^ .-Annealing*’-- 

Do Not Time at 

Steel Start Forge Rate of Rate of Heat, Temp. Rate of Time at 

No. ®F. Below ®F. Heating ®P. Heating min. ®P. Heating Heat, hr. 


Slowly to Slowly to Slowly and 

1 1800<2000 1500 1450 1600 1450 15-60 1360-1400 Uniformly 1-4 

Slowly to Slowly to Slowly and 

2 1800-2000 1500 1450 1650 1450 15-60 1400-1440 Uniformly 1-4 

’’The temperature at which to start forging is given as a range, the higher side of which 

should be used for large sections and heavy or rapid reductions, and the lower side for smaller 
sections and lighter reductions. 

*>Cooling rate of 50* max. per hr. to 1000®F. 


Preheating and Hardening—In order to insure thorough heating and to lessen 
the time required in the hardening furnace, preheating is often advantageous. Pre¬ 
heating and hardening temperatures are shown in Table III. 

Table m 

Heat Treatments for Cold Heading Dies 


steel Preheat Rate of Heating Hardening Quenching Tempering 

No. Temp., ®P. for Hardening Temp., ®P. Medium Temp., ®P. 


Slowly and 

1 1000 Uniformly 1500-1650* Brine or Water*’ 300-550 

2 1000 " 1450-1600* Brine or Water*’ 300-550 

*The size, shape and character of the impression will determine whether the high or low 

temperature is better for the die. 

bWhen quenching open dies without a Jig, brine is preferable to water. 


Tempering—Tempering should be started Immediately after quenching. Time at 
temperature should not be less than one hour and longer periods are advisable. 

The tempering temperature is governed by the type of die «nd the material 
to be headed. For extrusion dies, a minimum Rockwell hardness of C59 is usually 
necessary. 


*Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. I. Stotz, Chairman, A. 8. Jameson. A. J. Scheid, Jr., O. V. Luerssen, W. H. Wills, 
Bums George, J. E. Erb, P. J. McCarthy, P. P. McIntosh. J. H. McCadle, C. L. Harvey, H. T. 
Cousins, J. A. Succop, A. D. Beeken, Jr., J. P. Howley, H. A. Anderson and S. C. Spalding. 
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Notes on Process—If difficulty from decarburized surfaces Is experienced a light 
coatii^ of boric acid during the heating period may be ifeneflcial in overcoming the 
trouble. This coating is applied by quickly dipping the preheated die in a hot, 
saturated solution or by sprinkUng the powder on the preheated die. 

When hardening solid dies and hammers with deep impressions, it is essential 
to quench in a Jig that forces the coolant, under pressure, into the impression or 
through the hole in such a way that the forming of all gas pockets is avoided and 
plenty of fresh coolant impinges against the surfaces to be hardened. 

Solid dies of relatively smiall cross section ,are usually quenched through the 
hole only. Large dies may be immersed in the quenching solution while the coolant 
is forced under pressure through the hole. 

When hardening open dies care must be taken to avoid gas pockets in the 
die impressions. This is best done by a jig that forces the quenching medium 
against the surface to be hardened. 

In hardening heading dies it is essential that a uniform and sufficient depth of 
hardness be obtained to resist the tremendous pressures developed in the heading 
operation. 
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Composition and Heat Treatment of Roll Threading Dies^ 

(See also General Heat Treatment of Tool Steels, Page 987.) 

General—This article covers the heat treatment of roll threading dies made 
from steels of the approximate compositions shown in Table I. In special cases steels 
of other compositions may be used but their treatment is not covered by this article. 

Table I 

Approximate Composition for Roll Threading Dies* 


Steel 

No. 

C 

Mn 

W 

Cr 

V 

Mo 

1 

1.10 






2 

1.10 




0.20 Opt. 


3 

0.00 

1.10 

0.60 

0.60 

0.20 Opt. 


4 

0.90 

1.60 



Opt. 


5 

1.16 

0.30 

1.60 

0.50 

0.20 


6 

2.10 



12.00 



7 

1.50 



12.00 


0.75 

8 

0.70 


18 

4.00 

1.00 


•The analyses given are type analyses only. Actual analyses of the steels they represent will, 

of course, vary from these 

averages a reasonable amount. It should be remembered 

that the 

greater the variation In analysis of any steel from these averages, 

the more the treatment may 

differ from that recommended. 






Table n 

Forging, Normalizing, and Annealing of Boll Threading Dies 


Steel 

No. 

Start 

•F. 

■ Forgingb - 
Do Not 
Forge 

Below ‘F. 

Rate of 
Heating 

/—Normalizing After Forging—^ 

Rate of Time at 
•F. Heating Heat, min. 

Temp. 

*P. 

-Annealingc. 

Rate of 
Heating 

Tlmei 
Heat, 1 

1 

1800-2000 

1500 

Slowly to 
1450 

1550-1650 

Slowly to 15-60 
1450 

1400-1440 

Slowly and 
Uniformly 

1-4 

2 

1800-2000 

1500 

Slowly to 
1450 

1550-1660 

Slowly to 15-60 
1450 

1400-1440 

Slowly and 
Uniformly 

1-4 

8 

1800-1950 

1600 

Slowly to 
1500 

1650 

Slowly to 15-60 
1500 

1425-1450 

Slowly and 
Uniformly 

1 hr. per in. 

1-4 

4 

1800-1900 

1600 

Slowly to 
1600 

1550 

Slowly to 15-60 
1500 

1400-1425 

Slowly and 
Uniformly 

1 hr. per in. 

1-4 

6 

1800-1950 

1600 

Slowly to 
1600 

1700 

Slowly to 15-60 
1600 

1450-1475 

Slowly and 
Uniformly 

1 hr. per in. 

1-4 

6^ 

1800-1900 

1600 

Slowly to 
1600 

Do 

not normalize 

1600-1650 

1 hr. per in. 

max. 

thickness 

1-4 

?• 

1800-1950 

1600 

Slowly to 
1600 

Do 

not normalize 

1600-1650 

1 hr. per in. 

max. 

thickness 

1-4 

8* 

2060-2150 

1700 

Slowly to 
1600 

Do 

not normalize 

1600-1650 

1 hr. per in. 
max 

1-4 


thickness 

•After forging cool slowly In lime or mica. 

The temperature at which to start forging is given as a range, the higher side of which 
should be used for large sections and heavy or rapid reductions, and the lower side for smaller 
sections and lighter reductions. 

«Coollng rate 60* max. per hr. to 1000*F. 


Forging and Heat Treatments Are Given in Tables II and in 

In preparing the hot rolled annealed bars for the milling operation, it is essential 
that sufficient stock should be machined off to insure the removal of all surface 
defects and traces of decarburization. The steel must be of uniform hardness to 
prevent injury to the expensive milling hobs. After the thread form has been milled 
on the die face, all traces of oil and chips should be removed from the die before 
hardening. 


•Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. I. Stotz, Chairman, A. S. Jameson, A. J. Beheld, Jr., O. V. Luerssen, W. R. Wills, 
Bums George, J. E. Erb, P. J. McCarthy, F. F. McIntosh, J. H. McCadle, C. L. Harvey, H. T. 
Cousins. J. A. Succop, A. D. Beeken, Jr., J. P. Howley, H. A. Anderson and S. C. Spalding. 
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Strain Believing—After machining a strain relieving anneal at IIOO-1200'’F. is 
often beneficial in preventing distortion in the teeth during subsequent heat 
treatment. 

Hardening—In order to minimize distortion it is essential to heat all thread 
rolling dies slowly throughout the heating cycle. Remove from the quenchhig bath 
when the die temperature is reduced, to approximately 200''F. and transfer imme¬ 
diately to the tempering furnace. 

Dies made from steels No. 6 and 7 are usually pack hardened or heated in 
atmosphere controlled furnaces to prevent decarburization. Pitch coke which has 
been heated to approximately 2000'’F. to remove all volatile matter, or cast iron 
chips, may be used for the packing medium. The box should be heated slowly to 
1250-1300*’F. and held until a uniform temperature is reached throughout the box. 
The temperature should then be raised gradually to 1800-1825'’F., and held until 
uniformity is reached in the charge. Remove the dies from the pack, brush free 
from adhering particles and air cool to room temperature. 

Dies made from steel No. 8 are heated in a salt bath, controlled atmosphere fur¬ 
nace, or in a pack of pitch coke. This is necessary to preserve the thread form. In 
either case a hardening temperature lower than the optimum for 18-4-1 high speed 
steel when used as a cutting tool is recommended. Dies (steel No. 8) pack hardened 
in pitch coke should be heated slowly to 1450-1500°F. The container should then 
be transferred to a furnace heated to 2000-2050*’F. As soon as the contents of the 
pot reaches this temperature the dies should be removed from the pack and oil 
quenched. 

Tempering—Dies should be heated slowly to the temperature shown in Table 
III and held at temperature a minimum of two hours. Longer tempering times 
are advisable. 

In general, a Rockwell hardness of C 57-59 is satisfactory. 


Table m 


Heat Treatments for RoU Threading Dies 


Steel 

Preheat 

Rate of Heating 

Hardening 

Time at 

Quenching 

Tempering 

No. 

Temp., 

for Hardening 

Temp., ‘P. 

Heat 

Medium 

Temp., •P. 

1 


Slowly and 
Uniformly 

1400-1475 

15 min. 

Brine or Water 

300-550 

2 



1400-1500^ 

15 min. 

Brine or Water 

300-550 

3 


Slowly to 

1450-1500 

% hr. for max. 

OU 

325-500 



1200 


Hardness" 



4 


Slowly 

1400-1475 

No soak 

Oil 

325-500 

5 


1575-1625 


Oil 

350-550 

6 

1500 

Very Slowly 

1775-1825 

15-45 min. 

OU 

400-1000 

7 

1500 

Very Slowly 

1700-1800 

15-45 min. 

Oil 

400-1000 

8 

1450-1600 


2250-2350 


Oil, Air or 

1025-1150 


Molten Bath 


"Do not soak for minimum distortion. 


>>The carbon>vanadium type can be hardened from a higher temperature than the carbon steels. 
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Composition and Heat Treatment of Hot Forging 
Machine Tools* 

(See Also the General Heat Treatment Article lor Tool Steels, Page 987.) 

General—This article covers the procedure to be followed for the heat treat¬ 
ment of forging machine tools for hot work when of the composition given in Table 
I. It is not implied that these are the only suitable steels, but other steels may 
require different heat treatments. 

Steel No. 1 is usually purchased in the heat treated condition and is machined 

Table I 

Approximate Composition of Hot Forging Machine Tools'^ 


steel 

No. 


Purpose 


Gripper dies, headers, piercers. 0.60 

Gripper dies, solid dies. 0.60 

Gripper dies, crowners; cut-offs. 0.90 

Gripper dies. 0.60 

Gripper dies, Inserts, piercers,* 

punchers.* headers . 0.35 

Gripper dies, header dies, solid dies. 

Inserts, punches,* piercers*. 0.35 

Reader dies . 0.80 

Header dies . 0.50 

Header dies, solid dies, inserts, 

piercers* . 0.50 

Oxipper dies, headers, solid dies, 

Inserts . 0.40 

Punches.* nut dies. 0.50 

■The analyses given are type analyses only. 


Mn 


0.80 

0.65 


0.30 


0.60 


Si 


1.00 


1 50 


W Cr V 

0.75 

0.90 

4.00 

4.00 

Opt. 5.00 0.40 


10 


2.00 


7.60 

18 


3.00 

0.80 


1.25 0.25 


7.50 

4.00 


Mo 


0.25 

0.75 


0.50 

1.40 


0.50 

Opt. 

0.20 


Ni 


1.60 

2.00 


1.00 Opt. 


Actual analyses of the steels they represent will. 


of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation in analysis of any steel from these averages, the more the treatment may, 
differ from that recommended. 


*The words **punch'* and ‘‘piercer** are often used interchangeably. In this article the word 
“punch** is applied to a tool that punches out a slug, thereby lessening the weight of the forging, 
whereas a piercer makes a hole without removing any metal from the forging and so not changing 
its weight. 


Table n 

Forging* Normalizing, and Annealing of Hot Forging Machine Tools 


/-Forging*’-- 

Dot Not 

Steel Start Forge Rate of 

No. 'P. Below 'P. Heating, •F. 

.—Normalizing After Forging—. «-Annealing'*——^ 

Time at 

Rate of Time at Temp. Rate of Heat, 

*F. Heating Heat ’P. Heating hr. 

1 1850-1950 

1550 


1600 

Slowly to 1450 

15-60 min. 1400-1450 

Slowly and 
Uniformly 

2 1850-1950 

98 


** 

•* 

*' •• 

3« 1850-1950 

1600 

Slowly to 1550 


—Do not normalize— 1450-1500 

•‘ 1-4 

4* 1850-1950 

•• 



•• 

t« <• 

5« 2000-2100 

1850 

if 


t* 

1500-1550 

if if 

6« 2050-2150 

•• 

** 


if 

1600-1650 

1 hr. per in. “ 

7 1800-2000 

1500 

Slowly to 1450 

1600 

Slowly to 1450 

15-60 min. 1360-1400 

Slowly and 
Uniformly 1-4 

8 1800-2000 

** 

i« 

1650 


“ 1425-1450 

•• i< 

9« 1850-1950 

1550 



—^Do not normalize— 1450-1500 

Slowly and 
Uniformly 1-4 

10* 2000-2100 

1700 

Slowly to 1600 


If 

1600-1650 

1 hr. per in. 

if 

11* 2050-2150 

*• 

if 


** 

fs 

1 hr./in. max. 1-4 

■After forging cool slowly in lime or mica. 


thickness 


<>The temperature at which to start forging is given as a range, the higher side of which should 
be used for large sections and heavy or rapid reductions, and the lower side for smaller sections 
and lighter reductions. 


■Cooling rate 50* max. per hr. to 1000*F. 


*Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. I. Stotz, Chairman, A. S. Jameson, A. J. Scheid, Jr., O. V. Luerssen, W. H. Wills, 
Bums George, J. E. Brb, P. J. McCarthy. F. F. McIntosh, J. R. McCadle, C. L. Harvey, H. T. 
Cousins, J. A. Succop, A. D. Beeken, Jr.. J. P. Rowley, H. A. Anderson and S. C. Spalding. 
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j. 


and used without further treatment. Its life is usually shorter than the higher 
alloy steels, but the elimination of heat treatment and consequent movement in 
treating, after machining, is sometimes valuable. 

Annealing>~Heat to the temperature given in Table II. Hold at temperature 
for complete penetration of heat. 

Preheating—Where preheating is specified in Table III, heat slowly and uni¬ 
formly to the temperature given and transfer to the high heat furnace. 

Table HI* 


Heat Treatments for Hot Forging Mac^ne Tools 


steel 

, Preheat 

Rate of Heating 

Hardening 

Time at 

Quenching 

Tempering 

No. 

Temp. “P. 

for Hardening 

Temp. *P. 

Heat 

Medium 

Temp. •P. 

1 


Slowly 

1475-1550 

10-30 min. 

Oil 

800-1100 

2 


II 

1600-1650 

** 

Fan Blast 

600-1000 

3 

1400-1500 

•• 

1750-1825 

99 

Fan Blast 

800-1100 

4 

1400-1500 

II 

1625-1800 

•* 

Still Air 

600-1100 

5 

1500-1550 

II 

1800 

Do not soak 

Still Air 

1000-1200 

6 

1500-1550 

Rapidly from preheat 
similar to high speed 

1850-2150 

Do not soak 

Air or Oil 

1000-1250 

7 


Slowly 

1450-1500 

10-30 min. 

Brine or Water 

300-650 

8 


Slowly and uniformly 

1650-1750 

10-30 min. 

OU 

800-1100 

9 


Slowly to 1400*^. 

1650-1750 

10-30 min. 

Oil 

350-650* 

1000-1250«> 

10 

1500-1550 

Slowly 

2100-2150 

Do not soak 

Oil 

600 



2050-2100 

II II II 

Air 

1000 

11 

1450-1600 

Rapidly from preheat 

2250-2350 

II It II 

Oil. Air 

Molten Bath 

1025-1150 


«For low temperature work. 


^For high temperature work. 


Hardening—With Steel No. 5 heat as specified in the article for high speed steel 
on page 1000, but to the temperature recommended in Table HI, and quench as 
soon as uniformly heated. All other steels should be heated slowly and unifomUy 
throughout to the hardening temperature specified, and quenched when complete 
uniformity of heating is obtained. 

Tempering—Heat slowly and uniformly to the temperatures given, holding at 
heat a minimum of 1 hr. per in. of thickness. 
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Composition and Heat Treatment of Die Blocks and Inserts* 

(See also the General Heat Treatment Article for Tool Steels, Page 987.) 

General—This article covers the process to be followed in the heat treatment 
of die blocks and die inserts, such as are generally used in forging hammers. 

TO avoid annealing and rehardening of the dies after each operating service, 
many users purchase die blocks in the heat treated condition. This applies par¬ 
ticularly to the larger sizes. Such dies are usually furnished with a uniformity of 
five points of scleroscope hardness, and in the hardness range of 40-60 scleroscope. 
Generally, the shallower the impression, the greater the hardness. 

Composition—The approximate chemical compositions of carbon and alloy steel 
die blocks generally used are given in Table I. 

Table I 


Approximate Chemical Composition of Die Blocks* 


Steel 

No. 

Purpose 

C 

Mn 

Or 

v 

Mo 

Ni 

1 

Hot forging 

0.60 

0.70 





2 

Hot forging 

0.70 



0.25 Opt. 



3 

Cold forging 

0.85 






4 

Drop hammer 

0.60 

0.70 

1.00 

Opt. 


1.50 

5 

Drop hammer 

0.60 

0.70 

0.00 


0.20 


6 

Drop hammer 

0.60 

0.80 

0.75 


0.26 

1.50 

7 

Drop hammer 

0.60 

0.70 

1.15 

0.15 

0.50 


8 

Drop hammer 

0.60 

0.60 

0.90 

Opt. 

0.70 

1.75 


■The analjses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation in analysis of any steel from these averages, the moro the treatment may 
differ from that recommended. 


Annealing—The die blocks should be heated slowly and uniformly to the anneal¬ 
ing temperature given in Table II. 


Table II 

Forging, Normalizing, and Annealing Die Blocks 
-Forging"-- Normalizing After Forging --^Annealing- 


Steel 

No. 

Start 

•F. 

Do not 
Forge 
Below *F. 

Rate of 
Heat¬ 
ing 

•F. 

Rate of 
Heat¬ 
ing 

Time 
at Heat, 
min. 

Temp. 

-F. 

Rate of Time 
Heat- at Heat, 
ing hr. 

Rate of 
Cooling 




Slow¬ 







Max. 50* 




ly to 


Slowly 



Slowly and 


per hr. to 

1 

1800-2000 

1500 

1450 


to 


1400-1450 

Uniformly 

1-4 

1000"F. 

2 

“ “ 

“ 

“ 

1500-1600 

1450 

15-60 

1360-1400 

•* 

•• 

•* 

3 

*• ** 


“ 

1600 

«• 

•• 

• 6 

II 

M 

II 

4 

1850-1950 

“ 

“ 

** 

*' 

** 

1400-1425 

•• 

M 

II 

5 

i« 4t 

1550 

4$ 

*• 

•4 

M 

44 

•1 

»• 

•• 

6 

.. I. 



1600 

•* 

** 

1400-1450 

II 











Slowly and 



7 

1900-2000 

*• 


1650 

** 

(« 

1400-1425 

Uniformly 

•* 

“ 

8 

1850-1950 

** 

44 

1600 

ft 

•• 


II 

44 

II 


"The temperature at which to start forging is given as a range, the higher side of which 
should be used lor large sections and heavy or rapid reductions, and the lower side for smaller 
sections and lighter reductions. 


Hardening—The die blocks should be warmed in front of the furnace to remove 
the chill, then charged into the furnace at not over 500°F. The heating time for 
hardening should be approximately 1 hr. for each in. of diameter or thickness and 
the time for holding at heat 1/5 for carbon and 2/5 for alloy steels of the time 
required to reach the hardening temperature. The hardening temperatures are 
given in Table III. 

Carbon steel die blocks are quenched in water (not below 60°F.) and should be 
immersed face down to a depth of approximately 1 in. below the deepest impression. 


^Prepared by the Subcommittee on TocA Steel. The membership of the subcommittee was as 
follows: N. I. Stotz, Chairman, A. S. Jameson. A. J. Beheld, Jr.. O. V. Luerssen. W. H. Wills. 
Burns George, J. E. Erb, P. J. McCarthy. P. F. McIntosh, J. H. McCadie. C. L. Harvey, H. T. 
Cousins, J. A. Succop, A. D. Beeken, Jr.. J. P. Howley. H. A. Anderson and 8. C. Spalding. 
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Table IH 

Heat Treatments for Die Blocks 

steel 

No. 

Hardening 
Temp. ‘P. 

Quenching 

Medium 

Tempering 
Temp. *F, 

Scleroscope 

Hardness 

Brlnell 
Hardness No. 

1 

1436-1475 

Water 

600-1000 

60-70 

352-612 

2 

1475-1625 

• 4 

44 

*• 

44 

3 

1426-1600 

** 

360-000 

70-80 

513-000 

4 

1476-1660 

Oil 

600-1100 

50-73 

362-634 

5 

1475-1560 

“ 


44 

14 

0 

1475-1650 

** 

«« 

44 

44 

7 

1500-1575 

** 

<4 

40 

44 

8 

1675-1650 

Air 

44 

•• 

44 


1500-1576 

Oil 

44 




To develop full hardness a geyser of ample volume should be directed against the 
center of the die impression. Cool down to a temperature of approximately 450*P. 
or where reheating from the inside is not likely to occur to a sufQcient degree to 
cause softening. 

Die blocks that require oil quenching should be completely Immersed, with the 
oil circulating well to give maximum heat dissipation. The volume of the oil bath 
should be ample so as to avoid an excessive rise in temperature. In case of iMrge 
dies a strong oil geyser should be directed toward the center of the impression to 
obtain a uniform high hardness. The dies should be held beneath the surface of 
the oil imtll the steel has reached a temperature of approximately 450®P. 

Tempering—After quenching the die blocks are tempered immediately at a tem¬ 
perature depending on the final hardness desired (Table III). Tempering may be 
done by placing the blocks shank down on a hot plate or in a furnace or hoXh, 
Blocks or inserts should not be charged in a furnace which is in excess of 400"F. 
or in a bath which is above 300°F. The heating time to temperature should not be 
less than 1 hr. per in. of least diameter or thickness and the holding time not less 
than 2/5 of the total heating time. 

The approximate hardness to be expected with 0.60% carbon die blocks after 
tempering is as follows: 


Tempering Temp., 

Scleroscope Hardness 

Brlnell Hardness No. 

600 

68 

403 

700 

62 

444 

800 

55 

388 

900 

60 

341 

1000 

43 

885 


Alloy steel die blocks maintain their hardness after tempering better than 
carbon steel and after tempering will test about 8 points scleroscope higher. 

Die blocks for hot forging are rarely tempered below 600®P. Those used for cold 
work are tempered at lower temperatures, usually SSO-OOO^’F. as greater hardness is 
required. 

Die Block Inserts—The term '^insert” may refer to a die block (similar in com¬ 
position and heat treated as such) used to form the entire forging. It frequently has 
less thickness than a regular die block because it is held in a die block holder. On 
the other hand, inserts usually refer to the small sections set into a die block in 
order to strengthen or minimize the wear at one or more points in the die block 
Impression. These are generally made from a more expensive hot die steel and 
will last as long as the other portions of the impression, thus materially improving 
the life of the die block. 

While hot die steel inserts may be made from a variety of types the more 
common steels are listed in Table IV and the heat treatments in Table V and VI. 


Table IV 

Approximate Composition of Hot Die Steels for Inserts* 


Steel 

No. 

C 

W 

Cr 

V 

Mo 

1 

0.60 

2.00 

1.25 

0.35 


2 

0.35 

10 

3.00 

0.50 


3 

See footnote 

0.50 

• In Table I. 

18 

4.00 

1.00 

Opt. 
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Table V 


Forging and Annealing for Hot Die Steels for Inserts 










Steel 

No 

Start 

"P. 

Do not 
Forge 
Below “P. 

Rate of 
Heating 

Temp. 

*F. 

Rate of 
Heating 

Time at 

Heat, Rate of 
hr. Cooling 

1« 

1850.1950 

1550 

Slowly to 1450 

1450.1500 

Slowly and 
Uniformly 

1-4 

80V 
hr. to 

2* 

2050-2150 

1650 

Slowly to 1550 

1600.1650 

1 hr. per in. 

1 hr. per 

In. max. 


lOOOT. 

Max. 50*/ 
hr. to 

s* 

2050-2150 

1700 

Slowly to 1600 

1600-1650 

thickness 

„ 

1000*P. 
60*/hr. 
max. to 







1000*P. 


•After forging cool slowly in lime or mica. 
bSee note ■ in Table IT. 

«Do not normalize these steels. 


Table VI 


Heat Treatments for Hot Die Steels for Inserts 


Steel Preheat 

No. Temp. *P. 

Rate of Heating 
For Hardening 

Hardening 
Temp. ® P. 

Time at Quenching 
Heat Medium 

Tempering 
Temp. *P. 

1 

Slowly to 1400 

1650-1750 

10-30 min. Oil 

350-650^ 

1000-1250<» 

2 1500-1550 

(Rapidly from Preheat) 
) similar to high speed ( 

1850-2150 

Do not soak Air or Oil 

1000-1250 

3 1500-1600 

•For low temperature work. 

^For high temperature work. 

1900-2200 

OH. Air or 
Molten Bath 

1025-1150 


Notes About the Process 


Protection of Surface of Die Blocks When Heating for Hardening-^ln order to 
reduce scale and decarburization it is recommended that dies be heated in a con¬ 
trolled atmosphere furnace 

//2" Mesh handivood charcoal ^ 


or with the impression face 
packed in chstrcoal or spent 
pitch coke, Fig. 1. 

Qtfenchinp — When 
quenching in water it is 
Important not to allow the 
blocks to cool down too far. 
The temperature of ap¬ 
proximately 450^. may be 
determined by holding the 
head of a household match 
against the Impression face 
of the block, which should 
not ignite the match for at 


Approx, c 
bars for 
supports 



beyond the block 


dpports at 
least 5'‘high 


Fig. 1—^Method of protecting surface of die block when heat> 
Ing for hardening. 

least 15-20 sec. Instant ignition will indicate a temperature above 450‘'F. 

To prevent warpage when quenching in water, the shank may be cooled to a 
black heat by pouring water on it. 

When quenching in oil the blocks should be cooled to a temperature of 450*’F. 
If the oil covering the block bursts into a voluminous yellow flame when the block 
is withdrawn the temperature of the block is too high and it must again be 
immersed until repeated trials give a blue flame slightly tinged with yellow. 

When blocks or inserts are hardened in air, the blast should be dry and so 
directed as to strike the Impression face uniformly. An air press\ire of 12-24 oz. Is 
suggested, with ample volimie. 


Tempering—Large carbon steel die blocks are sometimes tempered on a hot 
plate. When this method is used the die is placed shank down on a hot plate and 
heated until the desired color or scleroscopic hardness is obtained on the face. When 
testing the scleroscope hardness of a hot block it will read 4 or 5 points lower than 
if tested at room temperature. When relying upon temper color for hardness the 
following is suggested as a guide: Faint straw, 400^F.; straw, 440''F.; deep straw, 
476®F.; bronze, 52(rF.; peacock, 540®F.; full blue, 690®F.; light blue, 640®F. 
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Composition and Heat Treatment of Press Tools 

for Shearing, Blanking, and Punching^ 

(See also the General Heat Treatment Article on Tool Steels, Page 987.) 

General>-This article covers the heat treatment of blanking dies and punches 
when made from steels listed in Table I. Other steels less common than these may 
be used in practice, but they may have difterent heat treatments. 

Table I 

Approximate Chemical Composition^ 


Steel 


No. 

Purpose 

C 

Mn 

Si 

W 

Cr 

V Mo 

1 

Cold work, dies and punches 

0.85 





Opt. 

2 

Cold work, dies and punches 

1.10 





Opt. 

3 

Cold work, dies and punches 

0.90 

1.10 


0.50 

0.50 

0.20 Opt. 

4 

Cold work, dies and punches 

0.90 

1.60 




5 

Cold work, dies and punches 

1.15 

0.30 


1.60 

0.50 

0.20 

6 

Cold work, punches. 

0.50 



2.00 

1.25 

0.25 

7 

Cold work, punches. 

0.55 

0 80 

2.00 


0.50 max. 
(Opt.) 

0.25 max. 0.30 max. 
(Opt.) (Opt.) 

8 

Cold work, punches. 

Hot work, dies and punches. 

0.50 

0.40 

1.00 


0.50 

9 

0.35 



10.00 

3.00 

0.50 

10« 

Cold work, dies and punches 

0.70 



18.00 

4.00 

1.00 

11 

Hot work, punches. 

0.40 

0.60 

1.50 

7.50 

. 7.50 


12 

Cold work, dies and punches 

2.10 




12.00 


13 

Cold work, dies and punches 

1.50 




12.00 

0.75 


•The carbon content may be lower for special purposes. 

f>The analyses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation In analyses of any steel from these averages, the more the treatment may 
differ from that recommended. 


Table II 

Forging, Normalising and Annealing Press Tools 


Steel 

No. 

Start 

“F. 

-PorgIng*>- 
Do Not 
Forge 
Below'F. 

Rate of 
Heating 

r-Normalizing After Forging-^ 
Time at 

Rate of Heat, 

*F. Heating min. 

Temp. ‘F. 

-Annealing — 

Rate of 
Heating 

Time at 
Heat, 
hr. 

1 

1700-2000 

1500 

Slowly to 
1450*F. 

1500-1650 Slowly to 15-60 

1450’F. 

1400-1425 

Slowly and 
Uniformly 

1-4 

2 

1700-2000 

1500 

Slowly to 
1450*F. 

1500-1650 Slowly to 15-60 

1450“F. 

1400-1425 

Slowly and 
Uniformly 

1-4 

3 

1800-1950 

1600 

Slowly to 
1500“P. 

1650 Slowly to 15-60 

1500®P. 

1425-1450 

Slowly and 
Uniformly 


4 

1800-1900 

1600 

Slowly to 
1500‘'F. 

1550 Slowly to 15-60 

ISOO^F. 

1400-1425 

Slowly and 
Uniformly 


5 

1800-1950 

1600 

Slowly to 
ISOO^F. 

1700 Slowly to 15-60 

lOOO-F. 

1450-1475 

Slowly and 
Uniformly 

1-4 

6 

1850-1950 

1550 

Slowly to 
1450*F. 

Do not normalize 

1450-1500 

Slowly and 
Uniformly 


7 

1800-1950 

1600 

Slowly to 
1450"F. 

1600 Slowly to 15-60 

1450*^. 

1450-1500 

Slowly and 
Uniformly 


8 

1800-1950 

1600 

Slowly to 
1450*F. 

1600 Slowly to 15-60 

1450"F. 

1450-1500 

Slowly and 
Uniformly 

1-4 

9* 

2050-2150 

1650 

Slowly to 
1550®F. 

Do not normalize 

1600-1650 

1 hr. per In. 
max. thick. 

1-4 

10“ 

2050-2150 

1700 

Slowly to 
leoo^F. 

Do not normalize 

1600-1650 

1 hr. per In. 
max. thick. 

1-4 

11» 

2000-2100 

1700 

Slowly to 
1600®F. 

Do not normalize 

1600-1650 

1 hr, per in. 
max. thick. 

1-4 

12* 

1800-1900 

1600 

Slowly to 
1600®F. 

Do not normalize 

1600-1650 

1 hr. per in. 
max. thick. 

1-4 

13« 

1800-1950 

1600 

Slowly to 
1600‘»F. 

Do not normalize 

1600-1650 

1 hr. per in. 
max. thick. 

1-4 


■After forging cool slowly to lime or mica. 

»>The temperature at which to start forging is given as a range, the higher side of which 
should be used for large sections and heavy or rapid reductions, and the lower side for smaller 
sections and lighter reductions.___ 


•Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. I. Stotz, Chairman, A. S. Jameson, A. J. Scheid, Jr., Q. V. Luerssen, W. H. Wills, 
Bums George, J. E. Erb, P. J. McCarthy, F. F. McIntosh, J. H. McCadie, C. L. Harvey, H. T. 
Cousins, J. A. Succop, A. D. Beeken, Jr., J. P. Hpwley, H. A. Anderson and S. C. Spalding. 











1022 


COMPOSITION AND HEAT TREATMENT OF PRESS TOOLS 


Approximate Chemical Composition—The approximate chemical composition of 
the steels generally used for blanking dies are given in Table I. 

Forging, Normalizing, and Annealing—The temperatures for these operations are 
given in Table II. Special instructions as to procedures may be noted in the “General 
Recommendations for the Heat Treatment of Tool Steels” or under special articles 
for the various types of steels imder consideration. 

Heat Treatment—The heat treatments are given in Table III. 


Table 111 

Heat Treatments for Press Tools for Shearing, Blanking and Punching 


steel 

Preheat 

Rate of Heating 

Hardening 

Time at 

Quenching 

Tempering 

No. 

Temp., ®P. 

for Hardening 

Temp. ®P. 

Heat 

Medium 

Temp., ®P. 

1 


Slowly 

1400-1450 

10-30 min. 

Brine or Water 

350-550 

3 

.... 

Slowly 

1400-1475 

10-30 min. 

Brine or Water 

350-550 

3 

1200 

Very Slowly 

1450-1500 

Footnote ■ 

Oil 

325-500 

4 

1200 

Very Slowly 

1400-1475 

Do not soak 

Oil 

325-500 

6 

1300 

Very Slowly 

1575-1625 

Footnote • 

Oil 

350-650 

6 

.... 

Slowly to 1400 

1650-1750 

10-30 min. 

Oil 

500-650 

7 

.... 

Slowly 

1575-1675 

10-30 min. 

Brine or Water 

350-700 

8 

.... 

Slowly 

1525-1575 

10-30 min. 

Brine or Water 

350-700 

8 

1600-1550 

Rapidly from Preheat 
—similar to high speed 

1850-2150 

Do not soak 

Air or Oil 

1000-1250 

10 

1450-1600 

Rapidly from Preheat 

2200-2300^ 

Do not soak 

Air or Oil 

1050-1200 


1450-1600 

1950-2200C 

See footnote 

Air or Oil 

1050-1200 


1450-1600 


1850-2000<^ 

See footnote 

Oil 

500-900 

11 

1500-1550 

Rapidly froln Preheat 

2100-2150 

Do not soak 

Air or Oil 

1100-1250 

12 

1500 

Very Slowly 

1775-1825 

15-45 min. 

Oil 

400-1000 

13 

1500 

Very Slowly 

1800-1875 

15-45 min. 

Still Air 

400-1000 



1700-1800 

15-45 min. 

Oil 

400-1000 


■To obUin msx. hardness hold at heat up to ^ hr. For minimum change in dimension do not 
hold at heat. 

^Heat treatment for cold work. 

■Heat treatment for pack hardening. Burned pitch coke has been found best adapted for the 
packing material. Carburizing compounds should not be used. Care must be used in this procesa 
that the steel does not become too highly carburized. Too high a carbon concentration on the 
surface will cause spalling or even an actual fusion of the surface of the die during hardening. 
Do not hold longer than is necessary to assure that the die has reached the desired temperature. 


Notes About the Process—In most cases both the punch and the die are made 
from the same steel. For dies of intricate design or when distortion is a factor, 
an air or oil hardening steel should be used, but for more simple designs a water 
hardening steel may be used. 

Preheating of steels 3 and 4 may be done without the use of two furnaces by 
heating slowly and uniformly to 1200®P. and then heating more rapidly to the harden¬ 
ing temperature. A slow and uniform preheating is helpful in preventing distortion. 

Where pack hardening is suggested refer for instructions to the general article 
on the Heat Treatment of Tool Steels in this Handbook. 

Steels 12 and 13 absorb heat at a slower rate than the other steels. They should 
therefore be heated much more slowly. These steels are sometimes pack hardened, 
especially if the die will not permit grinding. 
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Composition and Heal Treatment of Solid Shear Blades'^ 

(See also the General Heat Treatment for Tool Steels, Page 987.) 

General—This article covers the heat treatment of solid shear blades and the 
steels most generally used for hot and cold shearing. 

Chemical Composition—The approximate chemical composition of the steels 
generally used for solid shear blades is given in Table I. 


Table I 

Approximate Chemical Composition* 


steel 


No. 

Purpose 

C 

Mn 

1 

Cold shearing 
heavy material 

0.85 


2b 

Cold shearing 
light and medium 




material 

1.00 

0.35 

3 

Cold shearing 
heavy and medium 

0.55 

0.80 


material 



4 

Cold shearing 

0.50 

0.40 

S 

Cold shearing 
heavy and medium 




material 

0.70 

0.30 

6 

Rot and cold 




shearing of medium 




or heavy material 

0.60 

0.60 

7 

Warm or cold 




shearing of medium 




or heavy material 

0.50 


8 

Rot shearing 

0.35 


9 

Cold shearing 
light material 

0.70 


10* 

Cold shearing 
light material 

2.10 


11* 

Cold shearing 
light and medium 




material 

1.50 



81 W Or V Mo 


0.30 Opt. 
0.30 Opt. 


2.00 

1.00 


0.50 Opt. 
(max.) 

0.25 Opt. 0.90 Opt. 
(max.) (max.) 

0.50 



0.90 

0.20 



1.00 

Ni 

Opt. 0.50 1.50 


2.00 

10.00 

1.25 

3.00 

0.25 

0.50 


18.00 

4.00 

1.00 



12.00 

1.00 



12.00 

0.75 


■Steels 10 and 11 may contain optional amounts of V, N1 or Co. With lower carbon content 
steel No. 11 can be used for hot shearing up to red temperatures. 


^Light shearing means stock up to V* In. in dla. or thickness; medium shearing o?er Mi-% In.; 
and heavy shearing, over % in. 


cThe analyses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the greater 
the variation In analysis of any steel from these averages, the more the treatment may differ from 
that recommended. 


Forging—Heat slowly and uniformly to the temperatures given in Table n. 
The higher range of temperature refers to large masses subject to heavy reductions 
and the lower range refers to small masses or light reductions. Forging should be 
finished as near to but not under the limit indicated. Intermediate or highly alloyed 
steels should be given retarded cooling after forging, preferably by covering with 
lime or mica. 

Normalizing—For most grades normalizing from the temperatures shown in 
Table II is recommended. 

Annealing—After forging and normalizing, or when resizing a finished blade, 
heat the steel thoroughly to the temperatures shown in Table n. Soak at heat 
from 1-4 hr. and cool slowly in the furnace. 

Hardening—Heat slowly and uniformly to the temperatures shown in Table HI. 
Quench as directed. 

When quenching heavy and long shear blades, it is recommended that the 
bath be agitated and that the knives be quenched with the edge down rather than 
the fiat and that the knife be turned over during the quench to minimize warpage. 

Tempering—Use the temperatmes given in Table III. In general it is best to 
hold at the tempering heat for a minimum of 2 hr. The hardness of the shear 


^Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. I. Stotz, Chairman, A. S. Jameson, A. J. Scheid, Jr., O. V. Luerssen, W. R. Wills, 
Bums George, J. E. Erb, P. J. McCarthy. P. P. McIntosh, J. H. McCadie, C. L. Harvey. H. T. 
Cousins, J. A. Succop, A. D. Beeken, Jr., J. P. Rowley, R. A. Anderson and S. C. Spalding. 
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blades is governed by the type of material to be sheared and the character of the 
work to which the shears are to be subjected. For shearing thin material, the 
scleroscope hardness should be on the high side. 

Notes About the Process—Shear blades should be straightened, when quenching, 
on the descending heat. A straightening machine, such as a hydraulic press, with 
knife edge supports, should be available in order to apply a quick uniform pressure 

Table n 


Forging, Normalizing and Annealing of Solid Shear Blades 






r-Normallzing After Forging—% 
Time at 

Rate of Heat. 

•F. Heating min. 




Ko. 

, Start 
•F. 

Do Not 
Forge 
Below •F. 

Rate of 
Heating 

Temp. 

•F. 

Rate of 
Heating 

Time at 
Heat, hr. 

1 

2800-200f 

1500 

Slowly to 

1450®F. 

1600 Slowly to 15-60 

1450 

1360-1400 

Slowly and 
Uniformly 

1-4 

2 

1800-2008 

1500 

Slowly to 
1450 

1500-1650 Slowly to 15-60 
1450 

1400-1440 

Slowly and 
Uniformly 


3 

1800-1950 

1600 

Slowly to 
1450 

1600 Slowly to 15-60 

1450 

1450-1500 

Slowly and 
Uniformly 

1-4 

4 

1800-1950 

1600 

Slowly to 
1450 

1600 Slowly to 15-60 

1450 

1450-1500 

Slowly and 
Uniformly 

1-4 

5 

1800-1950 

1550 

Slowly to 
1450 

1600 Slowly to 15-60 
1450 

1426-1450 

Slowly and 
Uniformly 


6 

1850-1950 

1550 

Slowly to 
1450 

1550-1625 Slowly to 15-60 
1450 

1400-1425 

Slowly and 
Uniformly 

1-4 

7» 

1850-1950 

1550 

Slowly to 
1450 

Do not normalize 

1450-1500 

Slowly and 
Uniformly 

1 hr. per In. 


8* 

2050-2150 

1650 

Slowly to 
1550 

Do not normalize 

1600-1650 

1 hr. per In. 

max. 

thickness 


9* 

2050-2150 

1700 

Slowly to 
1600 

Do not normalize 

1600-1650 

1 hr. per in. 

max. 

thickness 


10* 

1800-1900 

1600 

Slowly to 
1600 

Do not normalize 

1600-1650 

1 hr. per in. 
max. 

thickness 

1-4 

11* 

1800-1950 

1600 

Slowly to 

Do not normalize 

1600-1650 

1 hr. per in. 

1-4 


1600 max. 

thickness 

•After forging cool slowly In lime or mica. 

bThe temperature at which to start forging is given as a range, the higher side of which should 
be used for large sections and heavy or rapid reductions, and the lower side for smaller sections 
and lighter reductions. 

•Cooling rate 50**P. max, per hr. to 1000*P.__ 


Table in 


Heat Treatments for Solid Shear Blades 


Steel 

No. 

Preheat 
Temp., •F. 

Rate of Heating 
for Hardening 

Hardening 
Temp., ®P. 

Time at 
Heat 

Quenching 

Medium 

Tempering 
Temp., ®P. 

1 


Slowly and Uniformly 

1460-1500 

15 min.-l hr. 

Brine or Water 

300-550 

2 


Slowly and Uniformly 

1400-1500 

15 min.-l hr. 

Brine or Water 

300-550 

3 


Slowly and Uniformly 

1550-1650 

15 min.-l hr. 

Brine or Water 

300-550 

4 


Slowly and Uniformly 

1525-1575 

15 mln.-l hr. 

Brine or Water 

300-550 

5 


Slowly and Uniformly 

1450-1500 

15 min.-l hr. 

Brine or Water 

300-560 

0 



1550-1625 


Oil 

600-1000 

7 


Slowly to 1400 

1650-1750 

10-30 min. 

Oil 

( 360-660* 
11000-1250b 

8 

1500-1550 

Rapidly from Preheat 

1850-2150 

Do not soak 

Air or Oil 

1000-1260 



similar to high speed 





9 

1450-*1600 


2250-2350 


Oil. Air or 

1025-1150 






Molten Bath 


10 

1600 

Very slowly 

1725-1825 

15-45 min. 

Oil 

400-1000 

11 

1500 

Very slowly 

1800-1900 

;5-45 min. 

Air 

400-1000 


•For low temperature work. ^For high temperature work. 


at the desired locations along the knife. For straightening on the descending heat, 
the shear blades should be withdrawn from the bath at a temperature from 400- 
600*’F., which is Just below the point where the oil ceases to flai^, or in the case 
of water quenched blades. Just where the water steams or dries off the blades imme¬ 
diately. When it is necessary to straighten after tempering, this should be done as 
soon as possible while the full tempering heat remains in the shear blade. 

Care idiould be exercised in the selection of an alloy steel for heavy and extra 
heavy shearing, as deep hardening steels frequently fail by spalling on the cutting 
edge or by cracking across the blade. 
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Composition and Heat Treatment of Rivet Sets for Hot Work* 

(See also the General Heat Treatment Article for Tool Steels, Page 987.) 

General—This article deals with two types of rivet dies: (1) Pneumatic rivet sets 
used in air guns, and (2) compression rivet dies which head by pressure rather than 
blows. The approximate chemical compositions of the steels generally used for 
both types of rivet dies are given in Tables 1 and IV. 


Table I 

Approximate Chemical Composition for Pneumatic Rivet Sets* 


Steel 

No. 

C 

Mn 

Si 

w 

Or 

v 

Mo 

1 

0.80 

0.35 max. 






2 

0.80 

0.30 




0.20 


3 

0.50 




0.80 

0.20 


4 

0.50 

0.75 


200 

1.25 

0.20 


5 

0.55 

0.80 

2.00 


0.50 Opt. 

0.25 Opt. 

0.30 Op 






(max.) 

(max.) 

(max.) 

6 

0.50 

0.40 

1.00 



Opt. 

0.50 


*The analyses given are type analyses only. Actual analyses of the steels they represent wlU, 
of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation in analysis of any steel from these averages, the more the treatment may 
differ from that recommended. 


Table n 

Forging, Normalizing, and Annealing for Pnenmatio Rivet Sets 


-Forging*-- r-Normalizing After Forging-^ --Annealing^ 

No Not 


Steel 

No. 

Start Forge Rate of 

*F. Below "F. Heating 

•F. 

Rate of Time at 
Heating Heat 

Temp. 

•F. 

Rate Of 
Heating 

Time at 
Heat 



Slowly to 


Slowly to 


Slowly and 


1 

1800>2000 

1500 

1450 

1500-1600 

1450 15 min.-l hr. 

1360-1400 

Uniformly 

1-4 hra 



Slowly to 


Slowly to 


Slowly and 


2 

1800-2000 

1500 

1450 

1600 

1450 15 min.-l hr. 

1360-1400 

Uniformly 

1-4 hrs 



Slowly to 


Slowly to 


Slowly and 


3 

1800-2000 

1500 

1450 

1650 

1450 15 min.-l hr. 

1425-1450 

Uniformly 

1-4 hrs 

4 

1900-1700 



Do not normalize 

1450-1475 





Slowly to 


Slowly to 


Slowly and 


5 

1800-1950 

1600 

1450 

1600 

1450 15 mln.-l hr. 

1450-1500 

Uniformly 

1-4 hra 



Slowly to 


Slowly to 


Slowly and 


6 

1800-1950 

1600 

1450 

1600 

1450 15 min.-l hr. 

1450-1500 

Uniformly 

1-4 hrs 


*The temperature at which to start forging is given as a range, the higher side of which 
should be used for large sections and heavy or rapid reductions, and the lower side for smaUer 
sections and lighter reductions. 

^Cooling rate 60* max. per hr. to 1000*F. 


Table m 

Heat Treatments for Pneumatic Rivet Sets 


Steel 

No. 

Rate of Heating 
for Hardening 

Hardening 
Temp. T. 

Time at 
Heat 

Quenching 

Medium 

Tempering 
Temp. ‘P. 

1 

Slowly and Uniformly 

1450-1500 

15 min. 

Brine or Water* 

300-550 

2 

Slowly and Uniformly 

1450-1500 

15 min. 

Brine or Water* 

300-550 



[1426-1460 

15 min. 

Brine or Water 

300-550 

3 

Slowly and Uniformly j 

11550-1600 

15 min. 

Oil 

300-550 



[1650-1750 

15 min. 

Oil** 

450-600 

4 

Slowly and Uniformly | 

1550-1600 

15 min. 

Water 

450-600 

5 

Slowly and Uniformly 

1550-1660 

15 min. 

Waterc 

600-800 

6 

Slowly and Uniformly 

1625-1575 

15 min. 

Brine or Water 

650-750 


*A 10% brine solution is used. 


>>For this treatment, oil is the preferred quenching medium. 

this steel contains around 0.50% molybdenum, it may be quenched in oil by using a tem¬ 
perature approximately 25-50*F. higher than the temperature for water quenching. 


*Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows: N. I. Stotz, Chairman, A. 8. Jameson, A. J. Scheid, Jr., O. V. Luerssen, W. H. Wills, 
Bums George, J. B. Brb, P. J. McCarthy, F. F. McIntosh, J. H. McCadle, C. L. Harvey, H. T. 
Cousins, J. A. Succop, A. D. Beeken, Jr., J. P. Howley, H. A. Anderson and S. O. Spalding. 
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Qoenehing and Temperinf—It is recommended that the rivet sets should be 
completely immersed while a gentle stream of the quenching medium is being forced 
into the cup. When quenching, it is good practice to hold the rivet set with a special 
pate Of tongs to keep the water away from the ring, but which at the same time 
peAite nnuorm cooling of the cup and shank. 

The iBets should be tempered all over at the temperatures given in Tables III 
and VI. 


Table IV 

Approximate Chemical Composition of Steel for Rivet Dies for Hot Pressing* 

Steel 

No. C W Or V 


1 0.90 4.00 

3 0.50 2.00 1.25 0.25 

S 0.35 10.00 3.00 0 50 

•See Footnote • In Table I. 


Table V 

Forging and Annealing for Rivet Dies for Hot Pressing 


Steel 

No. 

Start 

•F. 

-^Porglngo— 

Do not Forge 
Below °P. 

Rate of 
Heating 

!• 

1850-1950 

1600 

Slowly to 
1550 

2« 

1850-1050 

1550 

Slowly to 
1450 

!• 

2050-2160 

1650 

Slowly to 
1550 


•After forging cool slowly in lime or mica. 
^See footnote • in Table IX. 

«Do not normalize these steels. 


Temp. 

“P. 

—^Annealingc— 
Rate of 
Heating 

Time at 
Heat 

Rate of 
Cooling 

1450-1500 

1 hr. per 

1-4 hrs. 

Max. 60** 


in. max. 


per hr. to 


thickness 


IDOO^P. 

1450-1500 

Slowly and 

1-4 hrs. 

Max. 50^* 


Uniformly 


per hr. to 


1 hr. per in. 


1000"P. 

1600-1650 

1 hr. per 

1-4 hrs. 

Max. 50* 


in. max. 


per hr. to 


thickness 


1000"F. 


Table VI 

Heat Treatments for Rivet Dies for Hot Pressing 


Steel 

No. 

Preheat 

Temp.'F. 

Rate of heating 
for Hardening 

Hardening 
Temp. •P. 

Time at 
Heat 

Quenching 

Medium 

Tempering 
Temp. ®P. 

1 


Slowly and Uniformly 

1750-1850 

15 min. 

Alr» 

OSO-llOOb 

2 


Slowly to 1400 

1650-1750 

10-30 min. 

OU 

900-1100 

8 

1506-1510 

Rapidly from Preheat 

1850-2150 

Do not soak 

Air or OU 

1000-1260 


similar to high speed 


•Quench in low pressure air blast or stiU air. 

^This tempering range is for dies quenched in air blast. When cooled in still air the 
dies are usuaUy not tempered. 
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Composition and Heal Treatment of Taps and Other 
Thread Cutting Tools* 

(See also the General Heat Treatment Article for Tool Steels, Page 967.) 


General—This article covers the process to be followed in the heat treatment 
of taps and other thread cutting tools when made from the steels listed in Table I. 

Table 1 

Approximate Chemical Composition for Taps and Thread Catting Tools^ 


Ste^ 

No. C Mn W Cr V 


1.15 0.30 1.60 0.50 0.SO 

2 1.15 

3 0.70 18.00 4.00 1.00 

•This steel is available with optional percentages of Cr or V, either singly or In eomblnatton. 
i>The analyses given are type analyses only. Actual analyses of the steels they represent will, 
of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation in analysis of any steel from these averages, the more the treatment may 
differ from that recommended. 


Annealing—Place the steel in the furnace and heat slowly and uniformly to 
the temperature given in Table II. Hold at temperature for sufficient time to obtain 
complete penetration of heat. It is recommended that the steel should be protected 
from furnace gases when heating and cooling. After properly heating, cool slowly 
in the furnace. 


Table 11 

Forging, Normalizing and Annealing of Taps and Other Thread Catting Tools 



-Porging<*-. ^Normalizing After Forging—% 

Do Not Time at 


Steel 

No. 

Start 

•F. 

Forge Rate of 
Below ®F. Heating 

F. 

Rate of 
Heating 

Heat, 

min 

Temp. 

®F. 

Rate of 
Beating 

Time at 
Heat 

1 

1800-1M6 

1600 

Slowly to 
1500 

1700 

Slowly to 
1500 

15-60 

1450-1475** 

Slowly and 
Uniformly 

1-4 hr. 

2 

1800-2000 

1500 

Slowly to 
1450 

1800 

Slowly to 
1450 

15-60 

1400-1440 

Slowly and 
Uniformly 

1-4 hr. 

3® 

2050.2150 

1700 

Slowly to 
1600 

Do not normalize 

1600-1650 

1 hr. per in. 

max. 

thickness 

1-4 hr. 

*>11 lead or salt bath 

Is used for heating. 

cool In lime, mica, 

or infusorial earth. 



After forging cool slowly in lime or mica. 

<iThe temperature at which to start forging is given as a range, the higher side of whleh 
should be used for large sections and heavy or rapid reductions, and the lower side for smaUer 
sections and lighter reductions. 

•Cooling rate 50* max. per hr. to IDOO^P. 


Packing—For instructions on packing refer to the general article on the Heat 
Treatment of Tool Steels in this Handbook. 

Hardening—Steels 1 and 2 are frequently heated in salt or lead baths. When 
this practice is followed a quenching temperature approximately 25 °F. hii^er than 
that recommended for furnace heating is necessary. The tools should be preheated 
before immersion in the bath and should be withdrawn from the quenching medium 
when cooled to 200°F. 

Maintenance of thread form and prevention of excessive lead change is more 
difficult with tools made from steel No. 3. Controlled atmosphere furnaces or ^t 
baths are beneficial. When using controlled atmosphere furnaces a high CO content 
with low moisture and COs is suggested. If semimuffie type furnaces are used a 
large excess of gas should be maintained and the tools removed for quenching as 


*Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee wms m 
follows: N. I. Stotz, Chairman, A. S. Jameson, A. J. Beheld, Jr., O. V. Luerssen, W. H. Wills, 
Burns George. J. B. Erb, P. J. McCarthy, F. F. McIntosh, J. H. McCadle, C. L. Harvey, H. T. 
Cousins, J. A. Succop, A. D. Beeken, Jr., J. P. Howley, H. A. Anderson and 8. O. Spalding. 
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soon as the temperature in Table m is reached. The operation should be g^uided 
by the temperature of the threads. 

Temperinf—After quenching, reheat immediately in oil, salt, or furnace for the 
time and temperature specified in Table III. 


Table III 

Heat Treatments for Taps and Other Thread Catting Tools 


steel 

No. 

Preheat 
Temp., ®P. 

Rate of Heating 
for Hardening 

Hardening 
Temp., ®F. 

Quenching 

Medium 

Tempering 
Temp., “P. 

1 


Slowly and Uniformly 

1575-1625* 

Oil 

350>550 

2 


Slowly and Uniformly 

1400-1475‘» 

Brine or Water 

300-550 

3 

1450-1000 

Slowly and Uniformly 

2250-2360« 

Oil, Air or 
Molten Bath 

1025-1150 


>If a lead bath la used for heating, a higher temperature and shorter time at heat may be used. 
i>Hold shortest time possible to thoroughly heat through. 

«When beating in fused salts or controlled atmosphere furnaces, the hardening temperature 
is generally 2275-2350**F. 


Notes About the Process—It is assumed that the tap shanks are below the 
hardening temperature and are not fully hardened. If the shanks have been fully 
hardened they must be tempered in order to toughen them, especially the smaller 
sizes. Acme style threads as well as modified or coarse pitch threads should be tem¬ 
pered at the higher temperatures. 
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Composition and Heat Treatment of Steels for 
Plastic Molds* 

(See also the General Article on Heat Treatment for Tool Steels, Page 987.) 

General—This article covers the steels and their treatments for plastic molds, 
but may not include all types of steels used for this work. 

Plastic materials are those derived from phenol, urea, rubber, casein, and other 
bases, and are molded in steel molds under pressure and usually with heat. Since 
the molded article depends upon the character of the cavity in the mold not only 
for its shape, but for the perfection of its finish as well, it is necessary that mold 
steels be of high quality with regard to cleanness and response to heat treatment. 

The mold cavities are formed either by hubbing or by cutting. The operation of 
hubbing consists of sinking the impression cold with a master hub. Since die 
steels which are to be hubbed must be annealed quite soft, they are usually of the 
carburizing type. 

Where the conditions are such that the hubbing steels cannot be used the dies 
are machine cut. 

Requirements of Mold Steels—From the foregoing it is obvious that a good 
mold steel should have the following properties: 1. Cleanness; 2. Ease of fabrica¬ 
tion in hubbing, machining, and heat treating; and 3. Strength to resist deformation 
in service, and wear resistance. 

Cleanness—It is desirable that the steel be free from internal defects which 
might appear on the surface of the cavity and mar the finish of the product. 
Under operating pressures and temperatures, these internal defects tend to open 
and leave ridges or imperfections on the surface of the work. The hot acid etch 
test as described elsewhere in this Handbook is therefore recommended for the 
inspection of steel for plastic molds. 

Table I 

Approximate Composition for Molds and Hubs* 


Annealed. 

BrlneU 

Steel Hardness. 


No. 

Purpose 

C 

Mn W 

Cr 

Mo 

Ni 

max. 



Steels Used for Molding 





1 

Hubbing 

0.05 

0.15 




100 

2 

•* 

0.10 

0.20 

0.60 


1.25 

125 

3 

Cut die and hubbing 

0.15 

0.45 

1.50 


3.56 

150 

4 

44 

0.15 

0.45 


0.30 

1.50 

150 

5 

Cut die 

0.40 

0.45 

1.50 


3.50 

200 

6 

•* 

0.90 

1.60 




200 

7 

•• 

0.90 

1.10 0.50 

0.50 



200 

8 

• • 

1.50 


12.00 

0.75 


230 



Steels Used for Hubs 





9 

Hubs* 

0.50 

0.40 

0.80 

0.76 

1.50 

200 

10 

Bubs 

0.90 

1.10 0.50 

0.50 



200 

11 

** 

1.50 


12.00 

0.75 


230 


•The analyses given are type analyses only. Actual analyses of the steels they represent wUl, 
of course, vary from these averages a reasonable amount. It should be remembered that the 
greater the variation in analysis of any steel from these averages, the more the treatment may 
differ from that recommended. 

*There are many types of tool steel used for hubs. The steels described here are only meant 
to be typical examples. 


Ease of Fabrication in Hubbing, Machining, and Heit TreatingSome molds 
are shaped largely by hubbing, some by machining and others by a combination 
of both. The depth to which a hub can be driven in, as well as the power needed 
for the operation, depends largely upon the hardness of the mold steel when 
annealed. This in turn depends upon analysis; a steel containing no alloys can be 
annealed considerably softer than an alloy steel of the same carbon content. 
Consequently the easy hubbing steels do not generally make as strong a mold as 


*Prepared by the Subcommittee on Tool Steel. The membership of the subcommittee was as 
follows; N. I. Stots. Chairman, A. 8. Jameson, A. J. Scheid. Jr., O. V. Luerssen, W. H. Wills, 
Burns George, J. E. Erb, P. J. McCarthy. F. F. Mclhtosh. J. H. McCadie, C. L. Harvey, B. T. 
Cousins. J. A. Succop. A. D. Beeken, Jr.. J. P. Howley, H. A. Anderson and S. C. Spalding. 
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those which are more difficult to hub. The selection of the steel will tl^erefore 
be a compromise between hnsd strength and wear resistance and hubbing properties. 

Easy and clean machining properties are desirable in mold steels that must 
be machined to shape. Since cleanness is an important factor the high sulphur 
types are not desirable, and careful annealing must therefore be depended upon 
to produce the required machining properties. 

In heat treating there are three factors which must be carefully watched in 
addition to the usual requirements, namely distortion, scaling and soft spots. All 
three are very undesirable. 

Strength and Wear Resistance-^The question of strength is vital in dies having 
thin sections, or in large dies where an entire surface may sink under heat and 
pressure. In the latter instance when a case hardening steel is used, core hardness 
is of considerable Importance. 

Wear resistance is of importance on long run dies, and is greatly improved by 
the addition of alloys. 

Steel Compositions and Treatments—Table I shows average analyses of a number 
of die steels used in plastic molds. Included are several tool steels used in making the 
hubs. Tables n and in give the heat treatment for these steels. Since it is some¬ 
times necessary in the hubbing of deep impressions to reanneal between operations, 
this table also covers annealing treatments. 

Details of Four Steels—The type of steel selected will depend upon a number 
of factors involved in the particular application. The entire field can usually be 
covered by four steels, namely No. 1, 2, 3 and 6 in Table 1. 


Table n 

Forging, Normalizing and Annealing Molds and Hubs 


•Forging^-- Normalizing After —-Annealing 

Do not Forging 

Forge Time at 


steel 

No. 

1 Start 
•F 

Below 

®F. 

Rate of 
Heating 

®F. 

Rate of 
Heating 

Heat. 

min. 

Temp. 

op 

Rate of 
Heating 1 

Time at 
Heat, hr. 

Rate of 
Cooling 

1 

1700-2000 

1400 

Slowly 

1600 

Slowly 

15-60 

1525-1560 

Slowly and 
Uniformly 

1-4 

Slowly 

3 

1700-2000 

1500 

Slowly 

1550 

Slowly 

15-60 

1475-1500 

Slowly and 
Uniformly 

1-4 

Slowly 

3 

1700-2000 

1600 

Slowly 

1550 

Slowly 

15-60 

1450-1475 

Slowly and 
Uniformly 

1-4 

Slowly 

4 

1700-2000 

1500 

Slowly 

1550 

Slowly 

15-60 

1450-1475 

Slowly and 
Uniformly 

1-4 

Slowly 

6 

1700-2000 

1500 

Slowly 

1650 

Slowly 

15-60 

1425-1450 

Slowly and 
Uniformly 
Slowly and 
Uniformly 

1-4 

Slowly 

6 

1800-1900 

1600 

Slowly 
to 1500 

1550 

Slowly 
to 1500 

15-60 

1400-1425 

1-4 

Max. 50»/hr. 
to 1000‘*F. 

7 

1800-1960 

1600 

Slowly 
to 1500 

1650 

Slowly 
to 1500 

15-60 

1425-1450 

Slowly and 
Uniformly 

1-4 

Max. 60**/hr. 
to lOOO^F. 

ga 

1800-1950 

1600 

Slowly 
to 1600 

Do not normalize 

1600-1650 

1 hr. per in. 

1-4 

Max. 50'*/hr. 
to lOOO’F. 

9 

1700-3000 

1500 

Slowly 

1550 

Slowly 

15-60 

1425-1450 

Slowly and 
Uniformly 

1-4 

Slowly 

10 

1800-1950 

1600 

Slowly 
to 1500 

1550 

Slowly 
to 1500 

15-60 

1400-1425 

Slowly and 
Uniformly 

1-4 

Max. 50*/br. 
to 1000“F. 

11* 

1800-1950 

1600 

Slowly 
to 1600 

Do not normalize 

1600-1650 

1 hr. per in. 

1-4 

Max. 50*/hr. 
to 1000*F. 


•After forging cool slowly in lime or mica. 

^he temperature at which to start forging is given as a range, the higher side of which 
fhould be used for large sections and heavy or rapid reductions, and the lower side for smaller 
iections and lighter reductions. 


Steel No. 1 is suitable for the manufacture of Intricately shaped molds where ease 
of hubbing is of primary Importance. It can also be used to advantage where only 
short runs are needed. Since the steel can be annealed to 100 Brinell it will permit 
a large amoimt of hubbing. For the same reason it is somewhat difficult to machine, 
although the machining properties are considerably improved when severely worked 
by partial cold hubbing. 

Since this steel is a carburizing t 3 rpe with a relatively soft core extremely high 
pressures are not possible. For short runs, dies may be cyanlded rather than 
carburized. 

Steel 2 is a good general purpose mold steel, applicable to the manufacture 
of practically all classes of molds. While not quite so easy to hub as steel No. 1 still 






STEELS FOR PLASTIC MOLDS 


1031 


its hubbing properties can be made satisfactory by proper annealing. It has the 
advantage of greater core strength, greater case strength, and greater wear 
resistance. It can be machined without great difficulty and can be hardened uni¬ 
formly without danger of soft spots when quenched in either brine or oil. 

Steel No. 3 (as well as 4) is adapted to the manufacture of large dies and for 
dies where maximum strength and length of service are required. While this sted 
is Included under the steels for cut dies some hubbing operations are possible. With 
proper annealing it can be made to machine quite freely. It has the advantage of an 
extremely high core strength to withstand heavy loads even in large sections without 
cracking of the mold surface. It is excellent for wear resistance. It is capable of 
carburizing and heat treatment with no danger of soft spots. 

Table m 

Heat Treatments for Molds and Hubs 


Rate of 

Steel Carbur* Preheat Heating for 

No izing ^F. Temp. ‘*F. Hardening 

Hardening 
Temp. ®F. 

Time at < 

Heat 

Quenching 

Medium 

Tempering 
Temp. ®F. 

1 

1700 

l^hr. per in 

1450-1475 

15 min. 

Brine or 
Water 

300-400 

2 

1700 

IVa hr. per in. 

1450-1475 

15 min. 

Brine or 
Water 

300-400 

3 

1700 

1^ hr. per in. 

1400-1425 

15 min. 

Oil 

300-400 

4 

1700 

IVi hr. per in. 

1400-1425 

15 min. 

Ott 

800-400 

5 


IMi hr. per in. 

1600-1625 

15 min. 

Air 

800-850 

6 


IV 2 hr. per in. 

1400-1475 

Do not soak 

OU 

325-500 

7 


1^ hr. per in. 

1450-1500 

Soak for hardness up to 
% hr. For min, ehi^e 
don’t soak 

OU 

825-500 

8 

1600 

1V& hr. per in. 

1700-1800 

1800-1900 

15-45 min. 

15-45 min. 

OU 

Air 

400-1000 

400-1000 

9 


1% hr. per In. 

1700-1750 

15 min. 

Oil 

400-500 

10 


IV 2 hr. per in. 

1450-1500 

Soak for hardness up to 
^ hr. For min. change 
don’t soak 

Oil 

325-500 

n 

1500 

IVi hr. per in. 

1700-1800 

1800-1900 

15-45 min. 

15-45 min. 

OU 

Air 

400-1000 

400-1000 


Steels No. 6 and 7 are used when it is not desirable to carburize. Hubbing is 
not recommended. Strength and wear resistance are excellent. These steels have the 
advantage of uniform hardness and freedom from size change in hardening. 
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Carburizing Introduction 

By. R. B. Schenck* 

The process now known as carburizing dates back many centuries. The old 
cementation process in which a material similar to our puddled iron was made 
to absorb carbon from charcoal without fusion was the sole source of steel at one 
time. By a sufficiently prolonged exposure small bars of hammered iron were 
carburized more or less throughout their full cross section resulting in the so-called 
**blister steel” of that day. Later came the melting of blister steel in crucibles to 
be foUowed finally by our modem methods of melting and refining. 

As practiced today, the process of carburizing is applied to finished or semi¬ 
finished articles of ferrous metal with the object of increasing the carbon content 
of the surface so that when subjected to suitable heat treatment the surface por¬ 
tions so carburized will be substantially harder than the underlying metal. Thus, 
a low carbon steel article which in its original condition will harden but little on 
quenching, can be carburized and then quenched, producing a hard, wear resisting 
surface and a softer interior. The combined process of carburizing followed by 
hardening has been long known as “case hardening.” 

This combination of hard surface and softer interior made possible by case 
hardening is of inestimable value in modem engineering practice. By the use of 
alloy steels, great strength and toughness in the core can be combined with extreme 
surface hardness, resulting in a composite structure capable of withstanding certain 
kinds of stress to a high degree. For less exacting requirements, there are innumer¬ 
able applications where low or moderate core properties together with a high degree 
of surface hardness can be readily obtained with cheaply fabricated, low priced 
carbon steels. 


*Ohief Metallurgist, Bulck Motor Co., Flint, l^ieh. 

Prepared for the Subcommittee on Carburizing. The membership of the subcommittee was as 
follows: R. B. Schenck, chairman; B. F. Davis, J. A. Dow, R. W. Sehlumpf, H. W. McQuald, and 
O. T. Williams. 
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Carburizing Methods 

By R. B. Schenck* 

General—Commercial carburizing may be accomplished by any one of the fol¬ 
lowing methods: (1) pack carburizing; (2) gas carburizing; or (3) liquid carburizing. 

As implied by the above terminology, the three methods depend respectively 
upon the action of agents which are solid, gaseous or liquid at the carburizing 
temperature. 

In pack carburizing the work is heated in contact with a solid carburizing 
compound in a closed container. In the gas method the work is exposed to the 
action of a carburizing gas in a heated chamber. In liquid carburizing the work 
is immersed in a fused carburizing salt. ' 

A choice of the method to be used depends upon so many factors that it becomes 
rather difficult to set up any definite rules to be followed. The design of the part, 
type and depth of case, permissible distortion, production volume, initial investment 
and operating cost, must all be taken into consideration and present such an in¬ 
volved picture that the only correct procedure is to judge each individual case on its 
own merits. 

Pack Carburizing—The pack method is the oldest and for years has been the 
one most extensively employed. In its various modifications it has been used for 
practically every kind of an article that could be carburized, ranging from type¬ 
writer parts to armor plate. It is usually considered the most fool-proof of the three 
methods, and the safest to use in the absence of trained supervision. 

The usual form of the pack method, frequently referred to as “box carburizing,** 
lends itself readily to either batch or continuous furnace operation. The packi^ 
material provides an excellent support for pieces which tend to warp in heating 
and the natural slow cooling in the containers, where direct quenching is not used, 
tends to hold warpage to a minimum. The outstanding disadvantages are the time 
consumed in heating the charge, the high labor cost Involved in packing and 
unpacking and the preclusion of automatic quenching. 

The only other form of pack carburizing which deserves mention here Is the 
“rotary retort*’ method, suitable only for batch operation. This modification of the 
pack method has been in use for many years. Its application is limited to parts 
which can withstand the necessary tumbling action without Injury. The labor cost 
is low since the work is handled in bulk for both charging and discharging. The 
charge may be either direct quenched or slowly cooled in a suitable container. 
Heating is extremely rapid thus materially reducing the time required for a given 
depth of case. For parts which can withstand the rough handling of this method, 
it is probably the most economical one yet developed. 

Gas Carburizing—Although the gas method of carburizing is not by any means 
a new one, it has never been used as extensively as its possibilities seem to warrant. 
However, gas carburizing is now undergoing intensive development and according to 
present indications may eventually replace other methods to a very large extent. 

One of the oldest commercial forms of gas carburizing is the rotary retort 
method, very similar to the one described under Pack Carburizing but using gas 
instead of solid material. In general, the same advantages and limitations apply to 
both. Stationary horizontal and vertical retorts, also limited to batch operation, are 
used to some extent. 

The most noteworthy development has been in equipment for continuous gas 
carburizing with either automatic quenching, hand quenching, or slow cooling. 
Labor costs are low, but initial investment is high and large units operated at 
high output are necessary if full operating economy is to be attained. The controls 
are rather complicated and the successful operation of these units requires trained 
supervision. 

For work which can be handled in sufficient quantity by the above method, 
the operating costs can be reduced to a low figure, especially where automatic 
quenching is employed. Temperature and case depth are extremely flexible. Units 


*Chlef Metallurgist, Buick Motor Co., Flint, Mich. 

Prepared for the Subcommittee on Carburizing. The membership of the subcommittee was as 
follows: R. B. Schenck, chairman; B. F. Davis, J. A. Dow, R. W. Sohlumpf, H. W. MoQoald, and 
O. T. WlUlams. 
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are now in operation at ISOO^’F. producing cases of 0.005 in. on automotive trans¬ 
mission gears. Equally satisfactory operation is being obtained with heavy cased 
work at temperatures as high as 1800*’F. 

An important characteristic of gas carburizing is the ease with which the 
case compo^tion can be controlled. By suitable adjustment of time, temperature and 
gas composition, the surface carbon and the carbon gradient can be varied to meet 
almost any requirement. Additional hexibility is available in batch operation by 
varying the rate of flow and composition of the gas throughout the cycle. 

Liquid Carburizing—Progress in the technique of liquid carburizing, both with 
respect to the carburizing agent and the equipment, has been extremely rapid in 
the last few years. The new activated baths with their higher rate of penetration 
and better quality of case, together with improved methods of heating and control, 
are extensively replacing the old cyanide pot in the more progressive plants. Auto¬ 
matic handling is also being introduced in certain applications with marked success. 

Liquid carbiurizing is used for light cases at moderate temperatures. For case 
depths of more than about 0.030 in. other methods are employed. The process 
is extremely flexible, easily controlled and particularly well adapted to small imits. 
With continuous operation and automatic quenching, labor costs can be reduced 
to a low figure. The largest single item of operating expense is the carburizing salt. 
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The Mechanism of Carburization 

By R. W. Schlumpf * 

Sources of Carbon—The carburization of steel is effected by heating it to rela¬ 
tively high temperatures (usually within the range of 1600-1800'’P.) in contact with 
carbon-bearing materials which are capable of yielding carbon to the metal surface. 
These carburizing materials can be gases, liquids or solids. 

The most important carburizing gases arq carbon monoxide and hydrocaihons 
such as methane, ethane, propane and butane, which exist as gases at atmospheric 
temperature and pressure. 

Carbon monoxide is the carburizing agent in the so-called '*pack*’ method of 
carburizing, where the metal to be carburized is packed in a sealed container with 
some form of free carbon to which is usually added a metallic carbonate. The 
metallic carbonate or “energizer** decomposes when heated and yields carbon dioxide 
gas which in turn reacts with the free carbon in the mixture to form carbon 
monoxide gas. 

The hydrocarbons, methane and ethane, are the principal carburizing agents 
in the so-called “gas** method of carburizing where either natural or manufactured 
gas containing relatively high percentages of either or both of these hydrocarbons 
is brought in contact with the steel at carburizing temperatures. Propane and butane 
are liquified under pressure for transportation and storage, being converted to the 
gaseous state preceding their introduction to the high temperature of the carburizing 
chamber. Hydrocarbons that exist as liquids at atmospheric temperature and 
pressure are converted to gases when introduced into the high temperature car¬ 
burizing chamber. 

Carburizing liquids are generally defined as chemical salts of the cyanogen 
radical type that yield carbon by direct or indirect action when heated in contact 
with the steel. The temperature required for carburizing action is above the melting 
points of these commercial salt-type carburizing materials, hence these carburizers 
are used in the liquid state and the process is referred to as liquid carburizing. 

Solids have no practical importance as direct carburizers. The solids involved 
in the important commercial carburizing processes all have an indirect action in 
that they are only accessory to the generation of the direct-acting carburizing agent. 
It is generally agreed that steel cannot be carburized in direct contact alone with 
any of the commonly used forms of free carbon. It has been demonstrated that 
steels such as S.A.E. 1020 and 3115 show no measurable amount of carburization 
after heating to a temperature of 1700®F. for several hours in contact with hard¬ 
wood charcoal in an atmosphere evacuated to about 5 mm. of mercury. In repeating 
this test with the vacuum pump disconnected and the container closed with a non- 
pressure-tight seal a case depth of about 0.060 in. was obtained under the same 
conditions of time, temperature and carburizing material. 

Molecular carbon such as soot that has been formed by the dissociation or 
decomposition of a carbmizing gas is relatively inactive and can become active 
for carburizing only by recombining with another element to form a carbon 
compound. 

Absorption and Diffusion of Carbon in Steel—All carburizing depends on the 
ability of the carburizing medium to supply atomic carbon to the metal surface. 
Whether this atomic carbon passes directly into the space lattice until a saturation 
value for the existing temperature is reached or whether the carbon atom is con¬ 
veyed into the metal by a chain of interactions in which iron carbide is first formed 
at the surface and then, through dissociation, yields carbon to the next group of 
iron atoms is still controversial. The equations representing the carburizing reactions 
for two of the common gaseous media may be stated as follows: 

2CO COa + c 

C + ’3Pe ^ PcgC 

2CO + 3Pe ^ PCbC + COa 

CH4 C + 2R3 

CH« + 3 Fe FesC + 2H9 

The equilibria involving these reactions in the carburization of steel are shown 
in the diagrams prepared by various investigators.*'^ 

*Metallurgioal Engineer, Hughes Tool Co., Houston, Tex. 

Prepared for the Subcommittee on Carburising. The membership of the subcommittee was as 
follows: R. B. Sehenck, chairman; B. P. Davis, J. A. Dow. R. W. Sehlumpf, H. W. McQuald, and 
O. T. Williams. 
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Iron carbide can be formed by the reaction of iron with carbon monoxide at 
temperatures as low as llOO'^P. This would indicate that the formation of carbide 
at the surface of the metal is the first step in the mechanism by which carbon is 
absorbed. This belief is supported by the fact that at low carburizing temperatures, 
where the rate of diffusion is low, it is possible to build up a surface carbon content 
by the continued formation of iron carbide considerably in excess of the saturation 
value for the austenitic solid solution. When carburizing at 1700''F. it is likely that 
carbon atoms first saturate the austenitic solid solution with carbon and when 
supersaturated the austenite precipitates Fe,C. When carburizing at the low tem¬ 
perature of IISO^'F, the ferrite supersaturates in the same way and precipitates FesG. 

Diffusion tests at higher temperatures, with the gaseous carburizing medium 
removed, show that carbon will diffuse inward from this surface carbide. The 
ability of iron carbide to furnish diffusible carbon is demonstrated by tests where 
white iron particles were placed in a low carbon steel chamber which was then 
evacuated to about 5 mm. of mercury, heated to ITOO'^F., held for several hours 
and then slowly cooled. After cooling to atmospheric temperature the vacuum pump 
was disconnected, the steel chamber sectioned and found to be carburized where it 
had been in contact with the white iron particles. The bottom part of the chamber, 
in contact with the white iron particles of about 100 mesh size, was carburized 
to about twice the depth that was observed immediately above where 20-40 mesh 
particles were placed on top of the 100 mesh layer. The general appearance of the 
contour of the inner edge of the case indicated that the carburization had taken 
place by linear diffusion of carbon from each point of contact of a white iron 
particle. The top part of the chamber above the charge of the iron carbide-bearing 
particles showed no carburization. This test was repeated with pulverized hardwood 
charcoal under the same conditions of temperature and pressure and no carburiza¬ 
tion was observed. 

The degree to which the 
carburizing gas actually pene¬ 
trates beneath the surface of 
the steel before liberating atomic 
carbon or reacting with the steel 
to form iron carbide is contro¬ 
versial. While there is definite 
evidence that oxygen as well as 
carbon is released for diffusion 
into the steel when carburizing 
with carbon monoxide and that 
hydrogen can diffuse along with 
the carbon when carburizing 
with methane, the exact extent 
to which these carbon-bearing 
gases might penetrate before 
decomposing has not been def¬ 
initely determined. It can only 
be broadly stated that the extent 
of penetration would be deter¬ 
mined by sub-surface equilibria 
in the system CH 4 -C-H 9 -Fe,C- 
austenltic solid solution when 
carburizing with methane or 
CO-O-COt-FeaC-austenitic solid 
solution when carburizing with 
carbon monoxide. It has been 
suggested that the jog usually 
observed near the surface in carbon gradient curves for the lower carburizing tem¬ 
peratures might indicate the zone of gas penetration and that portion of the curve 
above the Jog represents gas decomposition, carbide formation and carbon diffusion 
while the curve below the Jog represents carbon diffusion only. 

Another factor that might play an important part in the mechanism of carbon 
absorption is the possible metal vapor phase in existence at the surface of the steel. 
Evidences of this metallic vapor phase or sublimation of the iron have been 
observed in carburizing with hydrocarbon gases but have not been studied in suffi¬ 
cient detail to identify or definitely establish the authenticity of this factor. Samples 
of soot from a basket taken from a production methane-carburizing heat were 
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Case Depth, in. 

Fig. 1—Carbon Gradient Curves for S.A.E. Steel 3115. 
Carburized at ITOO^’F. in Hardwood Charcoal. Coke, Sodium 
Carbonate Compound. 
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found to analyze as high as 30% iron. The iron was apparently thoroughly dis¬ 
tributed throughout the soot and was not confined to layers inunediately in contact 
with the surface of the steel that had been carburized. Evidences of a metallic 
vapor phase have been found in heating other metals in the presence of hydrogen 
in a sealed container to temperatures well below the meltixig point. While it is 
possible that this metallic vapor phase might be a volatile metallic compoimd rather 
than the true vapor phase of the metal we cannot neglect to consider that it would 
be expected to be a very active intermediate agent in the transference of carbon 
from the carburizing medium to the steel. 

Catalysis is still another 
factor that is evident in car¬ 
burization but not thoroughly 
understood. It has been pro¬ 
posed that the metallic oxide 
resulting from the decomposi¬ 
tion of a metallic carbonate 
energizer in the commercial 
pack carburizing compound acts 
as a catalyst in the COt + C 
2CO reaction.” This is sup¬ 
ported by the observation that 
the oxide when used alone as 
an energizer is effective. There 
are evidences that the surface 
of the steel being carburized 
and the walls of the container 
have a catalytic effect on the 
reactions involved in carburiz¬ 
ing. It has been noted that 
under the same conditions of 
temperature, gas flow and pres¬ 
sure in a carburizing process 
with methane that different 
types of metals used for the con¬ 
tainer or fixtures for holding 
the work will exert different in¬ 
fluences toward the deposition of 
free carbon. The probable cata¬ 
lytic effect of an iron oxide skin 
produced on the surface of the 
steel by the Introduction of a 
closely controlled amount of 
water vapor previous to the in¬ 
troduction of the carburizing gas 
in a retort type gas carburizing 
operation has been reported and 
discussed.”' ” The exact mech¬ 
anism of catalysis in carburizing is still elusive and demands further study. 

Under some conditions oxygen-bearing gases present in pack carburizing appear 
to influence the size of the austenite grains developed in the case and the micro¬ 
structure of the slowly cooled product (McQuaid Test, page 750). 

Mechanism of Cyanide Hardening—The reactions occurring in the cyanide bath 
are somewhat complicated and more or less hypothetical. Tests made in vacuo 
indicate that the absence of oxygen prevents carburization. It is therefore generally 
recognized that the conversion of sodiiun cyanide to sodium cyanate is an essential 
step in the process of cyanide hardening. 

The accepted chemistry of the process is as indicated: 

1. NaCN-f-o = NaCNO 

2 4NaCNO + heat = 2NaCN + Na,COs + CO + 3N 

3. 2COsCOs + C 

Sodium carbonate is the ultimate decomposition product of sodium cyanide 
when operated commercially in a fused bath. 

The various activated baths differ in composition. Barium chloride or carbonate 
are ingredients in several baths. Calcium cyanamid with a calcium and sodium 
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Fig. 2—Carbon Gradient Curves for S.A.E. Steel 3115. 
Carburized at different temperatures in same type com¬ 
pound as Fig. 1. 
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chloride is another type. The chemical reactions are, however, all based upon the 
employment of the cyanogen radical introduced by a cyanide compound. 

The chemistry of a typical activated bath utilizing barium salts may be illus* 
trated as follows: 

1. Ba(CN)a = BaCNa + C 

2. BaCNa + NaaCOs = BaO + 2NaCNO 

3. 4NaCNO + heat = 2NaCN + NaoCOs + CO + 2N 

4. 2CO = COi 4- C 

Those containing calcium, where CaO would be formed in the second reaction, 
produce infusible residues in the bath. 

Factors Affecting the Distribution of Carbon in the Case—^Regardless of the 
exact manner in which the carbon becomes a part of the metal, carbon gradient 
analyses indicate that it diffuses in accordance with the laws of linear diffusion 
generalh^ definable by a diffusion equation such as Carslaw's equation for linear 
heat flow. 

In the carburizing process 
the rate of diffusion depends 
on temperature, carbon con¬ 
centration gradient, pressure 
and factor of diffuslvity for 
the particular steel in use. 

Diffusion rate increases quite 
rapidly as the temperature in¬ 
creases. The effect of carbon 
gradient is manifest in the 
speed with which a low carbon 
steel can be carburized .as 
compared with a high carbon 
steel. Pressure is thought to 
be a factor only in so far as 
it influences the concentration 
of active carburizing gas in 
the surface gas-metal equilib¬ 
ria. The diffuslvity factor of 
the steel is related to its 
chemistry in so far as the ele¬ 
ments other than iron and 
carbon are concerned. It has 
been generally observed that 
those alloy elements which are 
not essentially carbide formers 
tend to retard the progress of 
carburization by impeding both 
the surface carbon build-up 
and the diffusing action. The 
elements that are strong car¬ 
bide formers tend to increase 
the surface carbon concentra¬ 
tion and the speed of car¬ 
burization. 

At temperatures within the 
usual carburizing range where the steel exists as austenitic or gamma iron solid 
solution there is the tendency, with high concentration of carburizing agent, for the 
carbon concentration at the surface of the steel to increase imtil the saturation 
value for the austenite (as indicated for any given temperature on the SE line on 
the iron-carbon diagram) is attained and then continue increasing by the formation 
of free iron carbide or cementite. The degree to which the carbon can be built up 
in solution in the austenite or to continue building up by the formation of cementite 
after the austenite is saturated is indicated in equilibrium diagrams prepared by 
various investigators, as previously mentioned. While the carbon concentration is 
building up at the surface the inward diffusion of carbon is in progress. The result¬ 
ing degree of carbon concentration in successively deeper parts of the case (from 
the surface to the core) after carburizing at a given temperature therefore depends 
'OTL the ability of the diffusing action to overcome the tendency to build up the 



Pig. 3 Pig 4 


Pig. 3—Surface of S.A.E. Steel 3115 after carburizing 150 
hours at lOOO^’P. In the same type compound as Fig. 1 and 
slowly cooled from the carburizing temperature. Shows 
concentration of iron carbide. Depth of 0.002 in. analyzed 
3.10% carbon. Etched m nital X 250. 

Fig. 4—Same steel and compound as Fig. 3. Carburized 
130 hours at ISOO^F. and quenched in water from carburizing 
container. Shows existence of free carbide or cementite at 
the carburizing temperature. Etched in Picric acid x 250. 
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carbon at the surface. At the common carburizing temperature of 1700°F. a set 
of curves showing carbon concentration in 3115 steel in a conventional hard¬ 

wood charcoal-coke mixture energized with sodimn carbonate is given in Fig. 1. It 
will be noted on these curves that the steep gradients established in the shorter 
periods of carburization indicate the tendency for rapid build-up of carbon at the 
surface. With the longer periods of carburization the surface carbon increases only 
slightly over that observed for the shprter periods of carburization, being continu¬ 
ously depleted by diffusion. At this temperature the balance between carbon build-up 
and diffusion results in a surface carbon concentration closely approximating the 
equilibrium value for saturated austenite as indicated on the SE line of the iron- 
carbon diagram. 

If the carburizing temperature is lowered sufficiently the diffusing speed is 
reduced to the extent that the carbon can build up to values far in excess of the 
equilibriiun value for saturated austenite. This condition is shown in the set of curves 
(Pig. 2) representing carburization of SAP. 3115 steel at different temperatures 
to approximately the same case depth in the same type of compound as above. The 
carburizing was sufficiently vigorous throughout the period of carburization to 
facilitate the satmation of the austenite dnd then continue the formation of iron 
carbide. At the lowest temperature on this •set of curves (1500®P.) the core still 
contains alpha iron which further retards diffusion of the carbon. The surface 
carbon build-up at this low temperature is illustrated in the photomicrographs of 
Fig. 3 and 4. 

While the selection of carburizing temperature for certain jobs, in some instances, 
might be based on the desire to produce a predetermined carbon gradient in the 
case, the temperature in the majority of commercial applications has been arrived 
at through counterbalancing the diffusion rate factor against the effect of the 
higher temperatures on the physical properties of the steel and on the carburizing 
equipment. 

The relation of time to 
carbon penetration or case 
depth is illustrated in the 
set of curves of Fig. 5 pre¬ 
pared from test runs in a 
production vertical station¬ 
ary type gas retort using 
natural gas at atmospheric 
pressure. These curves ap¬ 
proximate closely the rates 
obtainable regardless of the 
medium used. 

In the pack carburizing 
process the carbon gradient 
in the case can be con¬ 
trolled to a certain extent 
by the choice of the form 
of carbon to be used in the 
compound. If the factors 
in a pack carburizing oper¬ 
ation are fixed as regards 
compound, tempera¬ 
ture, and chemistry of the 
steel the carbon gradient 
of the case can be con¬ 
trolled by a diffusing cycle, 
usually requiring a second 
or additional operation. 

In the gas carburizing 
process the factor of sur¬ 
face gas-metal equilibria can be more easily manipulated by varying the gas flow 
rate, introduction of diluents, interruption of gas flow, and variation of chamber 
pressure, than by varying the temperature, due to the effect of the latter on 
gaseous equilibria. In the CH 4 ^ C + 2Ha system the active carburizer (CH 4 ) becomes 
less stable as the temperature increases while in the 2CO c=± C + CO. system the active 
carburizer (CO) becomes more stable with increasing t^peratures. 



Fig. 5—Relation of Time and Temperature to Carbon Pene* 
tration. Carburized in vertical gas retort using natural gas 
(95.96% methane). Measurements made on triangular test speci¬ 
men. S.A.E. steel 3115. 
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Selection of Carburizing Steel, Case Depth, and 
Heat Treatment 

By Gordon T. Williams* 

Introduction—A great variety of steel types may be used for the production 
of case hardened parts having the qualities described later, that is, a hard, wear or 
fatigue resistant surface on a core of relatively tough, shock-resistant nature, result¬ 
ing in a part of required durability. 

The following two basic factors must be considered first when selecting a steel 
for use in this process: a. Quenching medium to be used as demanded by sections 
and distortion limits; b. Type and degree of stresses to which the finished part 
will be subjected. 

Since these are also the factors which will determine the heat treatment to be 
used, obviously steel and treatment must be simultaneously considered. 

The quenching medium to be used is ordinarily rather easily decided. Water or 
aqueous solutions will be preferred, due to low cost of medium, rapidity of cooling, 
and ease of subsequent cleaning; such coolants will be used wherever simple shapes 
or massive sections permit their application. When sections are thin so that cracking 
or warping is probable, and when accurate contours must be preserved, as in gears, 
slower media, usually oil, must be used. From such consideration decision can be 
made as to relative hardenability required and permitted in the steel. 

The quenching medium must be selected with regard to attainment of desired 
hardness of the carburized surface and also in many cases the attainment of re¬ 
quired hardness and strength of the core at some depth below the surface. The 
critical cooling velocity is, of course, the factor here. If maximum surface hardness 
is the only requirement, steel containing only carbon or low amounts of alloying 
elements will be selected, to be quenched in water. If, however, too much distortion 
would result from this quench, or cracking is encountered, then oil will be used, 
and a steel must be selected having sufficient alloying elements that the lower 
cooling velocity will still be above the critical rate for the steel. 

The type and degree of stresses to which the finished part will be subjected 
will indicate the physical properties demanded in the core, as well as the preferred 
metallographic character of the case and its depth. Static compressive loads normal 
to the surface require only sufficient depth of case and hardness of core that the 
former does not deform when stressed. A case too shallow or a core too weak 
will result in surface deformation under the load. This type of failure is often 
called **brinelling'’ because of its similarity to the effect of Brinell testing of a 
hardened case. Abrasion of the case hardened surface will usually be best resisted 
by a case of maximum hardness, with low contents of austenite to resist fiowing 
under the load, and sufficient depth to give reasonable life in wear. However, wear 
is of several types, and there are many exceptions to the above statement; tsrpe of 
case must be selected to best resist the specific kind of abrasion encountered. 

When bending stresses are encountered, the factors of core hardness and case 
depth are so directly related that they must be simultaneously considered, as shown 
by Woodvine. Pig. 1 illustrates the Woodvine* principle. In this diagram, stress in 
a beam is plotted against distance from the neutral axis, the points along the line 
OA. The endurance limit of the case is represented by BC, that of the core by DG. 
The line BPQG thus represents the endurance limit of the case hardened piece. 
Were the core fatigue limit lower, the point Q would be to the left of the stress 
line OA, and fatigue failure would occur in the core Just below the case. The 
strength of the over-all part may thus be increased by increasing the core strength 
(hardness) or by increasing the case depth. Internal stresses may weaken the case 
but do not add to the strength of the core, so the core is of more importance than 
theoretical considerations would indicate. Probably due to internal stresses. Increase 
in case depth does not raise the case strength except with certain treatments, as 
shown by McMullan.^ 

The combination of case depth and core strength must be sufficient that the 
stress does not exceed the endurance limit of the material at any given distance 
from the neutral axis. It must be noted that stress-raisers, such as notches and tool 


*Metallurglst, Cleveland Tractor Co., Cleveland. 

Prepared for the Subcommittee on Carburizing. The membership of the subcommittee was as 
follows: R. B. Schenck, chairman; E. F. Davis. J. A. Dow. R. W. Schlumpf. H. W. McQuaid, and 
O. T. Williams. 
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marks, will make the direct application of this principle ineffective * Since the rate 
of carburization falls off rapidly as greater depths are sought, a more economical 
method of meeting the stress-resisting requirements is by improving the properties 
of the core. Also, increased case depth is attended by greater internal stresses after 
hardening and greater tendency to spallixig of the case. 

For resistance to such service the steel to be case hardened should be selected 
on the basis of physical properties attainable in the core after a heat treatment. 

The required core strength may be insured by the use of steels of suflcient 
carbon or alloys or both to give hardening (strengthening) to the desired degree.* 
Carbon alone will not cause the development of high core properties except with 
high quenching rates, as in thin sections or with drastic cooling. Thus when 
accurate contours are to be preserved and a slower (oil) quench must be used, the 
core hardening qualities of carbon must be supplemented by alloying elements; 
the amount of these two effects being determined by the sections and strength 
requirements.^ Since the percentage of alloying elements is reflected in the cost of 
the steel, and since the higher alloy steels in general are more difficult to process 
both in machining and in heat treating operations, there is a growing tendency 
toward the use of moderately alloyed steels with carbon percentages higher than 
previously employed. Until a few years ago, “carburizing steels” had 0.08-0.25 
carbon, the lower ranges being preferred. Today, however, gears and other automo¬ 
tive parts, for example, are being made to withstand higher stresses by the use 
of moderately alloyed steels with carbon contents up to 0.40%. and often the case 
depths are being decreased, as permissible in accordance with Pig. 1. 

Selection of Steel 

Plain Carbon Steels—In this class are those steels containing only carbon (in 
addition to the usual percentages of such elements as silicon and manganese), 
or such slight amounts of alloying elements that the critical cooling velocity of the 
carburized case is normally only reached by quenching in aqueoiu^ media. Chromium 
up to 0.30%, or manganese up to 1.5%, are sometimes deliberately added to the plain 
carbon steels to accentuate the hardness or wear resistance of the surface, but 
these quantities may not be sufficient to permit full hardening in normal sections 
with oil or similar media. Carbon above 0.25% is infrequently used in standard 
practice due to brittleness of such steels in the fully quenched core. Core strengths 
of about 100,000 psi. with adequate toughness can rarely be exceeded with these 
steels. Heat treatment is simple and easUy controlled. 

Moderately Alloyed Steels—Those steels containing from 1-2% total alloying 
elements such as nickel, chromium, manganese, vanadium, and molybdenum, in 
addition to carbon, have sufficient hardenability that maximum hardness is usually 
attained by oil quenching, and desired core properties up to a tensile strength of 
175,000-190,000 psi. are obtainable with suitable toughness by selection of analysis. 
In this class also fall the steels containing 0.20 to 0.30% molybdenum with no 
other alloys, made with controlled hardenability. Carbon content up to 0.40% may 
be specified to increase the core strength, the alloys providing the required tough¬ 
ness and depth-hardening characteristics. The differences between the various alloy 
types in this classification are difficult to demonstrate, being easily overshadowed 
by differences in processing technique and individual preferences.* In general, there 
is a growing tendency toward the use of chromium as the principal alloying element 
due to decreased likelihood of austenite retention. The ready response of steels 
of this general class to heat treatment has permitted simple and accurate heat 
treating procedures to be established. 

High Alloy Carburizing Steels—In some instances the sections and service re¬ 
quirements are such that a total of alloying elements over 2% must be used to give 
the desired core properties. The elements used are the same as above, but carbon 
content is held to 0.20 maximum because of the intense hardening power of these 
steels. Low quenching rate is required to harden to the maximum. Extreme core 
toughness and strength may be developed. The cost of steel and processing limits 
the use of these steels. Probability of austenite retention in the hardened case 
necessitates special, sometimes elaborate, heat treating cycles. 

Grain Size and Abnormality—The grain grc'^'th tendency of a specific piece of 
steel at the carburizing temperature has a markcu effect on physical properties and 
distortion after subsequent hardening. Steels of McQuaid-Ehn grain size of 5 or 
finer are almost invariably preferred and usually demanded. In a limited number 
of applications, the greater hardenability of the coarser grained steels warrants their 
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use in spite of Increased distortion and reduced toughness/ Abnormality often 
accompanies fine grain in the McQuaid-Ehn test. Although the cooling velocity for 
full hardening must be greater for an abnormal than a normal steel of .a given 
analysis, the change in critical rate is marked only in plain carbon steels when 
NaCl or NaOH solution is often required in quenching these to avoid soft spots. 
“Normar' steel is therefore frequently specified in the plain carbon types where 
freedom from soft spots after water quenching is required. Specifications as to 
normality are, however, rarely used in the alloy t 5 rpes. Abnormality, Implying rapid 
spheroidization of carbides, may be definitely advantageous in avoiding residual 
networks of carbide after certain treatments. 

Selection of Case Type and Depth 

Case Depth—’For ordinary engineering application several combinations of case 
depth and steel analysis may be used. In accordance with the Woodvine diagram, 
Fig. 1, an increase in core strength, accomplished by increasing alloy content or 
carbon content or both, permits a reduction in the depth of case required to resist 
bending stresses. Likewise, if compressive loading is to be resisted, an increase in 
core hardness will aid in giving a nondefiecting case, as will increased case depth. 
For resistance to abrasion only, service life will usually be proportional to case 
depth alone. Obviously, therefore, a wide range of case depths may be employed 
on any given part, consideration of over-all properties and manufacturing economy 
determining the steel analysis and selected depth. 

As shown by time-penetration curves in the article on Mechanism of Carburizing, 
case depth increases rapidly with short times at heat, but after approximately 8 hr. 
the rate of penetration reaches a low and constant value. Consequently, case depth 
specifications are kept low enough that time required is not excessive. Carburizing 
costs include not only labor, which is little affected by increased time in furnace, 
but also furnace and heat resisting alloy costs. 

The most common case depth is probably 0.045-0.060 in. Such a depth is obtained 
in 8 hr. at 1700®P. 

Decrease in depth may be permitted when service is light or when core properties 
are improved by use of higher carbon or alloy content. As discussed later, this 
principle is being increasingly applied to gears, giving a product economical as 
regards steel and processing cost, as well as meeting the requirements indicated by 
the Woodvine diagram. Small or thin parts may of necessity be made with shallow 
case because of the brittleness which would otherwise result. A frequently applied 
rule-of-thumb states that the thickness of the case must not exceed one-sixth the 
section, if toughness is to be had. 

Increased case beyond the normal depth is expensive to attain, and should 
only be specified when demanded by service requirements. Heavy duty gears, for 
example, are often made with case depth of 0.060-0.090 in. and parts requiring 
long life under highly abrasive conditions may have cases as much as H in. deep. 
If much of the case is to be removed by grinding, obviously this must be allowed 
for in carburizing. 

In connection with selection of case depth, it is well to bear in mind that, as 
shown in the article on Mechanism of Carburizing, the maximum carbon content 
and thus the maximum actual hardness at the surface are relatively independent 
of case depth. However, if the hardness test to be applied involves a heavy load 
with considerable penetration of the piece, a relatively deep case may be necessary 
to give a satisfactory hardness test result. For example, a high Rockwell C reading 
can be obtained only with cases having a hard layer over 0.025 in. deep, yet a case 
but 0.005 in. deep will give as great file hardness as the deeper cases. The readings 
obtained also depend on the support given the case by the core. Allowance should 
be made for these factors in selecting test methods for use with lighter cases. 

Table I, from Boegehold and Tobin, summarizes typical applications and require¬ 
ments.* 

Type of Case—For two reasons it may be desirable to avoid a hypereutectoid 
layer. First, if the work is slowly cooled from carburizing, proeutectoid cementite 
will be rejected to the grain boundaries, usually forming a network. This will be 
redissolved in the hardening treatment but slowly, especially if the carbides are 
complex, and only if heated to the required Acm temperature. Residual grain¬ 
boundary cementite in the finished piece is a frequent cause for failure due to 
brittleness. Second, even though direct quenching is employed and the sepai'ation 
of proeutectoid cementite inhibited, the hypereutectoid carbon content will tend 
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to increase austenite retention. For most applications a martensitic case free from 
austenite is preferable, consequently, if the steel is highly alloyed and thus suscepti¬ 
ble to austenite retention, carbon content of the case should be held to the lowest 
amount compatible with full hardness, usually eutectoid content. 

In certain applications, presence of cementite in the case is desirable to aid 
in wear resistance. For such applications it is important that the carbon content 
be high, the excess carbides being preferably in spheroidal form. 

Heat Treatment Classification—A carburized piece must be regarded as a duplex 
material, that is, a high carbon surface, and-a low carbon core, with a more or 
less gradual transition from one to the other. Two critical temperatures are thus 
involved in hardening, and the excess carbide of the case may or may not be 
dissolved at the hardening temperature selected. 


Table n 

Heat Treatment Classifications 


S.A.E. 

Steels* 

Alloys 

Critical Points 
Case Aci Coret Acg 

Preferred 
Treatments 
See Fig. 2 

Quenching 

Medium 

Tendency 
to Retain 
Austenite 

1015 

None . 

.1360*P. 

1605-P. 

A,D 

Water or 
5% NaOH 
Solution 

Slight 

1315 

Mn 1%%. 

.1345 

1520 

A.D 

** 


2315 

Nl 3*/a%. 


1440 

C.D.P 

Oil 

Moderate 

2515 

Nl 5%. 

.1250 

1420 

D.P 

•• 

Strong 

3115 

Nl ly^, Cr Wc . 


1500 

E.C 

•• 

Slight 

3215 

Nl 1%. Or 1%. 

.1350 

1465 

D> 

«< 

Moderate 

3312 

Ni 3%. Cr 1^1%. 


1435 

D.P 

Oil or 

Air 

Strong* • 

3415 

Ni 3. Cr . 

.1330 

1425 

D,P 

Oil 


4115 

Cr 1, Mo y 4 %. 


1600 

E.C 

46 

Strong* • 

4615 

Nl iy4. Mo y4%. 

.1336 

1485 

E,C 

•« 

Slight 

4815 

Nl 3Vi, Mo y 4 %. 


1440 

E,F 

•i 

Moderate 

5115 

Cr 1%. 


1550 

E,C 

t« 

Slight 

6115 

Cr 1, V 0.15%. 

.1420 

1550 

E.C 

U 

Slight 

Nl-Cr-Mo Ni VA, Or Vlr. Mo Va% .1350 

•All steels preferably of grain size 5 or finer. 
tAca of core will decrease as carbon is Increased. 

1475 

B,C 

44 

Moderate 

•♦Spheroidlzation of excess carbide by subcritical 
retention. 

treatment 

may be used 

to decrease austenite 


Pig. 2 illustrates the requirements and summarizes the usual methods by which 
carburized work is heat treated,* and Table n shows critical temperatures and pre¬ 
ferred treatments for usual carburizing steels. 

Annealing —^If subsequent distortion is to be minimized, the annealing tempera¬ 
ture should be at least 50® above any temperature to be used later (carburizing). 
This will insure absence of pent-up stresses which might later cause distortion. Rate 
of cooling from the annealing temperature must be regulated to give uniformity from 
piece to piece, and to provide the required structure for best machinability. The 
carburizing operation and the later hardening are severe treatments, so maximum 
freedom from internal stresses must be provided by careful annealing practice on 
any but the simplest shaped parts. 

Carburizing —^Type of case and its depth must be carefully controlled.*-• The 
temperature employed will usually be 1650-1700®P. to give a fair rate of penetration 
without unduly increasing furnace costs. Uniform temperatures must be provided 
to produce uniform carburizing, hardening response, and to control distortion. 

Cooling from Carburizing —Since carburizing is conducted above the critical 
temperature of case and core, hardening of both will obviously occur if the work 
is cooled from this operation faster than the critical cooling rate.*® Prior to the 
advent of steels controlled to maintain a fine grain size at carburizing temperatures, 
such “direct quenching” was useful only for parts of regular shape and section 
because of the danger of cracking and distortion. Currently, however, an increasing 
portion of carburized work is being direct quenched into a suitable coolant, and in 
most cases if a fine grain steel is used, distortion is found to be lower and more 
regular than if parts are slowly cooled and then reheated for hardening. The greater 
difficulty of handling work from the higher temperature (carburizing) and in the 
quantities which are delivered discontlnuously from carburizing furnaces, as opposed 
to reheating for hardening, have led some to prefer the latter procedure. A fiuiher 
handicap to the full use of direct quenching is the greater tendency toward reten- 
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tion of austenite in the hardened case, due to the higher temperature and increased 
cooling velocity.” The higher alloy steels can rarely be used in the direct quenched 
condition for this reason, and many of the moderate alloy steels retain sufficient 
austenite so that the treatment is not acceptable, especially when parts will be 
subject to rolling under load (such as spiral or hypoid gears). Retention of austenite 
and distortion may be decreased in direct quenching by retarded cooling to a tem¬ 
perature above the Ar before quenching. This may be accomplished by transferring 
the work to a furnace held just above ATi and stabilizing the work temperature at 
this level before quenching; a cyanide bath may be used, thus simultaneously ac¬ 
centuating surface hardness. Quenching from the carburizing temperature may be 
followed by reheating above the Ac of the case to give maximum refinement thereof, 
with minimum austenite retention. Direct quenching will give highest attainable 
strength and hardness of core, with toughness lower than maximum; the case will 
be file hard, penetration hardness being with higher alloy steels somewhat below 
maximiun, due to retention of austenite; excess carbide will be dissolved, and the 
embrittling effect of a network of grain-boundary cementite will be absent. 

Most work subsequently to be water quenched is either slowly cooled from the 
carburizing operation or oil quenched to give some refinement to the core without 
danger of cracking or severe distortion. 

Separate Hardening Treatments—A& indicated in Pig. 2, several types of harden¬ 
ing treatments may be applied when work is reheated after cooling from carburizing, 
depending on whether case, core, or both are to be hardened. Most nearly approach¬ 
ing direct quenching is the use of a single reheat to a temperature higher than the 
critical point of the core (and of course, the case). Maximum core strength may be 
attained, with fair toughness; excess carbide in the case may be dissolved, and 
austenite will be retained in the higher alloy steels, although not as much as by 
direct quenching; distortion will be higher than by the latter method, but may be 
held within acceptable limits. This treatment, like direct quenching, is rarely 
applied to plain carbon steels. 

Reheatixig to a temperature only above the critical point of the case may be 
employed either after slow cooling or quenching from carburizing. 

Under the first of these conditions, the core will be soft and moderately tough 
due to the absence of any refining treatment; the case will be hard, but due to 
undissolved excess carbide, may be brittle; distortion will be low due to absence 
of core quench, but adhesion between case and core may be inadequate leading to 
easy spalling of case. If, however, the work has been direct quenched, a high 
degree of refinement results from this combination of treatments. The core is 
fully refined, having high toughness with low hardness; the case will be fully 
hardened, with good toughness due to absence of cementite as network; distortion 
will be considerable. Slow cooling from carburizing, followed by a reheat and quench 
from above the core critical temperature, and then a quench from above the critical 
point of the case, will give similar results but with the maximum possible refinement, 
coupled with a high degree of distortion. This latter treatment is historically the 
most important, the once universal **double quench.’'^ Present control of steels for 
grain growth characteristics, coupled with the demand for higher strength cores, 
and a realization of the futility of high core toughness and impact values, has 
rendered this treatment of declining use and interest. 

A single reheating treatment may be carried on at a temperature above the 
case critical point but below the core critical point; with such hardening, the core 
is partially refined and quenched, the case slightly improved due to some solution 
of excess cementite. This is rarely used due to poor resultant over-all physical 
properties. 

The reheating for hardening is sometimes preceded by a treatment at a sub- 
critical temperature, for example, 1200-1300°P., for a sufficient time to give partial 
coalescence and spheroidization of the proeutectoid cementite, thus reducing the 
tendency toward austenite retention in the subsequent hardening treatment. 

Tempering —Internal stresses from quenching will be somewhat relieved and 
resistance to cracking in grinding operations improved by reheating the hardened 
work to the highest temperature (usually 275 to 350®) which will not appreciably 
reduce the hardness and wear resistance of the case. The tempering treatment is 
frequently omitted. Some stress relief is offered by any washing operation conducted 
at or near the temperature of boiling water. 

Typical Applications—-Gears constitute one of the most important type of parts 
to which the carburizing process is applied. Because of the high design loads in 
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bending and compression, case hardened gears are usually chosen for heaviest serv¬ 
ice. The design loads, theoretically high, may be tremendously Increased if tooth 
profile or contact is improper, so that distortion is a prime consideration in selection 
of material and treatment for carburized gears. 

Steel to be used will be chosen in accordance with the principles previously 
discussed. The required core physical properties determine the grade or amount of 
alloy, and the manufacturing and heat treating preferences determine the specific steel 
and processing to be used. Quenching is usually in oil, because water, and the more 
drastic media may cause an imacceptable amount of distortion. The plain carbon, 
hardening water types of steel are, therefore, rarely used, where distortion is an 
important factor, the majority of requirements being met by steels of the moderately 
alloyed class such as S.A.E. 3100, 4100, 4600, 5100 and 6100 series. When the highest 
core physical properties are demanded, the higher alloy types may be used. 

From consideration of the stress diagram 
(Fig. 1) it is obvious that as higher stresses 
are imposed, resistance may be increased by 
increasing case depth (costly and, due to de¬ 
creased tough core, embrittling) or by in¬ 
creasing core strength. Or, with constant 
stress conditions, increased core strength will 
permit reduced case depth. For this reason 
there is a growing use of higher carbon alloy 
steels for carburized gears, the case depth 
being reduced as is then permissible. 

The shorter carburizing times make such 
procedures more economical. This combina¬ 
tion of hard core and shallow case was also 
arrived at from consideration of the known 
advantages of cyaniding or otherwise shallow 
case hardening on the usual oil hardened 
gears of 0.35-0.50% carbon moderately alloyed 
steels. The shallow case required may be 
given by gas carburizing or cyaniding as a 
simple extension of the normal heating cycle for hardening.” 

Since minimum and regular distortion is demanded in gears, steels with 
McQuaid-Ehn grain size of 5 or finer, usually 6 to 8, are customarily specified. 

Annealing practice must be carefully controlled, a temperature of at least 50* 
above the subs^uent carburizing temperature being used to insure full stress relief, 
and regulated cooling for best machinability is provided. 

Hardening treatment should be selected in accordance with the previous dis¬ 
cussion, the simplest treatments being preferable to give least distortion, but 
austenite retention must be held to a minimum, particularly when the gears are 
subject to high sliding loads such as in hypoid or worm gearing. Regulation of car¬ 
bon content of case and of quenching temperature and velocity will assist in reducing 
austenite. 

Cams/ui/fs—Selection of steel for such parts as these may be made in accordance 
with the principles previously discussed. Steels of the plain carbon and moderately 
alloyed types are used, surface hardness and wear resistance being a prime con¬ 
sideration. Since grinding after hardening is necessary, distortion must be kept low 
so that excessive straightening is not required. Careful annealing at a temperature 
well above carburizing temperature will aid in minimizing distortion. Hardening 
treatments employed are'usually of the simple reheat type, shown as treatment **A*' 
in Fig. 2, core properties being relatively less important than freedom from distortion. 
Quenching is frequently done in hardening machines wherein the piece is rotated 
while held in guides, thus holding straight enough that additional straightening 
is not required. 

^ To facilitate straightening when necessary, areas of the shafts where the case 
is of no value may be protected during carburizing or the case removed therefrom 
by machining, so that after hardening these portions are ductile and permit bending 
as required. 

Piston Steel for piston pins is selected on the same basis as for cam¬ 

shafts, the carbon and lower alloy types being most frequently used. In some cases, 
however, service loads may be sufficiently high that the use of higher alloyed steel 
may be demanded. Heat treatment should be selected as described above. Center 



Case 


>C0re 


Fig. 1—^Diagram Indicating the fatigue 
range In carburizing steels (after Wood- 
vine>). 
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holes are often plugged to prevent carburizing inside with the consequent reduction 
of available thickness of tough core. 

Spline Sha/ts—The principles already suggested apply to the selection of steel 
and treatment for spline shafts. The moderately alloyed types are preferred unless 
design loads demand greater stress resistance. Compressive load on the case due 
to pressure of the gear on the spline will govern the case depth required, while 
torsional and bending loads will determine core properties needed. Oil quenching 
is preferred for low distortion. 



Fig. 2—^Diagrammatic representation of various hardening treatments for carburized steels and 
summary of case and core properties^. 


Treatment 


Case 

Cor^ 

A 

(Best adapted to 
grained steels.) 

fine 

Refined; excess carbide not dissolved. 

Unrefined; soft and machinable. 

(Best adapted to 
grained steels.) 

fine 

Slightly coarsened; some solution of 
excess carbide. 

Partially refined; stronger and 
tougher than (A). 

(Best adapted to 
grained steels.) 

n 

fine 

Somewhat coarsened; solution of excess 
carbide favored, austenite retention 
promoted in highly alloy steels 

Refined; maximum core strength 
and hardness. Better combi¬ 
nation of strength and duc¬ 
tility than (B). 

(Best treatment for 
coarse grained steels.) 

B 

(Adapted to fine grained 
steels only.) 

p 

Refined; solution of excess carbide 
favored; austenite retention mini¬ 
mized. 

Refined; soft and machinable; 
maximum toughness and re¬ 
sistance to impact. 

Unrefined with excess carbide dissolved; 
austenite retained; distortion mini¬ 
mized; file proof when carbon is high. 

Unrefined but hardened. 

(Adapted to fine grained 
steels only.) 

Refined; solution of excess carbide 
favored; austenite retention mini¬ 
mized. 

Unrefined; fair toughness. 
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Pack Carburizing 

By H. W. McQiiaid* 

Chemical Reactions---With solid carburizers, nascent carbon is formed, on the 
surface of the steel, by the decomposition of carbon monoxide into carbon and 
carbon dioxide. The carbon dioxide formed reacts Immediately with the incandescent 
carbon in the compound to form fresh carbon monoxide. This process is repeated 
as long as there is ample incandescent carbon present to react with the excess of 
carbon dioxide. The decomposition of carbon monoxide occurs at the surface of 
the steel which must be at such a temperature that the nascent carbon formed 
will go into solution in the steel itself. 

Carburizing Compound—The usual commercial carburizing compound contains 
a mixture of approximately 20% alkaline or metallic carbonates bound to a hardwood 
charcoal by the use of oil, tar or molasses. This carbonate energizer is generally 
in the form of barium carbonate with occasionally a small percentage of sodium 
and calciiun carbonate. There is usually added approximately 20% of coke as a 
diluent. The presence of the coke Increases the rate of transfer of heat through 
the compound and hence is of value in obtaining uniform temperatures.. 

Because of the loss of the carbonate energizer, the powdering of the compound, 
and the burning in service, new compound is added before using again. It is neces¬ 
sary to have approximately 8% of the carbonate energizer present in the mixed 
compound. A percentage greater than this has little effect on the rate of carburiza¬ 
tion, whereas a decrease in energizer much below 8% retards the carburizing action 
and decreases the maximum surface carbon content. The addition of new compound 
will vary according to the care used in handling, the amount of direct quenching 
which is done, and the type of binder used in the compound. If care is used in 
the selection of boxes and the handling of the compound it is possible in most 
plants to use at least five parts of old with one part new compound, and some 
plants are operating with smaller additions of new than this. In many plants, 
however, the conditions are such that more new compound is required and it is 
not unusual to find plants making an addition of one part new compound to three 
parts used compound. 

There are available carburizing compounds which do not consist essentially of 
charcoal with a carbonate energizer. Carburizing compounds have been made from 
various combinations of organic materials such as charred leather, burnt bone, raw 
bone, bone or bone with charcoal. These compounds will give satisfactory results 
when properly applied. They are relatively expensive and if no energizer is used 
their carburizing action is slow. Large quantities of bone black compound containing 
a relatively low percentage of energizer have been used for applications where low 
carbon cases are desirable. There have also been large quantities of carburizing com¬ 
pound used in which a water soluble energizer has been impregnated in a very dense 
charcoal. These compounds will usually give satisfactory results. 

Recently compounds have appeared on the market which vary greatly from the 
standard in that they do not use charcoal but substitute a special type of coke. 
Other compounds have been developed which do not use a carbonate type of 
energizer. 

Selection of Carburizing Compound—In selecting a carburizing compound there 
are many factors to consider. The handling equipment is an important factor 
as well as the quenching methods. With work cooled in a well designed box where 
the compound is not subject to exposure to air while at a red heat, it is not 
necessary to give much consideration to the burning characteristics. Where there 
is much quenching from the box, the rate of burning is an important economic 
factor and should be considered in selecting a compound. 

Since the amount of new compound used is determined by the energizer re¬ 
tained by the used compound the method of Incorporating the energizer Is of 
importance. The cost of a compound should be based on lb. of satisfactory work 
per lb. of compound per hr. 

The coated compound is at a disadvantage when compared to the Impregnated 
compound except where handling and cooling conditions are exceptionally favorable. 

^Metallurgist, Republic Steel Corp., Cleveland. 

Prepared for the Subcommittee on Carburizing. The membership of the subcommittee was as 
follows: R. B. Schenck, chairman; E. F. Davis, J. A. Dow, R. W. Schlumpf, H. W. McQuaid, and 
G. T. Williams. 
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If, however, no attempt is made to take advantage of a more stable compound by 
f increasing the ratio of used compound to new, then the more expensive compound 
is of little advantage. 

Packing—The packing of work in the compound is a dusty and somewhat dis¬ 
agreeable operation. For this reason the grouping of boxes, work, and compound 
should be carefully worked out to provide a minimum of compound handling. The 
work should come to the packer, if possible, already stacked and sorted, preferably 
on open trays or in pans. 

A small layer of compound is first put in the empty box. This layer should be 
approximately one in. in depth although with lighter work this can be reduced 
to H in. The minimum amount of compound should be used and this depends 
on the design of the box and the type of work. If the boxes are warped badly, more 
compound must be used on the top to prevent exposure of the work by burning 
away of the compound. Ordinarily, with alloy boxes, much less compound can be 
used than is common practice. The compound is a most excellent heat insulator 
while the metal is a very good conductor. Therefore, any increase in compound 
over the minimum necessary to support the work will result in an immediate and 
important increase in heating time. An increase of % in. in compound between 
the work and the wall of the box is equivalent to increasing the wall thickness by 
many inches. 

It is the usual practice to remove the dust and line particles by screening, and 
between rough handling and the screening a large percentage of energizer and 
charcoal is wasted. The ordinary coated charcoal compound is extremely friable 
and must be handled with great care. If due attention is given to this problem 
the amount of compound used can be greatly reduced. Some of the conveyors, 
storage arrangements, and cleaning devices destroy so much carburizing com¬ 
pound that they become a liability rather than an asset; 

Carburizing Boxes—While heat resisting alloy boxes have become quite standard, 
there are still many applications where rolled steel or cast steel boxes have an 
advantage. The heat resisting alloy boxes are usually made from a nickel chromiiun 
combination. The heat resisting alloy cah be obtained either in the sheet form 
or as a casting. Both types have their advocates. The cast form is generally the 
least expensive especially where boxes are of a nonsymmethcal design. It is possible 
to obtain the cast boxes with a wall thickness which compares favorably to that 
of rolled ^eets, and because of this there has been a general tendency toward a 
reduction in thickness of the walls of cast carburizing containers. The sheet alloy 
boxes are generally used for cylindrical shapes and have proven quite successful in 
these applications providing the welding is properly done. A large percentage of the 
failures with the sheet alloy boxes has been caused by poor welding. 

Before a decision is made to use heat resisting alloys for carburizing boxes, 
a careful investigation should be made to determine the services expected from 
the containers. For boxes which are infrequently used and especially where the 
work being carburized is large and nonsymmetrlcal in section, cast steel or welded 
steel plate often prove more economical than the much higher priced alloy boxes. 
As a rule, however, where boxes are frequently used and the shape and size of the 
pieces do not require boxes of excessive size, the best heat resisting alloy will prove 
economical. 

The design of the box* and the method of packing influence the carburizing 
results. Whenever possible work should be packed with its longest dimension 
vertical. This is an important requirement with shafts and stem pinions. Vertical 
packing permits vertical quenching with the least tendency of the tongs to distort 
the hot work. 

Uniform heating is important and therefore the cylindrical box is to be pre¬ 
ferred to rectangular boxes where the corners heat at a different rate than the 
sides, and where the work in the corners comes to heat before work in the center. 
Center tubes should be used wherever possible. These can be designed as Integral 
with the box or where they must be removed to facilitate handling the work they 
can be separate. 

Carburizing Temperatures and Case Depths^For steels of the flne grained type 
a carburizing temperature of 1675-1700®P. will be satisfactory. There are, however, 
many carburizing furnaces operating at 1725®F. or even 1750®F. with good results. 
These are usually continuous furnaces with carefully controlled cycles. 


*R. W. Rousch and A. C. Dames, A Study of Commercial Carburizing Containers, Trans., A.S.M. 
?. 26, 1938, p. 646. 
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For some steels, especially the higher nickel alloy steels, lower carburizing 
temperatures are used. These steels use a temperature of 1625-1650°F. The same 
temperature is used in some plants to reduce warpage to a minimum. For work 
having a small section where the case depth must be controlled to a maximum of 
a few thousandths still lower carburizing temperatures are employed, and in some 
applications ISSO^F. is used with a bone-base compound low in energizer. 

Even with the best of furnaces and practice at ITOO^'F. it is difficult to obtain 
a total variation from maximum to minimum in a given furnace load of less than 
0.010 in. in case depth. Pack carburizing is at .a disadvantage in producing a case 
depth of less than 0.025 in., unless boxes are properly designed and work scientifically 
packed to eliminate temperature variation. With the standard practice of today 
case depths .of less than 0.025 in. should not be specified for pack carburized work. 
For these light cases a carburizing temperature of 1625-1650®F. is suggested. 

It is difficult to control the maximum carbon content in the case of a packed 
carburized part. Since the rate of evolution of carburizing gas in pack carburizing 
is fixed and is practically always in excess of the amoimt required to supply the 
necessary carbon for a saturated surface, it is customary in pack carburizing to 
obtain a saturated outside surface layer. If the energizer is deliberately controlled 
to reduce the carburizing effect, which can usually only be conveniently done in a 
bone compound, it is possible to obtain cases lower than the maximum which would 
be obtained under ordinary conditions at the carburizing temperature. The total 
carbon above the eutectoid will be greater as the carburizing temperature increases, 
but the maximum surface carbon will increase as the carburizing temperature de¬ 
creases. This is because the solubility of the steel for carbon increases with increasing 
temperature. At low carburizing temperature the surface becomes supersaturated 
with carbon because of the inability of the carbon to diffuse. 

Furnaces for Pack Carburizing—The fimdamental requirement of pack carburiz¬ 
ing is the elimination of variables which affect the temperature of the work. The 
first problem is to secure a furnace that can be controlled to plus or minus 10°F. 
and which heats uniformly throughout within 20 °F. 

As a rule, a furnace with the hearth at floor level is to be preferred, although 
there are exceptional cases where the hearth is more conveniently located at some 
distance above the floor. If the furnace is to be used for carburizing only and 
especially if the loaded boxes are of an appreciable size, the floor level furnace 
is much to be preferred. When quenching from the carburizing temperature, the 
floor level furnace has the* advantage of minimum handling of the hot boxes. 

Many of the so-called “standard” box type furnaces on the market, especially 
those built for oil fuel, are unsuitable for carburizing because of the great variation 
in temperature from one point to another. This type of furnace is especially apt 
to be low in temperature near the door and high in temperature at the back. 
When this difference is known it is often compensated for by putting work requiring 
a deep case in the back of the furnace and the lighter cased work in the front. 

Where the volume of work will permit, a pusher type continuous furnace is 
desirable. The economical Justification of this type furnace is closely related to 
box design and depth of case required. Where case depth is not too great and 
where boxes are designed to reduce the heating time to a minimum the continuous 
pusher type furnace has a great many applications. By careful attention to box 
design it will be found that the case depth can be held to reasonably close limits 
over a wide variation of work size. This requires careful attention to insure a 
reasonably close uniformity of work temperature at the time carburizing begins 
which usually means a temperature of approximately 1500®F. By using a minimum 
of carburizing compound the over-all carburizing time can be reduced to a minimum 
and a wide range of commercial work can be carburized to a 0.040-0.050 in. depth 
in nine hours or less in the furnace at 1700®F. A total of nine hours time in the 
furnace means that approximately five hours are used in bringing the work to 
1700®F. since a case depth of 0.040-0.050 in. will be obtained in four hours at 1700®P. 

A nine or ten hour cycle in a continuous pusher furnace 16 ft. long using two 
rows of 10 in. diameter containers should give approximately the same production 
as three of the usual type furnaces having a clear hearth area of 16 sq. ft. 

The continuous furnace will produce more uniformly heated work, will lower 
fuel and container cost, and probably give less trouble due to variable case depth. 
The actual cost depends on the container design, the ability of the mechanical 
handling device of the continuous furnace to stand up, and the heating char¬ 
acteristics of the continuous furnace. 
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Gas Carburizing 

By J. A, Dow* 

Chemistry—In gas carburizing the carbon to be supplied to the steel Is intro¬ 
duced t^toe work chamber, or retort, of the furnace in a gaseous state, rather than 
in a sollA|Hlrm which yields the desired gases on heating. For an understanding of 
the subjaSi it is unnecessary to consider the reactions involved to be other than 
simple chemical reactions between gaseous compounds of carbon, and iron. Carbon 
is available in the gaseous state as carbon monoxide and as hydrocarbons, such as 
methane, ethane, propane, and butane, present in varying percentages in com¬ 
mercial fuel gases. 

These hydrocarbons break down at carburizing temperatures almost completely 
to carbon and hydrogen if given sufficient time. This rate of breakdown, in terms 
of carbon liberated, is the maximum when the hydrocarbon is undiluted, and the 
minimum when the hydrocarbon is highly diluted by hydrogen or other gases. All 
the gaseous hydrocarbons will break down, if used undiluted for carburizing, at such 
rate as to liberate an excessive amount of carbon in the form of soot or coke on 
all exposed surfaces, in addition to the carbon combining with, or dissolving in the 
steel. If highly diluted, the rate of reaction with the steel is slow as compared to 
the possible rate of carbon diffusion into the steel, and the result is a low carbon 
and relatively shallow case in a given time. With increasing concentrations of 
hydrocarbon in a carburizing gas an upper limit in carburizing rate is reached, this 
limit being apparently the maximum rate at which carbon will diffuse into steel 
at the temperature used. Increases in hydrocarbon concentration beyond this point 
result in increasing free carbon deposit. 

For uniform carburizing it is necessary to maintain in all parts of the furnace 
work chamber, either an uniform concentration of hydrocarbon gas or concentra¬ 
tions above that which produces the maximum rate of carburizing. High hydro¬ 
carbon concentrations, on the other hand, cause deppsition of free carbon in a state 
and quantity which impedes further interaction of the gaseous carbon compounds 
and the steel, and cause shallow or spotty cases. 

Certain gases, such as most natural gases, permit concentrations of hydrocarbon 
considerably above the minimum necessary for active carburizing without damaging 
carbon deposition. It is possible to feed these gases undiluted into the furnace 
retort, sufficient dilution being obtained by the mixing which Immediately occurs with 
the partially spent, or stale, gas in the carburizing chamber. When using this method, 
sufficient feed of carburizing gas must be maintained to produce active carburizing 
at points in the retort farthest from the gas inlet. This minimum rate of gas feed 
may at the same time, however, cause high hydrocarbon concentration and excessive 
carbon deposition near the gas inlet. Where no provision is made for agitating the 
gas, or otherwise obtaining an uniform analysis throughout the chamber, there is a 
limit in the size of the furnace in which this method can be used. 

Because of the gradual reduction in the hydrocarbon concentration of the gas as 
It passes through the retort when using this simple method, the case produced, when 
uniform throughout the charge, is usually a high carbon type undesirable for some 
parts. To overcome this, many plants have successfully adopted a method suggested 
by Day,* and Bramley and Lord* and described by Williams,* and by Gable and 
Rowland.* A period of diffusion following the carburizing, with no gas being intro¬ 
duced into the retort, permits the carbon to diffuse into the steel until the surface 
carbon content has dropped to the desired figure. 

A variation in this method, having considerable merit, is to make the carburizing 
cycle a succession of carburizing and diffusion periods. This and a further modifi¬ 
cation by Guthrie and Wozasek* are both described by Williams.* 

For the heavier hydrocarbon gases, which break down under heat too rapidly 
to permit the use of the above method in its simplest form, and for controlling the 
carbon content of the case produced without the otherwise necessary diffusion 
period, and for better operation of continuous furnaces, many diluting gases have 
been developed with the object of controlling by dilution the rate at which carbon 
is liberated from the hydrocarbon source of carbon. These gases in many cases 


*Bnglneer, Holcroft Ss Co., Detroit. Prepared for the Subcommittee on Carburizing. The 
membership of the subcommittee was as follows; R. B. Schenek, Chairman; E. F. Davis, J. A. Dow, 
R. W. Schlumpf, H. W. McQuald, and O. T. Williams. 
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complicate the chemistry in the furnace, and can be divided into two general classes; 
those gases which contain decarburlzing agents and those which do not. 

The various gases which are Introduced into carbiirizing retorts can be classifled 
under headings as follows: 


Carburizing Oases 

Decarburlzing Gases 

Neutral Oases 

Carbon monoxide, CO 

Carbon dioxide, COs 

Hydrogen, Ba 

Methane, CH 4 

Water vapor, H 3 O 

Nitrogm, Nt 

Ethane, C 9 He 

Propane, C* Hs 

(oxygen burns to produce the 
above gases In the retort) 


Carburizing Gases—f. Carbon ilfonoaridc—Carbon monoxide carburizes by the 
mechanism of the two following reactions: 


2 CO + 8 Pe = PegC + COa.1. 

CO + H* + 3 Pe = PeaO + HaO.2. 


It Will be noted that in giving up carbon to the iron an active decarburizixig 
agent is in each case produced. Moreover the reactions are reversible. Both reactions 
proceed rapidly but liberate only a small amount of carbon before their equilibrium 
is reached and the reaction stops. 

For this reason carbon monoxide can be considered an active carburizing agent, 
yet having only a small amoimt of carbon available per cubic foot of gas. Hence, 
carbon monoxide as a commercial carburizing gas is limited to the ''skin** case 
hardening of medium carbon steels. It is, however, an excellent gas for diluting the 
heavier hydrocarbons, its action being for practical purposes in this case a neutral 
diluent. It does not introduce complications into the retort chemistry. 

2 . ATet/iane—Methane is the slowest of the hydrocarbons in its rate of break¬ 
down under heat, and for this reason is the most easily controlled. Where unaided 
by other hydrocarbon gases in small quantities, and when diluted by inert gases 
only, the methane concentration must be 40% or better to produce active carburizing 
at 1700®P. This concentration must be higher at lower temperatures and vice versa. 

Methane can be considered a sluggish reacting gas carrying in the concentra¬ 
tions necessary for carburizing, a large amount of available carbon per unit of 
volume. 

3. Ethane and Propane—Ethane and propane are alike In their behavior. Both 
break down rapidly at carburizing temperatures, and in concentrations above approx¬ 
imately 1% in neutral diluents, will deposit free soot on the work. These gases 
can be considered rapid-reacting gases carrying only a moderate amount of avail¬ 
able carbon per unit of volume when mixed with neutral diluents in the propor¬ 
tions for best carburizing. 

Ethane is present in almost all natural gases in varying percentages, while 
propane is available in a very pure state in liquid form. 

Decarburizing Gases—Both carbon dioxide and water vapor are active decar- 
burizing gases. They decarburize according to reactions (1) and (2) above, and when 
present in concentrations above 0 . 2 % in the average carburizing gas mixture at 
1700®P. tend to remove carbon from the steel. This decarburlzing tendency can only 
be overcome by a concentration of hydrocarbon considerably In excess of that 
required for active carburizing when diluted by neutral gases only. For example, 
active carburizing is obtained from 1 % of propane in neutral diluents, whereas, 
concentrations of this same gas up to 30% in the mixture fed to a furnace, have 
been found necessary to produce an equivalent result when the diluting medium 
contained approximately 2-3% of water vapor and carbon dioxide. When these gases 
are introduced to a carburizing chamber along with hydrocarbon gases, a rapid 
interaction of the two types of gas takes place, resulting in the disappearance of the 
decarburizing agents and the formation of carbon monoxide and hydrogen. 

Neutral Gases—Atmospheric nitrogen does not apparently enter into any of the 
reactions of carburizing. 

Hydrogen has been considered by many authors as an active decarburizing agent. 
To decarburize, hydrogen must combine with carbon according to the following 
reaction: C 4 - 2 H, CH 4 

Since 2-3% of methane in a gaseous mixture prevents this reaction proceeding 
it is nonexistent in all gas carburizing. 

Carburizing with Gaseous Mixtures Containing Decarburizing Gases—The dilut¬ 
ing media of this type are the products of partial combustion of the hydrocarbon 
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gas and air, produced either in a separate gas generator, or in the furnaOe retort 
Itself by the introduction of gas-air mixtures. If this combustion is carried out in a 
separate chsunber it is the usual practice to condense out much of the water vapor 
formed, and to maintain as nearly as possible a constant analysis, with particular 
emphasis on the carbon dioxide and water vapor contents. 

Two types of gas preparation units are in common use. They differ only in that 
the one t^^ makes use of an externally heated retort or bank of tubes as a cracking 
chamber and can be operated with a richer gas-air mixture than the second type 
wherein the heat required for cracking the gas is supplied by the gas-air mixture 
itself, fired directly into a fire brick lined combustion chamber. A wider range of 
gas analyses may be obtained from the first type, whereas, it is difficult to produce 
a gas containing less than 4% carbon dioxide from the latter style. For carburizing, 
this prepared gas is mixed with natural gas or propane and fed to the carburizing 
chamber. 

Another method in common use is to feed mixtures of propane and air, or nat¬ 
ural gas and air directly to the carburizing chamber. In this instance, combustion 
immediately consumes the limited amoimt of air present, leaving a gaseous mixture 
containing the excess propane, or natural gas, and rather large percentages of the 
decarburizing gases, carbon dioxide, water vapor, and nitrogen. 

The rate at which this type of gas mixture liberates carbon to all surfaces 
changes in its passage through the carburizing chamber, first increasing while the 
decarburizing agents are being removed by chemical interaction with the hydrocar¬ 
bons, then later decreasing as the hydrocarbons are used up. It is possible with 
such a mixture to have slow carburizing near the gas inlet, a coke (carbon) deposit 
at the point of greatest activity, and slow carburizing in places remote from the inlet. 
Uniform carburizing throughout the work chamber may be obtained if sufficient 
hydrocarbon be used to overcome the effect of the decarburizing gases near the 
gas inlet, and a total volume of mixture adequate to supply the parts distant from 
the inlet. It is difficult with these mixtures to obtain uniform carburizing with other 
than high carbon cases unless provision be made for subsequent diffusion. Undesir¬ 
able carbon deposition on the stock usually accompanies this method of carbinizing. 

Table I gives a list of gaseous mixtures of this type which have been used 
commercially. Multiple gas inlets with the rate of feed and composition different at 
the various inlets have given best results on larger furnaces, particularly of the 
continuous type. Carburizing with manufactured gas falls into this classification 
because of the presence of carbon dioxide and water vapor. 

Table I 

Gaseous Carburizing Mixtures Containing Decarburizing Gases 


% Carburizing 

<-Diluent Gas Analysis, % by Volume-» Gas in 

Carburizing Gas CO3 O3 HyO Illuminates CO H3 CHt N3 Mixture* 


Natural Gas. 4.5 0.0 2.5 .... 8.0 9.0 0.5 Bal. 40 

Natural Gas. 0.4 0.3 2.5 0.3 15.8 30.1 15.0 Bal. 45 

Propane . Air 33i^ 

Propane . 3.B 0.0 2.5 1.5 16.2 20.4 6.0 Bal. 20 

City Gas. 3.0 0.6 (dried) 4.3 12.1 44.6 29.8 5.6 


•These examples are taken from furnaces with multiple Inlets and the figures in this column 
are based on the total gas fed to the furnace. The mixture, however, varied considerably from 
inlet to inlet. 


Carburizing with Mixtures of Hydrocarbon and Neutral Gases—Dilution media 
of this type consist of the gases nitrogen, hydrogen, and carbon monoxide, with 
only minute quantities of carbon dioxide and water vapor present, and containing 
in some cases methane in percentages too low to have an appreciable carburizing 
effect. 

When produced in a separate gas generator, a combusted gas-air mixture or 
straight air is passed through a heated bed of charcoal, wherein the carbon dioxide 
and water vapor react with the charcoal to produce carbon monoxide and hydrogen. 

Another method in commercial practice is to use as the diluent medium the 
partially spent gas which issues from the gas outlet of the carburizing chamber. 
This partially spent gas is normally free of decarburizing agents and need be only 
slightly enriched by an addition of hydrocarbon and returned to the retort. 

Carburizing with natural gas, or other pure hydrocarbon fed to the furnace in 
an imdiluted state falls under this classification of carburizing since the spent gas 
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In the retort acts as a diluent to the incoming gas. Intermittent feeding of the gas 
addition at high velocity aids in producing thorough mixing and uniform hyc^o- 
carbon concentration throughout the chamber. 

When using this type of diluting gas only two considerations enter into the con¬ 
trol of the carburizing. (1) Sufficient dilution of the hydrocarbon gas fed to the 
retort must be used or obtained by agitation, to prevent excessive carbon deposition 
near the gas inlet and to maintain reasonably uniform gas analysis throughout the 
chamber. (2) The hydrocarbon addition is varied to produce the type of case 
desired. 

High gas velocities have not resulted in nonuniform carburizing with this type 
of gas mixture. 

Multiple inlets are an aid, reducing the amount of diluent gas necessary, where 
the carbiu-izing agent is ethane or propane, but are not apparently necessary where 
methane is the principal carburizer except on large furnaces. 

Light cases of from 0.005-0.015 in. in depth are being produced at temperatures 
of 1500-1550®P. in from 1-2 hr. total time in the furnace, with excellent control of 
case characteristics, by approximately 1% of propane or ethane in a dilution medium 
prepared from charcoal as described above. This type of gas carburizing is being 
used to replace cyaniding. Parts so treated come from the furnace entirely free 
from scale or soot. 

Commercially Available Hydrocarbon Gases —Natural Qas —Natural gas consists 
chiefly of methane with ethane varying between 5-20%. For carburizing purposes it 
can be considered a hydrocarbon mixture, for practical purposes, free of decarburizing 
agents and containing but small percentages of neutral diluents. Sample analyses 
are given in Table II. 


Table U 

Analyses of Natural Cbui* 
% by Volume 


COa O 2 Illuminates CO Ha CH 4 C 9 H 4 Na 


Cleveland . 0.2 0.2 0.8 80.7 18.0 0.5 

Detroit . 0.1 0.4 .. 76.0 14.0 9.6 

Pittsburgh . 83.4 15.8 0.8 

Canton, Ohio. 1,2 0.8 1.0 .. 79.2 16.1 1.7 

Columbus, Ohio. 0.2 0.8 80.7 17.0 1.5 


Natural gas is to be preferred for gas carburizing because of its relative purity 
and because the high content of the rather sluggish reacting methane makes the gas 
easy to control. 

Propane—Propane is obtainable in a pure state,bottled underpressure as a liquid 
which gasifies immediately under reduced pressure. (See article in this Handbook 
on Liquefied Petroleum Oases.) For carburizing purposes propane from the natural 
gas fields is to be preferred to that made at oil refineries. The latter type contains 
a rather high percentage of propylene which in certain gas mixtures deposits unde¬ 
sirable coke (carbon). 

Because of its purity propane is a very satisfactory carburizing medium and is to 
be preferred to the gases listed below. 

Bnfane—Butane is marketed in a manner similar to propane and is only being 
used for carburizing where it is also the fuel used for heating. It is quite sensitive to 
handle in carburizing and usually covers the work with heavy carbon deposits. 

Manufactured Gas—Manufactured gas can have a wide range of analyses, 
depending on the method of its manufactiue, and in most places a mixture of two 
types is supplied by the utility company, the proportions of each varying with the 
gas load. 

For this reason and because of the rather high carbon dioxide and water vapor 
and low hydrocarbon content, manufactured gas is being used for carburizing in 
few places. To obtain active carburizing it is often necessary to either partially dry 
the gas or to enrich it with propane. Control is difficult because of the varying 
analysis. Manufactured gas is however quite satisfactory for middng a diluent gas 
by some of the methods described, particularly the charcoal gas type, in which case 
propane as the enriching agent becomes a negligible item in operating costs even 
though purchased in bottles. 
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Composition of Manufactured Gas 
% ky Volume 


CO3 Oa Illuminates CO Ha CH4 CaHa Na 


Coke Oven Oas. 1.8 0.6 3.0 18.0 53.1 18.4 5.1 

Carburetted Water Gas.. 6.2 0.6 9.3 24.0 43.3 11.9 0.4 4.3 


Furnace Types—BafcA Type—Horizontal, rotating retort type furnace, gas or 
electrically heated, is used when suitable for parts which are not injured by the 
tumbling action which takes place during the operation. Because of the simplicity 
of the retort section and the absence of trays and fixtures this method of carburizing 
is the most economical. The tumbling action continuously removes soot from the 
parts, making the operation less sensitive to high hydrocarbon concentrations. Fix¬ 
tures can in some instances be used for work which would be battered by the 
tumbling. 

The vertical retort type, gas or electrically heated furnace, with and without 
means of mechanical agitation of the gas in the retort, produces uniform car¬ 
burizing by regulation of gas mixtures. How, and by the location of gas Inlets. 
Mechanical agitation of the gas in the retort is sometimes used in this type of 
furnace. If satisfactorily applied, it eliminates rate of gas input as a factor in 
producing identical cases throughout the charge. This tsrpe is being built for 
operation with certain liquid hydrocarbons as the source of carbon. 

In the horizontal stationary retort type, gas fired furnace, the work is carried 
on trays and fixtures and because of the size of the furnace a diluting gas is 
normally used. The retort life is greatly affected by the thermal shock due to the 
heavy charges of cold stock. 

Continuous Type—Continuous gas carburizing furnaces are all of the pusher 
tray type. The work is carried on fixtures or trays, and may be built for automatic 
quenching, for hand quenching, or for slow cooling in a cooling zone built onto the 
discharge end of the carburizing zone. 

Operating costs on these furnaces are usually considerably lower than with con¬ 
tinuous pack carburizing fiunaces when operated at close to capacity. The hourly 
operating cost however is almost as great when running at half capacity as at 
capacity. Design, and soundness and cleanness of the alloy in the muffle, trays and 
fixtures are important factors in costs. 

Notes on the Operation of Gas Carburizing Furnaces—Case variation can be 
divided into three classes: (1) The variation which occurs on parts at different loca¬ 
tions in a batch furnace, or in a cross section of the muffle in a continuous furnace. 
(2) The variation which occurs from heat to heat or day to day. (3) The variation 
in case on protruding and recessed surfaces of a single piece, or on the exposed 
and unexposed surfaces of parts stacked closely together. 

1. The first type of nonimiform carburizing can be caused by temperature 
variation, which is a conunon occurrence in batch furnaces because of the dlfflculty 
of designing for door and ^d heat losses. The only other cause of this type of case 
variation is a gas of varying analysis throughout the work chamber. 

If no diluting medium is being used, an increase in gas fiow, additional gas 
Inlets, or agitation of the gas in the furnace by Intermittent feed or some form of 
mechanical circulation either inside the furnace or by a return pipe and gas 
booster outside the furnace will overcome this type of case variation. 

If a diluting medium containing decarburi^ing agents is being used, the remedy 
depends on the location in the furnace with respect to the gas inlets of the zone 
of light cases, and has been previously discussed. This type of case variation due 
to varying gas analysis in the chamber rarely occurs when a diluting medium free 
from decarburizing gases is used providing there be adequate total fiow. 

Retort leaks can be the cause of a varying gas analysis in a carburizing chamber 
with all gas carburizing methods. 

2. The case variation which occurs from day to day or heat to heat, may be 
caused by: (a) Change in the analysis of the carburizing or diluent gas. (b) Change 
in the condition of the muffle or other furnace alloy. The hydrocarbon gas fed to a 
furnace may have to be increased 50% or more above normal to overcome an 
oxidized muffle condition. Forty-eight hours may be required to completely con¬ 
dition an oxidized or new muffle, (c) The control thermocouple losing its accuracy. 
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3. The third type of case variation, heavy cases on protruding surfaces and 
light cases in recesses, is apparently more a function of the hydrocarbon concentra¬ 
tion in the carburizing chamber than any other factor and may best be overcome 
by increasing the rate of feed of hydrocarbon. Where this variation occurs on the 
adjacent sides of adjacent parts it may be advisable to separate the parts somewhat 
more inasmuch as an increase in hydrocarbon feed usually causes somewhat 
dirtier stock. 

An intermittent or on and off gas feed may be of help in remedying this 
condition. 

No form of gas circulation ean produce equal scavenging of spent gas from 
protruding and recessed surfaces, nor is apparently much of a factor in this type 
of case variation. 

With equal tendencies to deposit soot and with other conditions constant, the 
higher the content of sluggish reacting methane in the carburizing gas in the retort, 
the better will be the imiformity of carburizing on exposed and recessed areas. Oil 
vapor, if it gets into the gas in the retort, works opposite to methane and causes 
bad case variations. 

The formation of tar in a gas carburizing furnace which is indicated by coke 
(carbon) deposit on the work can best be corrected by the reduction in the rate 
of hydrocarbon feed. In batch operation it is advisable after an initial flushing of 
the retort to shut the gas off imtil the charge is fully at heat. Additions of water 
vapor, carbon dioxide, or air to the hydrocarbon gas seem to cause a greater reduc¬ 
tion in the carburizing power of the gas than in the tendency toward tar formation. 
Oil in the pores of the alloy trays used in a continuous furnace has contributed to 
tar formation. Butane, and refinery propane containing propylene, are more diffi¬ 
cult to handle in this respect than natural gas or the purer' form of propane obtained 
from natural gas. A gradual increase in the hydrocarbon concentration of the gas 
in a furnace retort occurs in many instances for several hours after the gas is first 
turned on and can result in tar formation some hours after the start of the opera¬ 
tion. A reduction in gas feed corrects this condition. Sulphur, if excessive in the 
muffle gas. can act as a powerful deterrent to carburizing. 

A decarburized surface of a few ten-thousandths of an inch in thickness, and 
detectable with a file, can be produced almost instantly if work is allowed to stand 
in a decarburizing atmosphere just before quenching. The life of furnace muffles, 
trays and fixtures, is more a function of the cleanness of the metal and the sound¬ 
ness of the casting, and design, than of the nickel and chromium content of the 
metal. 

Welds have not proven satisfactory where subjected to the action of carburizing 
gases. 
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Liquid Carburizing 

By E. F. Davis* 

Introduction—For many years chemical salts such as cyanides (prussiates) 
have been employed to impart a hardenable surface on wrought iron and low 
carbon steel. These were first used as powders and used in a blacksmith forge, but 
later Immersion methods were installed whereby the parts were dipped into a molten 
bath and allowed to acquire a superficial case which would subsequently become file 
hard by quenching in water or oil. 

Cyanide of sodium or potassium were usually preferred and have proved fairly 
satisfactory for case depths up to 0.010 in., but evidently the nitrides formed on the 
surface at low temperatures become an obstructing agent preventing rapid diffusion 
of the carbon so that the penetration rate is much reduced after an initial case 
of 0.004-0.0065 in. is formed. Although it is possible to carburize to any depth In 
cyanide alone, if the process Is sufficiently prolonged, such a slow method is com¬ 
mercially impractical. 

Development of Activated Baths—The early experiments employing the addi¬ 
tion of an activating agent to a neutral or noncarburizing bath were for the purpose 
of utilizing the infusible calcium cyanamld. This was first exemplified by the 
German Deininger process, and later in this country by the Shlmer process. These 
methods consisted of adding calcium cyanamld at intervals to a molten bath 
composed of a mixture of calcium and sodium chloride. Tn the Shlmer process 
it was deemed necessary to submerge the cyanamld below the surface by means of 
a small metal basket containing the lumps of cyanamld. The bath was '‘re¬ 
activated** from time to time by replacing with fresh cyanamld. Later this process 
of submerging was eliminated by improvements in the method. 

Types of Activated Baths—Both in Europe and the United States a number of 
activated bath formulae have been developed during recent years, utilizing, in 
addition to calcium cyanamld, polymerized hydrocyanic acid, or sodium or potassium 
cyanide with controlling chemicals. Controlling chemicals refer to certain salts 
such as fluorides or special catalysts which govern the decomposition of the cyanides. 
The latter type of bath has all the various constituents fused together and cast into 
lumps or coarsely powdered, and requires no additions at intervals of a separate 
activathig material. 

Carburizing with Activated Baths—The case depth limits that are most eco¬ 
nomical are generally placed between 0.010 and 0.030 in. Above 0.030 in. it is 
usuaUy more cheaply done by standard pack or gas carburizing processes; hence 
its greatest field of utility is the gap between cyaniding and furnace carburizing 
where a closely controlled case is necessary, such as parts of thin section where 
the allowable variable is quite small. Variations as close as 0.003 in. can be obtained 
consistently. 

When deep cases are obtained in activated baths the consumption of fuel is 
increased abnormally and pot life per ton of steel carburized is much reduced. If 
the temperature is increased to shorten the time, pot life is correspondingly lowered. 

Temperature of Carburizing in Activated Baths—Most baths are operated be¬ 
tween 1500 and 1650®F. The lower temperatures are usually employed when only 
a superficial case is desired similar to the cyaniding. Investigations by B. B. Beck- 
witht have ^own little variation in ultimate results obtained from six different 
commercial activated compoimds when the parts were treated under the same 
conditions of time and temperature. The reason for this is no doubt due to the 
fact that steel possesses definite rates of absorption and diffusion of carbides in 
accordance with the temperature attained, and is not influenced to any great extent 
by the richness of the carburizing agent at the surface. 

Character of Case from Activated Baths—The character of the case in activated 
baths is different from that of cyanide. As a rule the case is richer in carbides and 

^MetftUurgist. Warner Gear Co.. Muncie, Ind. 

Prepared for the Subcommittee on Carburizing. The membership of the subcommittee was as 
follows: R. B. Schenck, chairman; E. F. Davis. J. A. Dow, R. W. Schlumpf. H. W. McQuald, and 
O. T. WilUams. 

tB. B. Beckwith, Liquid Bath Carburizing. Trans., A.8.M.. 1938, v. 26. p. 752. 
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contains from 50-75% less nitrides. Nitrides are however present to some extent 
in the case obtained from nearly all the baths now in operation. However, nitrogen 
needles are seldom found in the carburized area of paits treated in activated baths, 
hence may lead to the belief that nitrides are absent. However, analysis of the layers 
of the case will show that some nitrides are present. These may vary from 0.05- 
0.30% in the outer zones. Another difference between the cyanide and activated 
case is that it is possible to obtain eutectoid and hypereutectoid case from these 
mediums and in composition resembles more the carburized than the cyanided case. 

Advantages of Activated Carburizing—^Th*e case obtained from activated baths 
is less brittle than the cyanided due to less nitrides. Where a brittle case is 
objectionable, activated carburizing is often preferred. The activated 
tempers or softens more easily than the cyanided. 

The presence of small amounts of nitrides in the activated case is really an 
advantage because it enables parts of thin section such as stampings, washers, cthq-H 
gears and other parts of small area to be file hard by an oil quench. A large 
percentage of these parts are made of S.A.E. 1010, 1020, 1120 and similar carbon 
steels, which otherwise might require a water quench to produce the necessary 
hardness. Oil quenching reduces the tendency toward brittleness and distortion. 



O so 60 90 

Time, Minutes 

Fig. 1—Case Depths for Activated Baths and Cyanide Baths. 
(Beckwith) 


Furnaces for Activated Baths—Pot furnaces are used with cast steel, heat 
resisting alloy, or welded plate. The furnaces are either gas, oil, or electric fired. 
Where internal electrode heating is used on the activated baths no deterioration 
of the salt has been reported. 

Requirements of an Ideal Activated Bath —i. No infusible residue should accumulate to 
contaminate the bath. 2. It should not require constant attention to keep it in operating condi¬ 
tion. 3. It should not be sensitive to contamination with other salts used in heat treating opera¬ 
tions. 4. It should be fluid and drain off readily when the parts are lifted out of the bath to keep 
take-out losses to a minimum. 5. It should be economical in price based upon volume weight 
molten. 6. lU should wash from the parts readUy. 7. It should carburize uniformly at all times. 
8 . It should not foam badly or corrode containers. 9. It should not be a health hazard to workers. 
10. It should not produce excessive fumes at operating temperatures. 11. It should not promote 
rusting of parts. 12. The decomposition rate requiring additions of fresh salt should approximate 
the amount of loss by drag-out so the volume will not increase by deterioration sufficient to require 
frequent balling-out and loss of material. 
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The carburizing rate based on three different activated baths operating at 
1650*P. gave the following results: 


Temperature, *P. 

Time 

Case X>epth, Xn. 

1690 

45 min. to 1 hr. 

0.010-0.015 

1650 

1 hr. to l)fc hr. 

0.015-0.018 

1650 

IMi hr, to 2 hr. 

0.018-0.022 

1650 

2 hr. to 2V& hr. 

0.022-0.025 

1650 

2^ hr. to 3 hr. 

0.025-0.027 

1650 

3 hr. to 2^ hr. 

0.027-0.030 


The size of the part, the type of furnace used, as well as the weight per furnace 
load would somewhat affect these figures. Some time is consumed to bring the 
parts to temperature and heavy charges of work would lower the bath temperature. 

Case depth determinations by B. B. Beckwitht at different temperatures are 
given in Table I and Fig. 1. 


Table I 

Activated Baths-^ase Depths 


Temp. 

Degrees Bfln- 
Fahr. utes 


S.A.E. 

_ 1015 _ 


(Inches) 

S.A.B. 



S.A.B. 

__ 3115 _ 


Average 

A?er. 

Max. 

Min. 

Aver. 

Max. 

Min. 

Aver. 

Max. 

Min. 

1500 

30 

0.0074 

0.008 

0.006 

0.0066 

0.007 

0.006 

0.0072 

0.008 

0.007 

0.0071 

1500 

60 

0.0094 

0.001 

0.008 

0.0092 

0.010 

0.009 


0.011 

0.008 

0.0093 

1500 

90 

0.0118 

0.012 

0.011 

0.0116 

0.012 

0.011 

0.0120 

0.013 

0.011 

0.0118 

1550 

30 

0.0082 

0.010 

0.007 

0.0082 

0.009 

0.007 

0.0077 

0.008 

0.007 

0.0080 

1550 

60 

0.0120 

0.014 

0.011 

0.0120 

0.014 

0.011 

0.0120 

0.013 

0.011 

0.0120 

1550 

90 

0.0152 

0.017 

0.014 

0.0154 

0.018 

0.014 

0.0162 

0.018 

0.015 

0.0156 

1600 

30 

0.0098 

0.008 

0.011 

0.0088 

0.011 

0.007 

0.0092 

0 010 

0 008 

0.0093 

1600 

60 

0.0140 

0.015 

0.013 

0.0142 

0.015 

0.013 

0.0145 

0.015 

0.014 

0.0142 

1600 

00 

0.0185 

0.020 

0.018 

0.0184 

0.019 

0.017 

0.0182 

0.019 

0.016 

0.0184 


tB. B. Beckwith, Liquid Bath Carburizing, Trans., A S.M., 1938, ▼. 26, p. 752. 
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Cyaniding 

Bj H. B. Northnip* 

Caution-—Cyanides are violent poisons if allowed to come in contact with 
scratches or wounds, as for example, on the hands. They are fatally poisonous if 
taken internally. Fatally poisonous fumes are evolved when cyanides are brought 
into contact with acids. 

Introduction—hard superficial wearing surface or case can be rapidly and 
satisfactorily obtained on low carbon steels by subjecting those steels to the cyanid¬ 
ing or case hardening process. When steels are treated by this method they absorb 
both carbon and nitrogen from the molten salts, so that when they are quenched 
in water or a suitable oil they develop appreciable hardness in the case. 

Due to its greater efficiency and to its lower cost, the use of sodium cyanide 
in place of the more expensive potassium cyanide is now practically universid. 
Sodimn cyanide for case hardening is used in either of two ways: (1) As a powdered 
mixture into which the red hot steel is dipped or which is applied to the heated 
surface of the steel; and (2) as a molten bath into which the steel to be treated 
is immersed for a sufficient length of time for the reactions to take place. 

Properties of Sodium Cyanide—Sodium cyanide Is used in the case hardening of 
steel in four different strengths or grades. Each of these grades, because of its 
chemical composition, has individual properties as shown in Table I. 

Molten sodium cyanide is quite rapi^y decomposed when heated above 1580*F. 
in an open pot. The heavy white fumes which arise from the bath are not especially 
dangerous, although they are decidedly obnoxious for they irritate the mucous 
membrane in the nasal passages and thereby Induce violent sneezing. This fume 
when disseminated in the air becomes almost entirely sodium carbonate which, 
while not dangerous or particularly detrimental to health or property, may become 
annoying. The escape of fume can be prevented by the installation of a fume¬ 
gathering and washing equipment. The suction fan equipment draws the fumes 
from the pots and passes them through a large washing drum and water spray 
(mist) before being vented into the outside air. The washers and the spray dis¬ 
solve the sodium carbonate fmne and precipitate any solids carried by the ven¬ 
tilating apparatus. 

The chemistry of the decomposition of the bath involves the oxidation of the 
sodium cyanide to sodium cyanate by the application of heat and exposure to the 
air (oxygen) as follows: 

2 NaCN-f 0, = 2NaCN0 

Continued heating of this sodium cyanate in air (oxygen) forms sodium carbonate, 
carbon dioxide, and nitrogen as follows: 

4 NaCNO + 3 Oa = 2 Na 2 CO. + 2 CO. + 2 Na 
Table I 

Properties of Sodium Cyanide 


-Per Oent- 


Tade 

Sodium 

Cyanide, 

NaON 

Sodium 

Carbonate, 

NaKJOs 

Sodium 

Chloride, 

Naa 

Melting 
Point T. 

Bp.gr. 
at 77T. 

Sp. gr. 
at 1580*P. 

Appearance 

96-98^ 

97 

3.3 

trace 

1040 

1.60 * 

1.10 

white crystalline 
solid 

76 

75.3 

3.5 

22.3 

1094 

1.00 

1.35 

white fused solid 

45 

45.3 

37.0 

17.7 

1058 

1.80 

1.40 

white fused solid 

30 

30.0 

40.0 

30.0 

1157 

3.09 

1.64 

white fused solid 


^This grade contains 0.50% sodium cyanate (NaCNO) and 0.30% sodium hydroxide (NaOH). 
The sodium sulphide (Na.S) is nil. 


Sodium cyanide is a strong reducing agent in the molten state, readily reducizig 
the oxides of ma^t metals. It is deliquescent and gradually decomposes if left In 
an open container, due to the action of moisture and carbon dioxide. It is soluble 
in water and the solubility of the anhydrous salt is almost Independent of the 
temperature. 


^Director. Mlnoral Industries Extension, The Pa. State OoUege, State College, Pa. 
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1 A. 

Steel will heat about four times faster in a molten lead bath than it will in a 
molten cyanide bath at the same temperature. This is due to the greater heat 
conductivity of the lead; lead is, therefore, a better production medium than 
cyanide. However, since slow and uniform heating of steel is advocated to produce 
most desirable results in any heat treatment, the cyanide method meets with favor 
because it produces a much milder heat transfer and does away also with special 
fixtures, necessary in lead hardening for submerging the steel under the surface 
of the bath. 


Uses of Sodium Cyanide 

Uses 0 / 96-98% Sodium Cyanide —^In the heat treatment of steel, powdered 
sodium cyanide (96-98% NaCN) is sprinkled upon red hot steel for case hardening; 
as a ‘‘sweetener” to replenish the cyanide content of depleted case carburizing 
baths; as a bath mateiial for cyanide carburizing direct; and in admixture with 
potassium cyanide for nitriding steel by the bath immersion method. 

Uses oj 16% Sodium Cyanide —^This mixture is sometimes used as a bath for 
cyanide carburizing direct, but because of the volatility of the cyanogen (CN) 
radical, its use in heavy production work is not recommended. It is more frequently 
used as a replenishing material to raise the cyanide content of depleted baths or 
to keep them at predetermined cyanide concentrations through regular additions. 

Uses of 45% Sodium Cyanide—This mixture is recommended as a suitable bath 
for the general case carburizing of low carbon and alloy steels. It is very fluid 
at the operating temperature. The addition of “inerts” (sodium chloride and 
sodium carbonate) to sodium cyanide tends to retard the decomposition of the 
sodium cyanide without being detrimental to its case carburizing properties. When 
this mixture is used continuously in production work, its cyanide strength will of 
necessity need to be maintained nearly constant through the addition of either 
the 96-98% or the 75% sodium cyanide. 

Uses of 30% Sodium Cyanide—Where the case carburization of low carbon and 
alloy steels is to be maintained under heavy production conditions, this strength 
mixture is preferable to any of the preceding. It has the lowest first cost and 
due to the addition of its inerts, the decomposition of the sodium cyanide of the 
bath is greatly retarded without being in any manner detrimental to its case 
carburizing properties. 

It is necessary to maintain the strength of the bath constant through the 
addition of either the 96-98% or the 75% sodium cyanide. It is preferable to use 
the 96-98% sodium cyanide, because of the absence of inerts in that strength 
material. The bath is already loaded with sufficient inerts to “fix” the additions 
of the concentrated material, which should be added in stated amounts at regular 
intervals. If the cyanogen content of the bath is too low, the bath tends to 
decarburize and scale the work. “Drag-out” of the bath mateiial is replenished 
as needed with the 30% sodium cyanide. 

The Cyanide Bath—Baths of sodium cyanide are employed in connection with 
the heat treatment of steel to accomplish two definite purposes as follows: (1) To 
act as a heating or a reheating medium in connection with the hardening of steels 
or to prevent surface decarburization and to produce work with a clean surface; 
and (2) to act as a liquid case carburizing medium affording a quick, efficient, 
and economical means of obtaining a hard superficial wearing surface. 

To accomplish the first purpose, the bath may be either the 30% sodium cyanide, 
or where a slight case is undesirable that strength material may be diluted with 
about an equal weight of sodium carbonate. An illustration of the use of the 30% 
sodium cyanide is the cyanide dip method frequently employed in the heat treatment 
of automobile transmission and ring gears. An illustration of the use of the diluted 
material is the heat treatment of tool and stainless steels. To accomplish the 
second purpose, a bath regulated to maintain a uniform 30% sodium cyanide 
concentration has been found to meet all the requirements. 

Low carbon and alloy steels which are to be cyanided to produce a good wearing 
surface usually require the surface to be backed up by a fine grained, tough core. 
This requires the operating temperature of the bath to be in the neighborhood of 
1600‘*F. Case depths and carbon concentrations for three steels are given in Table 
n. These results show the Inefficiency of cyanide as a medium for obtaining deep 
carbon penetrations. They also show that with even a 1 hr. immersion the 
carbon concentration is insufficient to account for the extreme hardness obtained 
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from quenching cyanlded steels. Usually immersions run from 30 min. to 1 hr. 
and produce case depths and carbon concentrations corresponding to those given 
in the table. Lowering the temperature will correspondingly and proportionately 
lower the results given in the table. 

Since the results obtained in the practice of cyaniding steel are directly pro¬ 
portional to the four variables, time, temperature, mass, and cyanide concentration 
of the bath, the following data in Tables III, IV and V, all derived from the 
heat treatment of SA.J:. 1020 steel, show clearly the results of accepted practice 
involving these variables. 

Table n 

Case Depths and Carbon Concentrations^ 


S.A.B. Steel Nos. 

Temp. ‘P. 

Time at Heat, Hr. 

Case Depth, In. 

Carbon, % 

1020 

1550 

1 

0.010 

0.62 

2315 

1550 

1 

0.012 

0.59 

3115 

1550 

1 

0.010 

0.63 

1020 

1550 

3 

0.018 

0.74 

2315 

1650 

3 

0.018 

0.68 

3115 

1560 

3 

0.020 

0.69 

1020 

1600 

1 

0.010 

0.50 

2315 

1600 

1 

0.010 

0.47 

3115 

1600 

1 

0.010 

0.38 

1020 

1600 

3 

0.015 

0.66 

2315 

1600 

3 

0.016 

0.66 

3115 

1600 

3 

0.018 

0.60 


^Private correspondence. 

Test pieces 1 In. dia. x 6 in. long. 


Table HI 

Effect of Temperature on Depth of Case 


Temp. •?. 

Immersion 
Time, Min. 

Case 

Depth, In. 

Immersion 
Time, Min. 

Case 

Depth, In. 

Immersion 
Time, Min. 

Case 

Depth, In. 

1300 

15 

0.00025 

30 

0.00050 

45 

0.00100 

1400 

15 

0.00135 

30 

0.00250 

45 

0.00375 

1500 

15 

0.00175 

30 

0.00400 

45 

0.00500 

1600 

15 

0.00320 

30 

0.00480 

45 

0.00600 


Table IV 

Effect of Mass on Depth of Cyanide Case 
Cyaniding Temperature 1500®P. 


Case Depth, In. 

size of Specimen, Dia., In 15 Min. Immersion 30 Min. Immersion 


0.25 

0.0045 

0.0058 

0 50 

0.0035 

0.0042 

0.75 

0 0030 

0.0040 

1.00 

0.0027 

0.0040 

2.00 

0 0025 

0.0040 

3.00 

0.0023 

0.0040 


Table V 

Influence of Sodium Cyanide Concentration on Case Depth 
1 in. rounds, cyanided 30 min. at 1500^F. 


NaCN in Bath, % 

Case Depth, In. 

NaCN in Bath, % 

Case Depth, In. 

94.3 

0.0060 

20.8 ^ 

0.0055 

76.0 

0.0070 

16.1 

0.0050 

50.8 

0.0060 

10.8 

0 0040 

43.0 

0.0060 

5.2 

0.0020 

30.2 

0.0060 




Within the time range of commercial cyaniding practice, practically no differ¬ 
ence in case depth is evidenced by steels of different analysis. The nickel and 
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nickel-chromium steels, however, tend to give a nicer carbon gradient from case 
to core than do the carbon steels, but exhibit at the same time, a lower carbon 
concentration in the case. 

The file hardness obtained after water quenching cyanlded steel is due to 
more than the hardening properties imparted to the steel by the added carbon. 
Since one of the decomposition products of a sodiiun cyanide bath is nascent 
nitrogen, it follows that some of this nitrogen has combined with the iron of the 
steel with the formation of the extremely hard and brittle iron nitride. 

Cases obtained by the cyanide process are both hard and wear resisting, 
although Uiey are not of the high carbon concentration possible with solid com¬ 
mercial carburizing compounds. 

Generally, the steels which are case carburized by packing in solid carburizing 
material or subjected to a carburizing gas can likewise be carburized by cyaniding. 
They are generally treated by the liquid bath method because of some particular 
advantage of the process, such as speed of production, the economies of the process, 
or the peculiar quality of hardness desired in the resultant case. 

The cyaniding should in the majority of instances be carried out at a tem¬ 
perature just above the upper critical point of the core, and the steel should be 
quenched directly from the cyaniding heat. At this temperature the case, which 
does not approach a tool steel analysis and which has not been held for a suffi¬ 
cient lengUi of time to cause brittleness through excessive grain growth, will quench 
to the desired hardness and the core will be thoroughly refined and tough. 

Quenching of Cyanided Steels—Whether to quench in oil or water depends 
upon the service requirements the cyanided steels are to meet and the chemical 
composition of the steel. When water is used it should be as free as possible 
from dissolved gases, which have a tendency to produce soft spots, so for straight 
hardness quenching the water should not be air agitated. For maximum hardness 
and to alleviate warpage, the water should be moving, except where long or thin 
cyanided parts are to be quenched. It should be normally as cold as possible; 
variation of quenching water temperature between summer and winter has been 
known to produce hardness irregularities. Advantage may be taken of the greater 
hardening capacity of sodium hydroxide solutions or other special aqueous solutions. 

For oil quenching a mineral oil should be used. The blended mineral-animal 
hydrocarbon oils should never be used for the quenching of cyanided steel, because 
the fatty matter of the animal oil will saponify with the decomposition product of 
the cyanide bath (alkali) causing the formation of a hard soap. This soap will 
not only retard the quenching speed of the oil, but may also, clog the drains. 

Hardness of Cyanided Steels—The usual requirement for the hardness of cya¬ 
nided steel for shop production is “file hard”. While this hardness value is sub¬ 
ject to many ramifications, it is still the criterion for shop hardness testing. The 
Rockwell “C” impression and the scleroscope are also used for testing cyanide 
hardened surfaces. 

The depth of the cyanided zone is best determined by means of the micro¬ 
scope. The cyanided case is composed of two fields which are distinct in character, 
a martensitic outer zone and a troosto-sorbitic inner zone of lower carbon content. 
The case depth is usually determined by measuring the distance from the outer 
edge of the specimen to the center of the second zone. 

Steels which are cyanided and which do not contain more than 0.65% carbon 
in the case cannot attribute their hardening power alone to their carbon content. 
Since one of the decomposition products of the cyanide bath is nitrogen, iron 
nitride is formed which is an extremely hard and brittle product. At the lower 
cyaniding temperatures (about 1425*F.) a considerable amount of iron nitride is 
observed in the form of nitride needles and patches. When the temperatures are 
in the neighborhood of 1550*'F. few of the nitrides are observed, but it is generally 
accepted that this iron nitride in undistinguishable form produces the hardness 
otherwise unattainable from the carbon additions. 

While the nitrogen absorption affects the hardness of the case, through the 
formation of iron nitrides, the core is not affected. Steel of the proper grade 
which has been cyanided above the critical range of the core and quenched into 
water will snap readily when subjected to stress. When the case is removed by 
grinding, it is found that the core possesses ductility. Therefore, the brittleness of 
the core is only apparent. The mechanism for the apparent brittleness may be 
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due largely to a notch effect in the core after a crack has been formed in the 
hard case. 

Pot Li/e—The life of cyanide pots in fuel fired furnaces is, in general, an inverse 
function of the temperature of the combustion chamber. The higher the com¬ 
bustion chamber temperature, the lower will be the pot life. It has been reported* 
that where furnaces were changed from hand-operated to automatic control, the 
average life of cast steel pots was Increased as much as 70%. 

Cyanide Containers 

Cast Iron Containers —Cast iron fails prematurely and rapidly due to growth. 
The free graphite of the cast iron grows when subjected to cyanidlng tempera¬ 
tures for a considerable length of time, and causes distortion or cracking. 

Pressed Steel Containers—-Pressed steel containers are probably the most uni¬ 
versally used and under proper furnace conditions give high economy. They are 
highly resistant to the action of molten cyanide, they are homogeneous throughout; 
and their cost is moderate and commensurate with the increased life of the container. 

Cast Steel Containers—Cast steel containers also have a wide application and 
when of the proper composition and properly cast so as to be free from casting 
defects give satisfactory service. 

Cast Alloy Containers—Nickel-chromium alloy containers have been developed 
which will give several hundred furnace hours. As a rule, the failure of the cast 
alloy containers is due to faulty foundry practice. When they are properly cast 
their higher cost is offset by their Increased performance. 

Cyanide Containers and Furnaces —^The life of any container is shortened by 
the Improper application of heat. As a rule, even physically soimd containers will 
fail from this cause before they will fail from the corroding action of the molten 
cyanides which they contain. Fuel fired furnaces should, without exception, have 
their heat application at the top of the pot with the furnace vented at the bottom. 
In addition to this, with oil fired furnaces, the combustion chamber should be 
located adjacent to but outside the heating chamber. Such a change from the 
underfired principle has been known to Increase the life of pressed steel pots over 
200%. Insofar as pot life is concerned, electric heat applied to the outside of 
the pot excels all other methods of heat application. 

It may be safely stated that the life of any container is in direct proportion to , 
the effectiveness with which the pot is sealed to prevent cyanide from entering 
the heating chamber. Some furnaces and pots are so designed that it is practically 
impossible for the molten cyanide to creep into the combustion chamber. In fur¬ 
naces which do not have specially designed seals, a most satisfactory seal against 
molten cyanide is obtained by placing a ring of dry powdered fire clay under the 
pot flange just before dropping the pot in place upon the furnace top. 

Quite recently an electric furnace adaptable to cyanide hardening has been 
introduced and has proved very successful. The furnace operates on alternating cur¬ 
rent and consists of a well insulated cyanide container into which electrodes are 
placed which are Immersed in the bath. The patented arrangement of the electrodes 
in the bath utilizes the electromagnetic forces in such a manner as to induce an 
automatic stirring action throughout the entire pot, tending to produce maximum 
uniformity of temperature distribution throughout the bath. The heat is generated 
directly by the resistance of the cyanide bath to the passage of the current. Claims 
for this improved equipment for the cyanide hardening room include: improved 
economy of operation; increased production; uniformity of bath temperature; im¬ 
proved uniformity of product; and Improved working conditions. 


^Private correspondence. 
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Selective Carburization of Steels* 

Introduction—Selective carburization is carried out for certain special purposes 
where it is desired to retain soft surface portions after hardening to permit machin¬ 
ing, polishing, straightening, or to increase toughness of the piece. 

Selective carburization may be accomplished in many ways, but only the prin¬ 
cipal methods will be considered here. In practice, it is more difficult to secure 
selective carburizing with gas carburizing than in compound. 

1. Excess Stock at the Surface Portion Desired Soft—When machining the 
work, excess stock is left at portions desired soft. After the carburizing operation 
the piece is pot cooled. The excess stock is then machined off to below the case. 
The piece will then have a soft surface area following the hardening treatment. 
This is not properly selective carburizing, but for certain types of tool work, or 
where but few pieces are to be treated it is an excellent method of accomplishing 
results. Where threads or sharp comers are to be left soft, this method is, per¬ 
haps, the most reliable. 

2. Sand Packing—The work is packed in sand, exposing only the desired por¬ 
tions to the carburizing compound. The line between the hard and soft portions will 
not be sharp, as the gas from the compound penetrates the sand to a slight depth. It 
cannot be used with compounds which have a high shrinkage, as the sand will be 
displaced, causing hard and soft spots at the protected points. The sand used 
should be fairly fine and reasonably free from dirt. It must also be thoroughly 
dried before packing or caking will occur, exposing surfaces which are to be pro¬ 
tected. It is an advantage to have the sand at the bottom of the carburizing con¬ 
tainer and to subject the container to as little jarring as possible after the pieces 
have been placed in it. 

3. Covering Parts Desired Soft with Cement—A satisfactory method for. pre¬ 
venting carburization of tapped holes and bores of gears is to plug these parts 
with a cement composed of finely sifted fire clay mixed with sodium silicate (water 
glass). The proportions used (approximately 2 parts fire clay; 1 part sodium sili¬ 
cate; and about 1/10 part of water) should be regulated so as to secure a cement 
which will not crack or shrink excessively upon heating and firing. The addition 
of sand to the cement will sometimes assist in preventing shrinkage. After car¬ 
burization the cement may be knocked out of the holes. Although this cement will 
form glass, it is possible by using care to apply this cement to external surfaces, but 
for this purpose it is not so satisfactory as other methods for selective carburizing. 
There are prepared cements on the market for this purpose. 

Such parts as bushings, sleeves, and piston pins are often strung on close fitting 
steel rods which minimizes the case in the bore. 

4» Covering Parts Desired Hard with a Carbonaceous Cement—Selective car¬ 
burization is obtained by covering the portions of the article to be carburized with 
a carbonaceous paste or cement which acts as the carburizing compound. After 
subjecting the work to the proper temperature, the portions covered with the paste 
are carburized and the other portions of the article are unaffected. With this 
method the case will not be sharp, but will gradually slope to the portion of the 
work desired soft. 

5. Protection with Copper Forms—Pure copper in the form of tubing, bars, 
cups, sleeves, and discs, is used to prevent carburization for tapped holes, piston 
pins and ends of shafts. The copper form is placed on, or in the work, as the case, 
may be, with a clearance of not over ^4 in. This method is*not completely efficient* 
but markedly decreases both case depth and the carbon content of the case. 

6 . Plating by Dipping in Copper Sulphate Solution—A copper plate may be 
obtained which will partially prevent carbon penetration by either dipping in a 
copper sulphate solution, or applying the solution with a brush. The part desired 
soft is first thoroughly cleaned and then dipped in the solution. The part should 


*Thlt article was prepared by a committee appointed by the Hartford Chapter of the A.8.M. 
The committee was composed of n A Lanning, Chief Metallurgist, New Departure Mfg. Co., Bristol, 
Conn., and Dr. R. W. Woodward, Metallurgist, Underwood Elliott Fisher Co., Hartford, Conn. 
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not be allowed to remain in the solution longer than 6-10 sec., because with this 
method a thick plate of copper will fall off. The solution is made as follows: 


Water . 78 % 

Copper Sulphate . 20% 

Sulphuric Acid . 2% 


This method will prevent carburization for short periods. A dip plate is now on 
the market which is more satisfactory. 

7. Electrodeposited Copper—^The most widely used method, where production 
warrants the expense of installation and operation, is that of copper plating by 
electrolytic methods. Copper plating is effective with many carburizing compounds. 
With certain compounds copper does not prevent carbon penetration. Apparently 
the energizer used in the compound is the determining factor in the utility of cop¬ 
per plating as a preventative, because certain energizers will attack and remove 
the copper. 

There is considerable difficulty in depositing the copper plate in recesses. 

Two methods may be employed in using the copper plate method: 

1. Plate the Entire Piece—The entire piece is plated and then the copper is 
removed by machining or grinding from the portion which is to be hardened. 

2. Selective Plating —By the use of suitable protective paints, selective copper 
plating can be obtained which will leave the parts desired hard free from copper. 

The usual method is to use japan. The Japan is painted on the proper parts 
and is then baked, being careful not to use too high a baking temperature, 350- 
400®P. Is about the upper limit. After the baking, the plating may be carried out 
in the usual manner. A second and, perhaps, more simple method of painting 
with a suitable lacquer paint successfully protects the parts from the copper plate. 
Care must be used in the choice of lacquers, as many will strip off during the 
plating operation. The plate does not form on the covered surfaces. In the car¬ 
burizing operation the japan or lacquer burns off, permitting the gasses of the car¬ 
burizing operation to penetrate the areas desired hard. 

The copper plating operation is standard in every way. The chief requirement 
is to produce a fine grained, continuous plate. This is done successfully by means 
of the cyanide bath process, using a solution of sodium cyanide and copper cyanide. 
Potassium cyanide may be used, but is much more expensive and does not 3 deld 
results commensurate with the cost. 

A suggested plating bath is as follows: 


Water .100 gal. 

Copper cyanide. 20 lb. 

Sodium cyanide. 28 lb. 

Anhydrous sodium carbonate. 12 lb. 

Sodium thiosulphate (hypo). iy 2 oz. 


These salts are dissolved directly in the water. Ordinarily the only additions 
required are sodium cyanide and brightener (hypo). For control purposes the free 
sodium cyanide should be kept between 0.75 and 1.25 oz. per gal. 

The temperature of the plating bath should be maintained between 75 and 
105°P. with corresponding current density range of 5-15 amperes per sq. ft. The 
lower temperatures produce the finest grain size of the deposited copper but for 
economic reasons the higher temperatures with accompanying greater current 
density should be used as far as possible provided adequate protection against carbon 
penetration is obtained. 

Precautions—There are certain precautions which must be observed for success¬ 
ful plating and selective carburizing which are briefiy as follows: 

1. The work must be thoroughly cleaned before japanning. Any oil or grease 
under the Japan causes the japan to loosen during the baking process, which will 
cause soft spots by allowing the copper to plate under the Japan. 

2 . Before the plating operation, the work must be chemically clean. This is 
usually accomplished by means of first dipping in a metal cleaning solution, wash¬ 
ing in water, dipping in weak hydrochloric acid, washing in water, dipping in 
a cyanide solution and again washing. This seems to be an elaborate preparation, 
but if complete protection is to be assured, it is necessary. 
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3* Care must also be taken to assure that the bath is of the proper strength 
to give a solid» continuous plate. 

4. If any of the parts to be carburized have white or red lead on them, they 
should not be carburized with copper plated parts, because this will cause the 
copper to creep over portions of the work desired hard. 

5. The thickness of the copper plate necessary for protection depends on a 
number of factors, such as the plating method used, time of carburizing, and the 
carburizing temperature. However, for satisfactory protection with most carburizing 
work a minimum plate of 0.0003 in. should be maintained. 

The above methods for obtaining selective carbiirizing are successful under 
certain conditions, and their use depends largely upon local conditions. The details 
of each method must also be developed according to the conditions in the particular 
plant involved and the type of work to be carburized. 

The data given are to be considered as a guide and assistance in accomplishing 
the desired results. 
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Nitriding 

By Dr. V. O. Homerberg* 

Introduction—The nitrogen case hardening process, which is termed “nitriding,” 
consists in subjecting the machined and preferably heat treated articles to the action 
of a nitrogenous medium, commonly anunonia gas, under certain conditions whereby 
surface hardness is imparted to the material without necessitating any further 
treatment. Wear resistance, retention of hardness at elevated temperature, and 
resistance to certain types of corrosion are other properties imparted to the steel 
by nitriding. 

Of the elements investigated, Dr. Fry found that aluminum ranked first as to 
the amount of nitrogen with which it combined as well as the stability of the alum¬ 
inum nitride formed. This compound showed no loss in nitrogen even when 
heated at 1830 ®P. Other elements, which formed nitrides with high nitrogen con¬ 
tents include chromium, vanadium, titanium, tungsten, molybdenum, and man¬ 
ganese. 

Nitriding SteelsJ—The compositions of the most commonly used nitriding steels 
are as follows: 


N 125N“ 



N 125 
(Type H) 

(Type H with 
Nickel) 

N 135 
(Type G) 

N 135 Modified* 

N230 

Carbon . 

. 0.20-0 30 

0.20-0 27 

0.30-0.40 

0 38-0.45 

0.25-0.35 

Manganese . 


0 40-0.70 

0 40-0.60 

0.40-0.70 

0.40-0.60 

Silicon . 

. 0 20-0 30 


0 20-0.30 


0.20-0.30 

Aluminum. 

. 0 90-1.40 

1.10-1.40 

0.90-1.40 

0.95-1.35 

1.00-1 50 

Chromium . 

. 0.90-1 40 

1.00-1 30 

0.90-1.40 

1.40-1.80 


Molybdenum . 

. 0.15-0.25 

0 20-0 30 

0.15-0.25 

0.30-0.45 

0.60-1.00 


Nickel . 3.25-3.75 

“Aircraft specifications. 

j;“N” preceding a number indicates nitralloy steels. 


Special Steels—The nitriding of steels containing principally combinations of 
chromium, molybdenum, and vanadium have been studied by several investiga¬ 
tors.** • The results of Sylvester and Whiteside are given in Table I. 

Table I 

Nitriding Data for Steels Having High Core Hardness 


steel C Mn NI Co Cr Mo W V Si A1 


A. 0 53 0.34 . 3 65 0 51 ... 0 74 . 

B . 1 50 . 12.11 0.94 ... 0.94 . 

C. 1 33 0 28 0.55 3.08 13.31 0.81 .. ... 

D. 0 77 0 24 . 3 83 8.63 1 35 1 01 . 

E . 1.20-1 30 . 1 00-1 25 . 4 75-5.25 0 15-0.25 . 

P . 1.04 . 1.25 1.33 0 51 0 25 . 

G . 0 37 0 34 0 23 ... 4 92 1 32 ... 0 44 1.06 

N 125N . 0.25 0.55 3 54 ... 1.11 0.30 ... ... ... 1.30 


Nitrldlng Nitriding Vickers Hardness, Depth of Core Hardness, 


A . 975 72 975 0.018 47 

B . 1000 48 1150 0.012 59 

C . 1000 72 970 0 012 50 

D . 1000 72 1400 0 015 63 

E . 1000 48 925 0.008 56 

P . 1000 48 975 0.018 47 

O . 900 48 1100 0.014 43 

N 125N. 975 35 1064 0.016 44 


Nickel Nitriding Steels—French and Homerberg* have studied the role of nickel 
in nitriding steels. Its effects are to strengthen and toughen the case with moderate 
decrease in case hardness. It strengthens and hardens the core and thereby pro¬ 
vides better support to the case. It develops dispersion hardening in steels containing 
appreciable proportions of aluminum, by means of which articles may automatically 
acquire higher core strength and elastic properties during nitriding. 

^Associate Professor of Physical Metallurgy, Massachusetts institute of Technology, Cambridge, 
Mass., and Technical Director, Nitralloy Oorp., New York. 
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Mechanical Properties—The mechanical properties of several of these nitriding 
steels are given in Table II. Standard specimens (0.505 in. dia. and 2 in. gage 
length) were used for the tensile tests. 

Table II 

Physical Properties of N 1Z5, N 135, and N 135 Modified 

Tempering 

Yield 

Point, 


Tensile 

Strength, 

Elong. 
in 2 in.. 

Reduction 
of Area, 

Cbarpy 

Impact, 

Brinell 

Hardness 

Temp., "P. 

pal. 


pal. 

% 

% 

ft-lb. 

No. 

800 

156,300 


N 

178,800 

125* * 

12 

47 

20.6 

400 

900 

143.500 


170.000 

16 

49 

25.5 

365 

1000 

133,300 


160.000 

17 

54 

80.1 

340 

1100 

117,600 


134.500 

18 

61 

48.1 

390 

1200 

103,800 


122,000 

21.5 

67 

59.2 

256 

1300 

85,500 


102,500 

27 

72 

69.0 

228 

1400 

75,000 


90,500 

32 

73 

73.0 

190 

Annealed 

60,000 


80,000 

34 

70.5 

47.8 

157 

800 

180,000 


N 

224.500 

135»» 

11 

36 

12 

445 

900 

165,000 


206,300 

11.5 

37.5 

15 

415 

1000 

158,000 


182,500 

15 

50 

22 

363 

1100 

137,500 


156,000 

16.5 

67 

35.2 

330 

1200 

120,000 


138,000 

20 

60 

44.0 

285 

1300 

103,300 


121,000 

23 

62.6 

55.3 

226 

1400 

80,500 


104,300 

28 

59 

54.5 

200 

Annealed 
at 1450 

69,000 


95,000 

30 

67.5 

31.6 

186 

1000 

160,000 


N 135 Modilledc 

185,000 12.5 

42.0 

Rockwell C 
Hardness 

40 

375 

1100 

133,000 


167,000 

16 5 

50 5 

33-34 

321 

1200 

115,000 


132,500 

19.5 

56.5 

27-28 

286 

1300 

84,000 


109,000 

25.5 

60.0 

20 

228 

•N 126~-C 

0.23, Mn 0.51. Si 

0.20. 

Cr 158, A1 

1.24, Mo 

0.20, P 0.011. S 

0.011. Quenched in oU 

from 1750"P. 
‘•N 135—C 

Held at temperature 3C 
0 36, Mn 0.51. Si 0.27, 

1 minutes. 
Cr 1.49. A1 

1.23. Mo 

0.18, 8 0.010, P 

0.013. Quenched in oil 

from 1650"P. 

‘N 135 Modified—Quenched In oil from 1700*P. 





Effect of Size on Mechanical Properties—The properties will vary with larger 
sections. Sergeson and Clark* recommend water quenching from 1700-1750®P. for 
steels N 125 and N 135. Their results, showing the effect of size on properties, are 
given in Table III, These values represent results of tests taken longitudinally as 
near halfway center to edge as possible. 


Table HI 

Effect of Size on Mechanical Properties of N 125 and N 135" 


Tempering 

Temp., 

op 

Size of Yield 

Tempering Round Point. 

Time, hr. Section, in. psi 

Tensile* 

Strength. 

psi 

Elong 
in 2 in., 
% 

Reduction 
of Area. 

% 

Brinell 

Hardness 

No. 

N 125 — 

Composition 

C 0.26, 

Mn 0.50, Si 0 13, 

Cr 1 04, Mo 

0 21, A1 0.95. 



1000 • 

4 

4 

102.300 

117.900 

19.5 

54.7 

277 

1100 

4 

4 

93,900 

110,000 

19.5 

58.5 

228 

1200 

4 

4 

82,800 

103.900 

20 0 

61.0 

217 

1000 

3 

3 

103,900 

119.800 

18 0 

54.7 

269 

1100 

3 

3 

96,800 

114,800 

18.0 

57.3 

255 

1200 

3 

3 

33,500 

104,300 

21.0 

61.0 

223 

1000 

2 

2 

124,900 

141,900 

14 5 

49.2 

302 

1100 

2 

2 

lt4,900 

121,300 

18 0 

59.8 

262 

1200 

2 

2 

94,900 

112,000 

19.0 

63.6 

228 

1000 

1 

1 

130,900 

146,300 

14.0 

53 3 

332 

1100 

1 

1 

112.300 

126,800 

15.5 

58.5 

293 

1200 

1 

1 

104,900 

122,300 

18.0 

64.8 

255 

N 135 — 

Composition: 

C 0.36, 

Mn 0.60, 81 0.22, 

Cr 1.30, Mo 

0.25, A1 0.94. 



1000 

4 

4 

134,800 

155,900 

13.0 

40.8 

340 

1100 

4 

4 

113,300 

132,800 

16.5 

47.8 

302 

1200 

4 

4 

100,500 

124,900 

18.0 

51.9 

269 

1000 

3 

3 

140,500 

158.800 

13.0 

40.4 

340 

1100 

3 

3 

120,500 

140,000 

15.5 

47.8 

293 

1200 

3 

3 

104.900 

126,900 

17.5 

56.0 

255 

1000 

2 

2 

149,800 

171,300 

12.5 

40.4 

340 

1100 

2 

2 

137,900 

158,300 

16.5 

50.6 

302 

1200 

2 

2 

135,000 

154,900 

15.5 

49.2 

269 

1000 

1 

1 

164,800 

182,300 

12.5 

44.4 

351 

1100 

1 

1 

138.900 

156,000 

15.0 

61.9 

302 

1200 

1 

1 

120,900 

139,300 

20.0 

58.5 

269 


•Bara for bolh steels were water quenched from 172S*F. 
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NITRIDING 


, The Nitriding Process~The nitriding process consists in subjecting the articles 
action of ammonia gas at temperatures ranging from 930-1200'’F. Various 
hitiiding cycles have been recommended by several investigators,** “* “* but the 

range most commonly used is SSO-IOOO^P. 


Nitiiding Equipment-Electric, gas, and oil fired furnaces are suitable and must 
maintain uniform temperature in the nitriding container. Special nitriding furnaces 
have been described by Roth,'* Lapelle,'* and Cowan.'* 

A batch type 


furnace and the ni- 
triding equipment 
used are shown in 
Fig. 2. 

Ammonia Gas— 
The tank of ammo¬ 
nia must be placed 
in such a position 
that the bent tube 
inside the tank has 
its open end in the 
gaseous atmosphere 
and does not dip into 
the liquid ammonia. 



The use of a suitable 
needle valve insures 


Fig. 2.—Nltridlng furnace and equipment. 


the control of a 

steady and even flow of gas. Although anhydrous ammonia is a commercial prod¬ 
uct, the final traces of water, if present, can be removed by passing the gas through 
a tower containing lime. The inlet and the outlet tubes are made of nickel and 
the articles in the box are supported preferably on nickel or nickel alloy screens. 
The inlet tube extends along the bottom of the box to the back while the outlet 
tube is at the front and near the top of the box. Pyrometers are inserted into both 
the container and the furnace. The gas mixture from the container passes through 
a wash bottle to indicate the back pressure, which should be about 1-2 in., as 
well as the rate of flow of the gas, and finally passes into the atmosphere or is 
washed into the drain in the sink by means of a suitable baffle. 


Ammonia gas decomposes to a certain extent into nitrogen and hydrogen ac¬ 
cording to the following reaction: 2NHs;?=i2N -f 3Hj. Nitrogen, which is very active 

at the moment of the decomposition of the gas, com- 
< r - ■—|j> bines to a certain extent with the alloying elements in 

\ca,^fu ^ nitrides. These nitrides, .which are 

\/ 25 ccf in a fine state of dispersion in the case, impart ex- 

treme hardness to the surface of the steel, a hardness 
which gradually decreases inwardly until it corre- 
// ^ sponds to that of the core. 

;^/i^ 2 ^m’^j^b 6 r(H;ndSfopp€r mixture leaving the furnace consists of 

il hydrogen, nitrogen, and undissociated ammonia. The 

ammonia gas is soluble in water whereas the hydro- 
NHhfftH Jr* js, n- I ! Ken and the nitrogen are insoluble. Advantage is 

•' r FaZ//o 20 mm t^^ken of this fact in the determination of the extent 

p Zm ^ of the ammonia dissociation during the nitriding 

^wlierSfoVS v Operation. The special pipette shown in Fig. 3 is used 

to Avoid i^rs Capocifj/oocc making this determination. The dissociation is 

inManipuhhon generally maintained at approximately 30%. 

At the time that a determination of the extent 
‘"tt of the ammonia dissociation is to be made, the stop- 

IJ cocks at “C" and “E” are closed while “D” is open 

Wir fnr stopcocfc ut “A” Is tuTncd SO US to admit the 

amisin^ mixture from the container into the graduated 

chamber. After the air has been expelled, stopcock 
“D” Is closed and “A” is turned so as to by-pass the 
gas mixture. Reservoir “G” is filled with water, after which the stopcock **E** is 
opened to admit the water into the graduated chamber. The water immediately 
hydrogen and nitrogen. The water solution should reach approximately the 30 cc. 
absorbs the ammonia and the atmosphere above this solution contains the insoluble 


NHhNtH f 

Three Wau Stop¬ 
cock wifnDiistf- 
meter Stopper 

fo Avoid Errors 
inhtanipuJahon ' 


Diameter Less or 
Equal to 20mm 

'Capacity lOOcc 


Pig. 3—Pipette for determlnlag 
ammonia dissociation. 
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mark, indicating 30% of dissociation. If it is much above this value the flow 
should be increased, while if much below the degree of dissociation can be increased 
by decreasing the flow of the gas by means of the needle valve. 


striding Conteincrs—Unfortunately, low carbon steel absorbs nitrogen and the 
inside surface of contain¬ 
ers becomes embrittled. Be¬ 


sides the embrittlement, it 
is also believed that the 
nitrided surface has a 
harmful influence in cata¬ 
lyzing the ammonia in con¬ 
tact with it and thereby 
preventing the proper ni¬ 
triding of the articles. It 
is the atomic nitrogen in 


Asbestos 
Rope. 
Plain or 
Covered 
with 

Aluminum 

Foil 


Strip 

Low Melting 
AlioySesIs U 

1 Rose Metal 

2 63 Tin,37Lead 
5 Lead 

4 Salt g 



Asbestos Strip 



Oil Seal 

0 


f 

Metal 

Seals 

1 Nickel 

2 Copper 

E 


immediate contact with 
the steel parts that is re- 


Flg. 4~Method8 of sealing containers. 


sponsible for the nitriding. 


Enameled low carbon 
steel containers have been 
used successfully. Such a 
coating is easily chipped 
and may spall at the ni- 
trlding temperature be¬ 
cause of the pressure of 
the gases within the steel. 
Careful handling of the 
articles to be nitrided must 
be exercised in order not 
to chip or crack the enamel. 

High chromium and 
high nickel alloy contain¬ 
ers (welded) are being 
used successfully with the 
approximate compositions: 
Chromium 12%; nickel 
80%, or chromium 25%; 
nickel 20%. 

Methods of Sealing 
Containers — Various seal¬ 
ing methods have been 
discussed by Sergeson'^ and 
Deal as shown in Fig. 4. 

Depth Hardness Data— 

Typical depth hardness 
curves for several nitriding 
steels are shown in Fig. 
5a and 5b. 

The hardness testing 
machines that are most 
commonly used for testing 
the hardness of nitrided 
steels are the Rockwell Su¬ 
perficial hardness tester 
and the Vickers. 



Growth on Nitriding— 

Articles increase slightly in 
size after nitriding. This 
growth is dependent main¬ 
ly on the temperature and 
the time of nitriding. Ab¬ 
sence of decarburization is 
of vital importance as the 


Depth Below Sunfisoe, hx 

Fig, Sa-Depth-hardness curves. All steels were quenched In 
water from 1725"F. and tempered at lOOO^F. nitrided at 97S*F. 
for 48 hr. 

Fig. 6b—Depth-hardness curves for same steels and treatments 
as ^g. 6a, but in addition a depth-hardness curve for selenium 
nitriding steel O 0.34%. Or 1.36%, S 0.033%, A1 1.13%, Mo 
0.22%, Se 0.28%. Nitrided at 976*F. for 48 hr. 
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nitriding of a decarburized surface not only produces excessive growth but also 
produces a brittle case. The amount of growth is constant under the same condi¬ 
tions, so that after it has once been determined for a given material it can be 
allowed for in the final machining, grinding, or lapping. An increase in diameter 
of 0.002 in. in a specimen having a case depth of 0.030 in. is a fair example of this 
growth. Cunningham and Ashbiuy'* found that the growth on a 1 in. dia. solid 
bar that had been nitrided for 80 hr. at 930-940°F. varied from 0.0012-0.0014 in. A 
bar of the same dia. but bored with a % in. dia. hole expanded the same extent 
on the outside dia., but was reduced to the extent of 0.001 in. on the inside dia. 
A third bar bored with a % in. dia. hole, leaving only A in. waU, expanded approxi¬ 
mately 0.005 in. on the outside dia. and 0.0012 in. on the internal diameter. This 
variation of Internal growth is apparently controlled by the thickness of the sur¬ 
rounding metal. Undoubtedly, the tendency of the bore to expand increases as 
the thickness of the wall diminishes. 

Hubbard and Robinson determined the change in dimensions of hollow cylin¬ 
ders with varying wall thickness. The outside dia. of the specimens was 2% in. 
with wall thicknesses of H and up to 1^ in. at % in. intervals. 

The specimens were rough machined after quenching from 1725 ®P. followed 
by tempering at 1300°F. for three hours, 
the hollow cylinders were heated to 
1000for 3 hr. to relieve stresses and 
then groimd to final dimensions. The 
specimens were nitrided at 975*’F. for 72 
hr. The results of this investigation are 
shown in Fig. 6. 

Walsted" states* that the growth of 
the diameter of a solid cylinder on nitrid¬ 
ing is undoubtedly dependent on case 
depth and will be the Same whatever the 
original diameter of the cylinder. Hom- 
erberg and Walsted* have called atten¬ 
tion to the ‘'comer effect” that occurs on 
nitrided parts possessing sharp comers. 

The grrowth on all smlaces combines at 
the comers to form projections contain¬ 
ing a high nitrogen content with no sup¬ 
porting core. This portion of the case is 
brittle and likely to chip. Such a condi¬ 
tion should be avoided by providing 
roimded comers. 

Protection Against Nitriding—The most efficacious protective agent against ni- 
tiiding is tin or a solder containing 80 parts of lead and 20 parts of tin. Although 
tin and the alloy of lead and tin melt at a lower temperature than that used in 
nitriding, ample protection is provided by the thin layer that is held to the article 
by surface tension. Too much of the protective agent may cause the excess amount 
to drop onto articles at points where protection is not desired. A liquid fiux is used 
which is made by adding zinc to a solution containing 500 cc. hydrochloric acid, 
250 cc. water and 15 g. of amomnium chloride until no further action takes place. 
Parts to be tinned should be entirely free from rust or scale. 

For protection of the end of a part, clean the part to be protected, apply flux 
and dip into molten tin or solder to the depth to be protected. Remove excess tin 
or solder with wire brush. For protection of the mid-section of a part, protect ends 
to be hardened with fireproof varnish (such as Bakelite varnish), apply flux and 
dip piece into molten metal to required depth. Remove varnish and excess metal 
with wire brush. For protection of small surface or keyways, apply flux to area, 
then apply protective agent with a soldering iron. 

Tin plating is an excellent means for providing protection. A plating of 0.0007 
in. will protect the parts and will not run. Nickel plating also gives satisfactory 
results. A thickness of 0.0005 is sufficient. 

Painting with either a mixture of glycerine and tin oxide or shellac and pure 
tin oxide is also used although complete protection is not always obtained with 


*Thl8 statement Is true only If the general structure of the part Is the same. A large forging, 
in which it Is difficult to obtain a line grained sorbltlc structure, will show a greater growth than 
a small part In which the structure is uniformly line grained sorbite. 


After leaving H in. for final grinding, 
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Fig. 6—Growth in rings or cylinders of N 136 
due to nitriding. 
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these materials. A paste containing lead and tin in a line condition in a suitable 
vehicle is also used. Powdered tin in clear Peroleiun provides a satisfactory paint. 

Distortion—Parts of uniform section and parts which have been treated so 
that no machining stresses are present, can be nitrided without appreciable distor¬ 
tion. The removal of the stresses produced by rough machining is accomplished by 
reheating to 1100-1200 ®F. before final machining or grinding. Usually a period of 
1-4 hr. at temperature is sufficient. Slight distortion may occur in other sections 
because of unequal growth." 

Thin strips, after protecting one of the sides against nitriding, bow with the 
nitrided part on the convex side. The extent of the bowing increases as the time 
of nitriding is lengthened. 

Slightly distorted parts can be straightened both cold and hot, but the latter 
is preferred. Such straightening, especially when it is done cold, should be per¬ 
formed with caution in order not to crack the case. Any cracks that may be pro¬ 
duced will lead to fatigue failures and also cause failure to withstand corrosion. 
Since no softening of the case takes place on heating at 1200 *P. for a short time, 
it is entirely safe to heat to this temperature for straightening. 

The complete removal of internal stresses before nitriding and the proper 
placing of the parts in the nitriding container will greatly remove the possibility 
of warping or distortion. 

Surface Defects—If the decarburized surface is not all removed before nitriding, 
the case will spall. Parts that are coated with rolling or forging scale necessitate 
the removal of in. of material to thoroughly eliminate the decarburized layer. 

Softening and Denitriding—As there are occasions when it is desirable to soften 
nitrided parts for the purpose of making changes in design, it is frequently desir¬ 
able to soften the nitride case. Merten** recommends the heating of the nitrided 
parts in a fused bath consisting of a mixture of 60% each of sodium and potassium 
chlorides at a temperature of 1500®P. wherfeby a decomposition of the nitrides takes 

place. Sergeson and Deal” state that softening can be 
performed by annealing at 1800®P. but that renitrid¬ 
ing to obtain the original hardness cannot be 
achieved. Cunningham and Ashbury" state that de¬ 
carburization accompanies denitriding and that the 
original hardness is not obtainable on renitriding. 
The complete removal of the softened layer is neces¬ 
sary before the renitriding can be performed with 
success. Such a procedure obviously precludes the use 
of these softening processes on finished articles. 

Retention of Hardness on Nitride Case—The reten¬ 
tion of hardness of the nitride case and the soften¬ 
ing of the case of a case hardened chromium-nickel 
steel are shown in Pig. 7. 

Tensile Properties of Nitrided Steels—Since the 
nitride case represents only a small portion of the cross section of a tensile test 
piece, it has little effect on the tensile strength. Table IV shows the results of tests 
conducted by Homerberg and Walsted.** Tensile specimens were quenched in oil 
from leSO^P., and tempered as shown. 


Table IV 

Mechanical Properties of Steel N 135, Nitrided* 


Tempering 

Temp. 

"P. 

Condition 

Tested 

Tensile 

Strength, 

psi. 

Yield 

Point, 

psi. 

Elong. 
in 2 in., 

% 

Reduction 
of Area, 

% 

Charpy 

Impact, 

ft-lb. 

1000 

Tempered 

182,000 

165,000 

15 

50 

22 

1000 

Nitrided 

171,000 

139,000 

6 

13 

14 

1100 

Tempered 

156,000 

138,000 

16 

57 

35 

1100 

Nitrided 

159,000 

129,000 

5 

16 

18 

1200 

Tempered 

138,000 

120,000 

20 

60 

44 

1200 

Nitrided 

138,000 

110,000 

4 

17 

21 

1300 

Tempered 

121,000 

103,000 

23 

62 

55 

1300 

Nitrided 

123,000 

98,000 

8 

20 

24 

•Tensile specimens were 

nitrided 90 hr. at 

900T. 
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Fig 7—Hardness comparison 
of nitrided and carburized cases 
at room and elevated tempera¬ 
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Coefficient of Linear Expansion—The Ludlum Steel Co. reports the following 
data for the coefficient of linear expansion for steel N135» and the Firth-Brown 
* Research Ijaboratory, the coefficient of expansion for the case. 


Temp. *0. 

<-Centimeters per 

Unnitrlded 

*C t 


CttDO 

Nitrided' 

Temp. 'C. 

cm. per 'C. 

0-100 

0.00001184 

0.00001214 

20-100 

0.0000107 

0-200 

0.00001188 

0.00001218 

20-200 

0.0000113 

0-300 

0.00001192 

0.00001222 

20-300 

0.0000118 

0-400 

0.00001196 

0.00001226 

20-400 

0.0000123 

0-500 

0.0000120 

0.0000123 

20-500 

0.0000129 


The coefficient of linear expansion for a 0.25% carbon steel from 0-200*’C. is 
0.0000115 cm. per *0. 

Fatigue Properties of Nitrided Steels—Since nitrided steels are frequently used 
in applications where they are subjected to repeated stress, the effect of nitriding 
on Uie endurance properties is of considerable importance. Nitriding increases the 
endurance range as determined by reversed bending. 

Sutton has summarized the results of rotating beam fatigue tests that were 
performed by a number of investigators. They are given in Table V. 

In fatigue tests conducted by Sutton, an examination of the fractures of 
Wdhler test pieces indicated that the cracks commenced at a point near the Junc¬ 
tion of the case and the core but within the core material. His results indicate that 
the fatigue fracture of a nitrided specimen results when the stress exceeds the 
fatigue limit of the core at a point near the Junction of the case and the core. 
Ordinarily, the permissible loads on nitrided specimens are therefore limited by the 
fatigue properties of the core material. 

Table V 

Summary of Results of Rotating Beam Fatigue Tests 


Inglls” 

and 

Mochel** Lake .-Hengstenberg and Mallftnder-» Sutton 


Composition % 


Carbon . 0.35 0.26 0.30 0.52 0.52 0.32 0.42 0.15 0.44 

Chromium . 1,67 1.58 1.43 1.74 1.74 1.24 1.68 0.85 1.71 

Aluminum . 0.91 0.87 1.12 1.28 1.28 0.93 1.33 1 33 

Silicon . 0.22 0.43 0.14 0.14 0.22 0.19 0.25 0.13 

Manganese . 0.54 0.41 0.27 0.27 0.72 0 38 0.40 0.34 

Nickel . 0.20 2.05 Tr 

Molybdenum . 0.20 0.33 0.34 0.41 


Heat Treatment 

Quenched. ‘’F.oil, 1750 oil. 1685 oil. 1650 oil. 1615 water, 1545 oil, 1600 oil. 1700 

Tempering. *F. 1100 1200 1200 1236 1220 1220 1200 


Tempering Treatment (after 
machining) 3 hr., »F... 1000 1025 


Fatigue Properties 

(Rotation-Beam, psi.) 

Heat treated bar material 76,100 60,500 

Heat treated and given 
same thermal treat¬ 
ment as in nitriding.. 73,900 58,250 

Heat treated and nitrided 84,000* 78,400^ 

Heat treated and nitrided, 

core material . 

•Nitrided 90 hr, at 950*F. 

^Nitrided 48 hr. at 930*F. 

Sutton gives values in tons per sq. in. These 
2240. 


71,700 66,100 69,400 78,400 61,600 

73,900 66,100 

96,300b 84,000b 80,600b 96,300b 96.300 86,000** 

71,400* 

^Nitrided 90 hr. at 920^F, 

*Rotating Cantilever. 

have been converted into psi. by multiplying by 


The effect of scratches and notches was studied by Hengstenberg and Mallftnder. 
Since fatigue cracks In nitrided parts do not commence at the surface, small sur¬ 
face defects (notches, threads and scratches) are not so highly Important as In 
other steels. Henstenberg^ and Mallftnder notched a nitrided specimen to a depth 
of .0004 In. by grinding. In a rotating beam type of fatigue test this specimen re¬ 
mained imbroken after being subjected to test at a stress range of 71,700 psi., 
but failed at 88,500 at an undamaged place, the origin of the fracture lying In the 
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core. Further experiments showed that a turned notch .0004 in. deep that was cut 
before nitriding had no effect on the fatigue strength while the same notch on an 
unnitrided specimen reduced the fatigue strength by 45%. 

The results of fatigue tests on a nitrided and unnitrided steel with different 
types of surfaces are given in Table VI. 

Johnson and Oberg** found that the V notches in the case did not reduce the 
fatigue limit provided that the notches were cut before nitriding. They also found 
that scratches were without effect until their depth was about 70% of the depth 
of the case. 

Table VI 

Results of Surface Condition Fatigue Tests 


C 0.34, Cr 1.4, A1 1.23, Mo 0.38 

--^Patlgue Strength, psl. (Rotating Beam)- 

Tensile Strength, Polished Sharply Pillet»» 


Condition psi. Smooth Notched* 0.04 in. 

Not nitrided . 138,900 73,900 40,300>41.400 45.900-47,000 

Nitrided for 60 hr. 87,400-88,500 87,400-88,500* 87,400-88,500 


■0.004 in. deep, as sharp as possible; notched before nitriding. 

bAt the Joint of test length (0.30 in. dia.) to ends (0.48 in. dia.). Samples finish machined 
before nitriding. 

^Specimens did not break at notch. 


Fuller** showed that the high endurance value for nitrided steels at elevated 
temperatures could be expected to be retained up to 800-1000®P. because the hard* 
ness and strength values of the case are not materiaUy affected at these tempera¬ 
tures, (see references 1, 26, 27, and 28). 

McAdam*® tested a steel containing 0.36% carbon, 2.03% aluminum, and 1.62% 
chromium. It was oil quenched from 1750®F. and tempered at 1200®F. All the 
grinding and polishing were done prior to the nitriding. The resistance to fatigue 
corrosion of this steel was superior to stainless, chromium-nickel, and chromium- 
vanadium steels, when tested in carbonated and salt waters. 

Tensile Properties at Elevated Temperatures—Homerberg and Walsted** oil 
quenched a nitriding steel from 1650®P., tempered at 1000°F. and then nitrided 90 
hr. at 900 ®F. The results obtained at high temperatures are given in Table VII. 

Table VH 

Effect of Temperature on Properties of Nitrided N 135 


Reduction 


Testing 

Temp. “P. 

Tensile Strength, 
psi. 

Elongation 
in 2 in.,% 

Of Area. 

% 

800 

134,000 

6 5 

30.5 

900 

124,000 

9.5 

31.0 

1000 

98,000 

15.5 

44.5 

1100 

42.000 



1200 

39,000 



1300 

28,000 



1400 

20,000 




Creep Tests on Nitrided Steel—Malcolm®* tested nitrided steel at 1000®F. under 
a load of 10,180 psi. After 4,000 hr. the extension amounted to 0.002 in. per in. with 
no further extension during an additional 5,000 hr. 

Abrasion and Wear Resistance of Nitrided Steels—Malcolm** tested nitrided and 
stainless steels in a wear testing machine imder a pressure of 200 lb. The nitrided 
steel withstood 100,000 strokes without scoring and with no appreciable wear, 
whereas the stainless steel was badly abraded after 1,000 strokes. 

Homerberg and Walsted** have reported the results of wear tests in which 
nitrided steel was tested against itself and against a number of other materials 
without lubrication. The two materials that showed excellent results when oper¬ 
ated against nitrided steel were the nitrided steel itself and a bronze of the follow¬ 
ing composition: Copper 805; tin 11.5; nickel 5.5; and zinc 2.8%. 

Leaded and graphitic bronzes are generally used as bushings to run against 
nitrided steels. A bronze containing 80 copper, 10 tin and 10 lead is suitable for 
the purpose. 
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Corrosion Resistance of Nitrided Steel-~-Sergeson and Dear^ have reported the 
corrosion resisting properties of nitriding steels after nitriding for 90 hr. at 975 
Their conclusions are as follows: 

1. Nitrided steel is not adapted for use in mineral acids, such as sulphuric and 

hydrochloric. 

2. Nitrided steel is extremely resistant to alkali, atmosphere, crude oil, natural 

gas combustion products, tap water, and still salt water. 

3. It Is slightly attacked in aerated salt water and under alternate wetting with 

salt water and drying. 

Malcolm** has reported that nitrided steel shows excellent resistance to oxidation 
and corrosion under the action of superheated steam. 

It should be clearly emphasized that the maximum resistance to corrosion is 
shown by the outermost layer of the nitrided case. Therefore, it is of importance 
that nit^ded specimens should not be ground after the nitriding operation if 
maximum resistance to corrosion is desired. 

Welding of the Nitriding Steels—Homerberg” and Walsted have welded nitrided 
steels by the atomic hydrogen process and by flash welding. A welding rod of the 
same material was used in the atomic hydrogen process. No appreciable difference 
between hardness at the weld and away from it was shown after nitriding. 

Determination of Case Toughness of Nitrided Steel—^The character of the im¬ 
pression produced by the various hardness testing machines is indicative of the 
toughness of the case. If the impression is free from spalled edges the nitride case 
will be tougher than one in which the edges are not well defined.* 

Precautions and Recommendations 

1. To Insure the best nitriding results, the steel should be heat treated so as to possess a 
uniformly sorbitie structure. 

2. Before nitriding the steel must be free from decarburization. 

3. If freedom from distortion is of paramount Importance, the Internal stresses produced by 
machining or heat treating should be removed before nitriding by heating to a temperature of 
1000-1300*P. 

4. Since some growth takes place on nitriding, this should either be allowed for in the final 
machining or grinding operation prior to nitriding or removed by lapping or by careful grinding. 
However, the removal of only a slight amount of the nitride ease is permissible. 

5. If maximum resistance to corrosion is desired, the parts should be used as they come from 
the nitriding container. 

6. Nitrided steels of the nitralloy type should not be used where resistance to the corrosion 
of mineral acids is encountered or where resistance to sharp abrasive particles at high velocities 
is required, as in sand nozzles. 

7. If straightening is required after nitriding, it should be done hot at 1200°F., although 
some straightening may be done cold. 

8. If maximum hardness and maximum resistance to Impact are desired and the question of 
maximum corrosion resistance is not of vital importance, the removal of 0 001>0.002 inch of 
the nitrided case is desirable. The amount to be removed depends upon the original case depth. 
This operation will remove the more brittle and somewhat softer surface layer. 

9. If nitrided articles exhibit a shiny gray surface after their removal from the container, the 
results should be viewed with suspicion. Invariably, the case will be shallow and below normal 
hardness. The articles should have a matte gray appearance, although a slight discoloration does 
not indicate faulty nitriding. A slight vacuum may be created within the container when the 
furnace is shut off and if a small amount of air enters through the gasket, the articles may 
show various hues such as pink, blue, or light brown. Increasing the flow of ammonia at this 
stage or nitriding in the presence of copper turnings will frequently prevent this discoloration. 
The opening of the container at too high a temperature will also cause surface discoloration. 

10. Specimens that can be checked for hardness and depth of case should be included with 
every charge. 

11. Applications requiring a high core hardness to support the case when high compressive 
stresses are present require nitriding steels of special analyses. 

12. Although special nitriding furnaces are desirable, such equipment is not absolutely neces¬ 
sary. In most instances these special furnaces are constructed so that they can be used for 
general heat treating purposes when not used for nitriding. The most essential point Is that a 
furnace must maintain a uniform temperature within the nitriding container. 
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Aluminum Impregnation 

(Calorizlng:) 

By B. X Sayles* 


Deaiiition-~-Calorizing is a trade name for an aluminizing process for alloying 
the surface of carbon or alloy steel with aluminum by diffusion. The depth to 
which the action penetrates varies from 0.005-0.040 in., but on thin articles the 
usual depth is 0.025-0.030 in., the surface layer of iron-aluminum alloy, usually 
containing approximately 25% aluminum. 

Methods—There are several distinct processes for performing the aluminizing 
operation as follows: 

Old Style Powder CaZorizinp—This practice was in general commercial use imtU 
1935. The articles were hermetically sealed in revolving retorts packed in a powder 
compound in which the active ingredient was powdered aluminum. Time of treat¬ 
ment was usually four to six hours at a temperature of 1550-1700°P. The resulting 
iron-aluminum surface alloy was of a depth of 0.001-0.006 in. and contained about 
60% aluminum. 

The surface alloy possessed excellent heat enduring and sulphur corrosion resist¬ 
ing qualities but, by reason of the high aluminum content, was brittle and Inclined 
to spall from the surface whenever the article was subjected to mechanical abuse 
such as the application of a rotary tube cleaner. 

Modern Powder CalorizinQ’—Since 1935 this processt has continued with the 
foregoing method for securing a primary iron-aluminum alloy, but subsequently the 
work is removed from the rotating retort and heat treated for periods of 12-48 hours 
at temperatures from 1500-1800®P. to cause the* aluminum to penetrate by diffusion 
to depths ranging from 0.025-0.040 in. Since no compound is in contact with the 
work during the heat treatment, the aluminum content at the surface of the article 
is reduced to 25% or less. This is ample for heat enduring and corrosion resisting 
purposes. With this aluminum content the surface alloy obtains the qualities oi 
toughness and ductility not to be found in the older process. 

Pack CaZorteing—This consists of packing the work in hermetically sealed 
stationary boxes with the powdered aliuninum compound. The process requires from 
6-24 hr. at temperatures ranging from 1500-1800®P. Since it is a combined aluminiz¬ 
ing and diffusion heat treatment, no further treatment is needed when the work 
is removed from the container. The process is of particular value for handling 
articles of light gage or irregular shape which might be damaged by processing in 
rotating retorts. 

Dip CoZorizingr—The work, suitably cleaned and fluxed. Is immersed in molten 
aluminum in a manner similar to that employed for hot dip galvanizing. This 
results in a superimposed coat of practically pure aluminum with slight formation 
of an iron-aliuniniun alloy at the face of the parent metal. Under suitable condi¬ 
tions the thickness of this alloy layer may be increased by subjecting the material 
to heat treatment, though a primary coat of pure aluminum can not be diffused to 
^ve surface alloys of relatively low aluminum content. 

The process is of particular value where the corrosion resistance of pure alumi¬ 
num is desired combined with the strength of the underlying steel. 

Fink Process—This is essentially a dip Calorizlng process for wire but is dis¬ 
tinguished by maintaining the steel to be treated in hydrogen atmosphere after it 
leaves the pickle bath and before immersion in the molten aluminum bath. 

While wire readily lends itself to the passage through a hydrogen tunnel between 
the pickle and aluminum baths, the process may be impractical when handling a 
wide range of various sizes and shapes. 

Martin Process—In this process the surface alloy of iron-aluminum is formed by 
treating the metal in aluminum chloride vapor at high temperature. It is reported 
that the surface alloy thus obtained is shallow compared to the other processes. 


*Calorlzing Co.. Pittsburgh, Pa. Prepared for the Subcommittee on Metallic Coatings, H. 8. 
Rawdon. General Chairman. 
tU. 8. Patent No. 1.988.217. 
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Spray Gun Proccw—For a description of the process for spra]dng molten alumi¬ 
num see page 1115. 

Oxidation Resistance—-Calorizlng protects steel from oxidation and flue gas 
corrosion at high temperature by the formation of a film of aluminum oxide on the 
surface. This film is self-replacing as long as any appreciable amount of aluminum 
remains at the surface. At temperatures under 1400®F., the life of a Calorized part 
is a matter of years. Calorized parts, however, are used up to temperatures of 
1700®P. for purposes where the life of the. part, such as a heat treating pot, is 
usually long enough to justify the higher cost as compared to that of carbon steel. 

Table I gives the relative oxidation resistance of some steels before and after 
calorizlng. 


Table I 
Oxidation Test 


Type of Material 


1000 hr. at llOO^F. 1000 hr. at 1200*F. 

Not Not 

Calorized Calorized Calorized Calorized 


C .08-.20. Cr 18, N1 8. 

C .08-.18, Mn 0.30-0.60, Cr 5. W 1. 

C .08-.18, Mn 0.30-0.60, Cr 5, Mo 0.50... 

C .08-.18, Mn 0.30-0.60, Cr 5. 

C .08-.18, Mn 0.30-0.60. Mo 1. 

C .08-48, Mn 0.30-0.60. Mo 1.60. 

C .08-.18. Mn 0.30-0.60, Cr 2.00, Mo 0 50 

C .08-.18. Mn 0.30-0.60, Cr 1.25, Mo 0.50 

C .08-.18. Mn 0.30-0.60. Cr 1.75, Mo 0.50 

C .08-.18. Mn 0.30-0.60, Si 0.50 max. 


Weight Increase, Milligrams per 8q. Cm. 




1.1 

0.6 



17.5 

1.0 

ie.e 


36 6 

0.8 

.... 

... 

39.5 

0.6 

35.3 


83.6 

1.0 

35.4 

i‘.3 

.... 

... 

21.4 




19 9 

i.5 


... 

37.2 



... 

41.0 

4.3 


... 


Sulphur Corrosion Resistance—The type of corrosion resistance of commercial 
importance is immunity to the attack of various kinds of sulphurous gases—H^S, 
SOs, SOs— found in furnace flue gases at high temperature. Calorized articles may, 
therefore, be used in furnaces which employ high sulphur fuels. Calorizlng has wide 
acceptance in oil refineries and contact sulphuric acid converter heat exchangers. 
It is rapidly attacked, however, by aqueous solutions of mineral acids and, hence, 
not suitable at the low temperature end of furnace ducts where condensation of 
water vapor in the flue gases is likely to cause formation of sulphurous acid. 

Table n 


Hydrogen Sulphide Test 


Type of Material 


24 Hours at 
Not 

Calorized 

1200’P. 

Calorized 

C .08-.18, Cr 18, N1 8 


Weight Increase, Milligrams per Sq. Cm. 
. 36.5 0 1 

C ,08-.18. Mn 0.30-0,60, 

Cr 5, W 1. 

. 175.6 

05 

0 .08-.18, Mn 0.30-0.60. 

Cr 5, Mo 0.50.. . 

. 172.8 

1.3 

C .08-.18, Mn 0.30-0.60, 

Cr 5. 

. 183.4 

0.5 

C .08-.18, Mn 0.30-0.60, 

Mo 0.50. 

.... 109.0 

0.3 

C .08-.18, Mn 0.30-0.60, 

Cr 2, Mo 0.50. 

. 124.3 

6.6 

C .08-.18, Cr 2.50, Mo 

0.50. 

. 90.5 

0 1 

O .08-.18, Mn 0.30-0.60, 

Cr 1.25, Mo 0.50. 

Si 0.50 max. 

. 101 3 

0.7 

C .08-.18, Mn 0.30-0.60, 


0.6 


Table II gives results of sulphur corrosion of some steels before and after Caloriz- 
ing. The test was conducted in a muffle type furnace with hydrogen sulphide flowing 
continuously at atmospheric pressure. 

High Temperature Creep Strength—The Calorizlng process, by protecting the 
base metal from loss of cross section due to oxidation, extends the useful, high 
temperature working range of many low priced steels which do not possess oxidation 
resistance. As an example, a killed carbon steel containing C 0.08-0.18, Mn 0.30-0.60, 
and Si 0.60 required before Calorizlng, 1400 psi. unit stress to produce 1% creep in 
10,000 hr. at 1100®P., but after Calorizlng this same steel under the same condition 
of test required 2,050 psi. 
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General Physical Properties—The iron-aluminum surface alloy is hard, but is 
sufficiently tough to exhibit about 5.0% elongation before development of surface 
cracks. This enables the surface alloy to bend with the steel when hot and the 
product is not subject to cracks under stresses within commercial limits. 

Uses—Pots for salt, cyanide, and lead preferably operating at a bath temperature 
of not over 1550®P.; bolts to 1400°P. Tubes for air heaters, radiant steam super¬ 
heaters, oil and gas polymerization. Furnace parts to HOO^'F., glass lehrs and non- 
ferrous heating furnaces. 

Fabrication—Except with light thicknesses of surface alloy of low aluminum 
content, such as employed on automobile exhaust pipes, cold fabrication of Calorized 
steel is not practical. Usually bending and forming must be performed at bright 
red heat, but unless the bending radii are liberal, cracking may occur. The Calorized 
steel will stand about 5% elongation before surface fissures appear. 
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Chromium Impregnation 

(Chromizing) 

By F. C. KeUey* 

The Process—^The process consists of packing the material to be treated in a 
mixture of powdered alumina and chromium. Alumina is used to prevent the 
sintering of the powdered chromium into a solid mass. The amount of each ma¬ 
terial used may be varied, but a satisfactory mixture consists of 45% of dry alumina 
and 55% of chromium by weight. The matefial is usually packed in a tube or 
container of iron and then heated to 2375-2550®P. in hydrogen for three or four 
hours. The time may be varied according to the penetration and concentration of 
chromium desired. 


The Atmosphere—A protective atmosphere like hydrogen is absolutely necessary 
to protect the chromium from oxidation and should be free from oxygen and water 
vapors. The chromium particles in contact with the material to be treated must 
be kept clean so diffusion may take place. The hydrogen should be of sufficient 
purity to reduce chromic oxide for this will preserve the chromium powder in the 
metallic state and prevent loss by oxidation. The hydrogen may be passed directly 
into the iron container holding the charge. The container should be provided with 
a vent to allow circulation of the pure hydrogen. 

The' atmosphere of the furnace may be commercial hydrogen with enough 
water and oxygen removed to protect the molybdenum winding from oxidation. 

The Furnace—The temperatures used in this process demand a furnace capable 
of maintaining a high temperature over a long period. An electric furnace provided 
with a molybdenum or tungsten winding as the heating unit is used. A satisfactory 
type consists of an alundum tube wound with molybdenum wire. The tube is 
placed in a suitable furnace casing and surrounded with alumina powder which 
acts as a heat Insulating material. The furnace casing should be tight to prevent 
the loss of hydrogen and the diffusion of air into it. 


The Material—The material best suited for chromizing is a low carbon steel 
having a carbon content of 0.10-0.20%. Steels of higher carbon content may be used 
if the surface is first decarburlzed as by heating in hydrogen. Materials to be 

chromized should have a clean sur¬ 
face so diffusion may take place 
freely. Machined parts should be 
free from oil, grease, or soap. 

Structure of Coating—The layer 
of chromized material on the sur¬ 
face of iron treated by this process 
consists of large columnar grains. 
This structure is typical of many 
coatings formed on iron by diffusion 
processes. Elements such as alu¬ 
minum, silicon, molybdenum, and tin 
diffusing with iron form coatings of 
similar structure. 

Diffusion Rates —The penetra¬ 
tion of the chromiiun with respect 
to time and temperature is best 
shown by curves in Pig. lA and IB. 

Corrosion Resistance—Chromized 
iron has a high resistance to cor¬ 
rosion in salt spray, steam and under 
atmospheric conditions, and will 
stand up for long periods of time in 
10% nitric acid without discoloring 
the solution. The chromium con¬ 
tent of the diffused layer varies be¬ 
tween 10 and 20%, according to the time and temperature of heating. 

Other Methods— Becker, Hertel and Raster have produced a chromium iron 
alloy by heating metallic chromium or ferrochromium and the iron to be chro- 



Fig. lA—Curve showing the change In penetration 
of chromium with the time at a temperature of 
2375 -^ 

Pig. IB—Effect of temperature upon the penetration 
of chromium for a period of 3 hours. 


•Research Laboratory, General Electric Co., Schenectady. Prepared for the Subcommittee on 
Metallic Coatings. H. S. Rawdon, General Chairman. 
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mized in a tube at 1750-1800*’F. Pure dry hydrogen is first passed through the 
tube on heating. When the desired temperature is reached the dry hydrogen is 
then passed through fuming hydrochloric acid over the metallic chromium and 
finally over the iron to be chromized. The CrCl, vapor formed by the reaction 
between the hydrochloric acid gas and the chromium exchanges its chromium 
atom for an iron atom when it comes in contact with the iron surface, forming an 
alloy with the same characteristic structure as chromized iron. The grain size of 
the iron unaffected by the chromium must be smaller in this process than in the 
powder process due to the difference in the temperatures used. The resulting coating 
has the same physical and chemical characteristics as the coating produced by the 
powder process. It can be worked cold and resists the attack of nitric acid at all 
temperatures. 

Diffusion is slowed up considerably below 1650°F., while above ISOO^F. the grain 
size is large. 

W. M. Mitchell secured a United States patent on a process for coating the sur¬ 
face of a steel ingot with a chromium iron alloy. He coats the surface of a mold with 
chromium using sodium silicate as a binder. When hot metal is poured into the mold 
it alloys with the coating and produces a chromium iron alloy on the surface. The 
ingot can then be rolled into sheets with a high chromium alloy on the surfaces. 
Castings with a high chromium alloy on the surfaces can also be made in the 
same way. 

A British patent was granted to M. Fiedler for a process of coating a metal 
with a chromium rich alloy which consists of electroplating chromium on the surface 
of steel and then passing the plated article through a high frequency field to raise 
its temperature where alloying occurs between the base metal and the chromium 
plate. By this process iron pipe can be chromium plated on the outside and then 
passed continuously through a high frequency coil to heat it to about 2200‘*P., where 
alloying takes place between the chromium plate and the iron underneath. 

Folliet and Sainderichin of Paris, Prance, were granted a United States patent on 
a cementation mixture for treating ferrous articles, comprised of an oxide of chro¬ 
mium, 2-10% of a chloride of chromium, and a quantity of finely divided aluminum. 
The aluminum content depends upon the amount of oxygen in the metallic oxide used. 
The articles to be coated together with the mixture in which it is packed are con¬ 
tained in a closed vessel and heated to 1825-2375°F. The action of the aluminum 
and the chloride results in an alloy between the liberated chromium and iron. The 
depth of penetration depends upon the percentage of metal oxides and the time at 
the working temperature. 

Application-^Chromizing has been used to protect turbine buckets against cor¬ 
rosion and erosion. Containers used for copper brazing tungsten contacts have been 
chromized so the copper would not braze the contacts to the container. The 
hydrogen atmosphere used for copper brazing usually contains enough water vapor 
and oxygen to oxidize the chromium on the surface and thus prevents the copper 
from wetting it. 

Any steel parts which have to withstand atmospheric corrosion or the attack 
of nitric acid may be chromized to give satisfactory resistance. The chromized 
surface layer is practically free from carbon, and no attack occurs due to carbide 
precipitation. 
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Zinc Impregnation 

(Sherardlzing) 

By F. C. KeUey* 

The original patent on this process was applied for in England on July 21, 1901, 
by Sherard Cowper-Cowles of London. The metallurgist of that time claimed that 
the zinc coating produced by this process was structureless but today we know 
that is not true. 

Apparatus—The present day process is best carried out in tightly sealed drums 
to prevent as much oxidation of the zinc as possible. These drums are rotated in 
gas or oil fired furnaces to produce uniform coating of high density. Electrically 
heated drums having double walls properly insulated are also used. The electrical 
heating units are placed between the walls of the drum which is supplied with sev¬ 
eral containers made of coarse wire screen so that the charge in any container may 
be removed at any time. The drums in any case are not filled with powder. This 
allows the parts to be treated to rub against each other and the powder to change 
its position. 

Sulphuric acid tanks or shot blasting apparatus is also necessary for cleaning 
the surfaces of material, the latter being preferable. 

The Zinc Powder—The zinc dust should be as free from impurities as possible, 
especially from lead, although small amounts of silica or oxide of iron do not seem 
to be deleterious. Periodic chemical analysis is necessary, and on the basis of the 
results, the metallic zinc content is maintained between 80 and 92%, the remainder 
being zinc oxide and impurities. 

One method used for the determination of zinc is the displacement of hydrogen 
* from sulphuric acid. In this method the apparatus is carefully calibrated. The 
volume of gas liberated is corrected for temperature and pressure and also for the 
hydrogen evolved by iron and tin present in the powder. 

Typical analyses of new and used dust are as follows: 



New Dust 

Used Dust 

Silica . 


0.43 

Cu . 

. 0.01 

Nil 

Pb . 

. 0 99 

0.81 

Fe . 

0.39 

1.16 

Cd. 

. Nil 

Nil 

Zn. 

. 97 98 

84 50 

ZnO. 


12.12 

Total Zn . 


94.57 


When new powder is used, it is first heated in the drums without any charge 
for a sufficient time to oxidize the powder so that the zinc content, when analyzed, 
comes within the specified range. 

The used powder is analyzed frequently and new powder added when necessary 
to keep the zinc content above 80%. 

It is necessary to remove the iron and iron oxide from the mixture by magnetic 
separation to maintain the uniform quality of the coating. 

The particle size of the zinc powder, the analysis of which is given above, varies 
and the screen analysis is given below. 


Zinc, % 


On 100 mesh . 3.65 

On 150 mesh . 1.05 

On 200 mesh . 3.55 

On 350 mesh . 6.25 

Through 350 mesh . 84.50 


Some of this zinc dust has a particle size as small as 1/40,000 to 1/50,000 of 
an inch. 

Powder low in zinc (35%) gives a coating of sp.gr. 1 while that with a zinc 
content of 90% gives a coating of sp.gr. 6.75 when a temperature of 660-700''P. is used. 

The powdered alloy of PeZn,o has been used to a limited extent, but the tem¬ 
perature of heating must be higher than that for the powdered zinc. 


'Research Laboratory, General filectrlc Co., Schenectady. Prepared for the Subcommittee on 
Metallic Coatings. H. S. Rawdon, General Chairman. 
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Sand was added to the powder in the early process to prevent caking at the 
^tilgher temperatures and small amounts of carbon were added to limit the amount 
of oxidation of the zinc. 

Temperature—The wide range of temperatures originally used gave widely vary¬ 
ing results. Today the process is usually carried out within the temperature range 
of 660-700®P. which gives a satisfactory product. Lower temperatures result in 
a thinner zinc coating while higher temperatures give a coating with a greater iron 
content and not so resistant to the action of the atmosphere. The length of time 
required for sherardizing varies from 3-12 hr. depending upon the thickness of 
coating desired. 

If the operating temperature is materially above 660-700®P. the coating is coarse 
and crystalline, but if much below this, the coating is relatively soft and porous. 
For the best coating it has been claimed that the charge should be heated as rapidly 
as possible to the temperature 660-700°P. In the case of the electrically heated drums 
this is done by the use of parallel series connections to the heater units. 

The Coating—The color of the coating is gray. When the coating is cleaned by 
brushing or rubbing it has about the same color as pure zinc. 

There is usually only one layer observed on the surface of the iron but by 
heating to higher temperatures a second layer is sometimes found. There has been 
some difference of opinion as to the composition of the single phase layer, some 
claiming it to be Pe Zn„ and others, Pe Znio. McCulloch found by heating iron 
foil in zinc dust for 45 days at 779 ®P. that the alloy formed contained about 6% 
of zinc. If he heated a similar piece of iron foil for two days at 689°P. he obtained 
about the same result. From these experiments McCulloch claimed the limit of 
the iron-zinc solid solution to be 6% of iron instead of the higher percentage usually 
shown in the constitution diagram. He gives 8-10% as the average iron content of 
good sherardlzed coatings. When the second layer appears it is much richer in iron, 
and Rawdon has suggested that it might be Pe Zn,. 

All sherardlzed coatings are filled with minute cracks which are probably due 
to the large difference in expansion between the coating and the iron base. 

The tMckness of the coating produced in 3 hrs. at 660-700®P. is about 0.0025 in. 

Pig. 1 shows a photomicro¬ 
graph of an unetched speci¬ 
men of sherardlzed iron with 
a light alloy coating of about 
1.5 mils thickness. The fissures 
which show up so clearly are 
typical of all sherardlzed coat- 
l^s. 

The Cementation Process— 

Some have claimed that the 
coating is deposited from the 
vapor phase while others be¬ 
lieve it is formed by contact 
between the metal and the 
powder. 

Several years ago the au¬ 
thor Investigated the possibil¬ 
ity of improving the process by carrying out the operation in a vacuum of 1 mm. 
pressure. It was found that there was little if any difference in the thickness or 
character of the coating if the charge was revolved when compared with samples 
produced in the regular way. This would seem to indicate that the coating was 
formed largely through contact of the powder with the iron. The vapor pressure 
of zinc is probably high enough to give a slight coating, but not enough to produce 
the thickness obtained in the regular process. Trood claimed that he obtained a 
much heavier coating in vacuum in a shorter length of time. 

The fact that particles of iron oxide and silica are sometimes found imbedded 
In the coating supports the claim that the coating is formed by contact. 

The Weathering of Sherardlzed Coatings—All sherardlzed coatings are anodic 
toward the iron with which they are in contact, but to a lesser degree than pure 
zinc on account of the iron which has diffused into them. Burgess found the 
potential for the alloyed coating was 0.20 to 0.25 volt against 0.50 volt for zinc. 
This accounts for the protective value of the zinc coatings. 

The coatings low in iron content weather and gradually become dark and finally 





Fig. 1—Sherardlzed Iron—unetched. 
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almost black, but those with higher iron content become reddish due to the oxida¬ 
tion of the ir^. The appearance of the red color does not necessarily mean that 
the iron underneath has been attacked. Those coatings high in iron however, do 
not resist the action of the atmosphere as well as those with lower iron content. 
The coatings high in iron will rust almost immediately in salt spray while those low 
in iron will stand up well. Those coatings which have 15-20% of iron break down 
rapidly when exposed to the action of the atmosphere, while those with 8-10% or 
less stand up well. The life of a good sherardized coating depends also upon the 
thickness of the layer. 

The A.S.T.M. Committee A5 has published in its report for 1936 that sherardized, 
hot dipped, and plated zinc coatings of the same weight have approximately the 
same service life. 

Application—Sherardizing produces a coating of uniform thickness and for this 
reason can be used on threaded parts like bolts and nuts. The threads are not 
filled up as is the case with hot dipped nuts or bolts. Allowance can be made for 
the coating when cutting the threads and after sherardizing they do not have to 
be rethreaded or tapped. 

The principal application is for small steel parts such as bolts, nuts, and 
washers, or castings which have to resist the action of the atmosphere. Iron wire 
has also been coated, but the heavy coatings are brittle and crack off when the wire 
is bent. 
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Silicon Impregnation 

(Siliconizing) * 

By Han*y K. Ihrig* 

Introduction—A process of impregnating iron and steel with silicon has been 
developed.t The silicon-rich case, containing about 14% silicon greatly improves 
the resistance of the steel to corrosion, heat, and wear.* Other methods of producing 
silicon-rich cases on iron and steel have been studied experimentally,* but have not 
resulted in processes of commercial importance. 

Metals Treated—Forged, rolled or cast, low carbon steel with low sulphur content 
is suited for siliconizing. High carbon, low sulphur steels can be treated satisfactorily, 
but are impregnated more slowly. For example, S.AF2. 1045 steel requires about 
twice the time for a given depth of case that a low carbon steel requires. The silicon 
case on high sulphur free machining steels may be penetrated under corrosive condi¬ 
tions, with consequent cracking and spalling of the case due to attack of the 
underlying core. This attack is probably caused by a less resistant intergranular 
silicon-sulphide constituent. 

White and malleable irons can be treated, but because of their high sulphiir 
content, the resulting cases are, as a rule, not so corrosion or wear resistant as those 
produced on low sulphur steel. Gray cast irons, because of their high sulphur content 
and because they grow badly at treating temperatures, do not give a satisfactory 
case for many purposes. 

As a rule, alloy irons and steels, particularly those with a chromium content, 
do not appear to treat so well as plain low carbon steels. 

Preparation of Metals to Be Treated—The decarburized layer often found on 
Yorgings does not have to be removed. Sand imbedded in castings must be removed 
by pickling or sand blasting. Light mill scale does not have to be removed, but heavy 
annealing scale should be. Because the treatment temperature is above the critical 
point of irons and steels, it is advisable that all strains be removed before siliconizing; 
otherwise, they will be removed during the process and may cause distortion. 

Silicon Impregnation Process—In the process covered by this article, the iron 
or steel is subjected to the action of silicon carbide and chlorine at temperatures 
of 1700-1850°P. Instead of silicon carbide, ferrosilicon or mixtures of ferrosilicon and 
silicon carbide may be used. Parts may be processed in a rotary or pot type 
furnace. The chlorine is added when the parts are at temperature. Ordinary car¬ 
burizing equipment is used with only slight modifications and no inert or reducing 
gas is necessary during the silicon impregnation. 

The exact mechanism of this reaction is not known. At temperatures up to 
1850®P. it appears essential that the carbide be in contact with the article to be 
treated. It is believed that the chlorine liberates the silicon from the silicon carbide 
in the nascent form, whereupon it diffuses immediately into the article to be treated. 

The case may be made any desired depth from 0.005 to 0.100 in. A case of 0.026 
to 0.030 in. is usually produced on low carbon steel in two hours. Ordinary cylinder 
chlorine gas of about 99% purity is used. It is used in the same concentration as 
in the cylinder. The amount of chlorine gas used depends upon the size of the 
charge to be treated and the thickness of the case desired. The amount is determined 
experimentally for a given Job and then held constant for the particular charge. 

Structure and Composition of the Silicon Case—Fig. 1 is a photomicrograph of 
a silicon case. The analyses of the 0.010 in. cuts are shown to scale at the side. 
The silicon content is constant within less than one half of 1% for the first 0.040 in. 
of the case and then falls off gradually for an additional 0.020 in. or 0.025 in. This 
uniformity of silicon content in the outer layers makes it possible to grind the 
silicon Impregnated parts to a considerable depth without destroying the best por¬ 
tions of the case. 

A peculiarity of the silicon-rich case is that carbon from the outer portions 
of the article is pushed forward by the silicon and is concentrated underneath the 
silicon case. 

Physical Properties—Siliconized articles show a case hardness of Rockwell 
B 80-85. Although not file hard, such parts cannot be machined or cut with a hack¬ 
saw by ordinary means. 


'Director of Laboratories, Globe Steel Tubes Co., Milwaukee, Wis. 

Prepared for the Subcommittee on Metallic Coatings, H. S. Rawdon, General Chairman. 
tOommercially known as Ihrigizing. 
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Standard tensile 
test pieces cut from 
the same bar of 
S.AJB. 1015 steel show 
the following results 
before and after im¬ 
pregnation with sili¬ 
con: 

Untreated 

Blsstlo Limit, psi 37,760 
Ultimate Strength, 

pel. 00,550 

Elongation in 2 

in., % . 38.6 

Case cracked at, 
psi. 

Treated 

(.033 in 
case) 

Elastic Ziimit, psi. 37,900 
Ultimate Strength. 

psi. 51,400 

Elongation in 2 

in., % . 19.5 

Case cracked at. 
psi. 41,600 

The case does not 
crack until the steel 
is pulled beyond the 
elastic limit. After 
the case cracks, the 
cross section is re¬ 
duced and thus the 
ultimate strength is 
lowered. The ductility 
of the case is not so 
high as that of the 
core, but treated tubes 
are ductile enough to 
be rolled into head¬ 
ers. The case will not 
spall off under vig¬ 
orous hammering. 
However, sharp cor¬ 
ners should be round¬ 
ed off to provide core 
support for all por¬ 
tions of the case. 

The impregnation 
with silicon destroys 
all previous heat 
treatment. The case 
cannot be changed by 
any known heat 
treatment, but the 
core may be heat 
treated to give any 
properties possible 
with the particular 
type of base metal 
used. 

Corrosion Resist¬ 
ance—Silicon impreg¬ 
nated articles are re- 



Flg. 1—Photomicrograph (lOOx) of silicon impregnated ease with 
analyses of 0.010 in. layers. 



























1092 


SILICON IMPREGNATION 


sistant to nitric, sulphuric, and hydrochloric acids with a decreasing resistance in 
the order named. 

Fig. 2 shows a treated bar which has been cut in two. One half has been 
boiled in dilute nitric acid until the entire core dissolved leaving only the case. The 
other half has been etched lightly to show the case. 

In 10% boiling sulphuric acid, a ^ x 2 in. round after treatment showed the 
following losses in weight: 


1st 24 hours—3.1% loss 
2nd 24 hours—0 5 
3rd 24 hours—0.3 
4th 24 hours—0.4 
5th 24 hours—0.4 


6th 24 hours—0.2% loss 
7th 24 hours—0.7 
8th 24 hours—0.7 
9th 24 hours—0.7 
10th 24 hours—0.3 


Characteristic of high silicon alloys, the attack in the first 24 hours is relatively 
large, but after that it is greatly decreased. Carbon steel under these same condi¬ 
tions is entirely dissolved in about 
18 hr., and 18-8 stainless steel in 
24-30 hr. 

Silicon-cased articles are not 
recommended for use in boiling min¬ 
eral acids, because after the case is 
perforated the core is rapidly at¬ 
tacked. 

The object of silicon impregna¬ 
tion is to produce an article econom¬ 
ically that is resistant to corrosion. 

Because the alloy is only in the sur¬ 
face layers which are exposed to the 
corrosion, the core or major por¬ 
tion of the piece is of cheaper 
metal. 

Heat Resistance—The silicon case is resistant to scaling up to 1800*’F. At this 
temperature excessive grain growth occurs in the steel core and the case tends 
to crack, but at temperatures of 1200-1600*’F. long life has been obtained. 

Wear Resistance—Under conditions of frictional wear, such as those to which 
shafts and cylinder liners are subjected, the silicon case has stood up well and the 
surface is particularly nongalling. Silicon case parts wear well against themselves. 
Where conditions of corrosion and wear exist together, the silicon case is especially 
effective. 

Table I 

Amsler Wear Tests 
8AE 1015 Steel 



Fig. 2—Bar with allieon case; cut In half, one sur¬ 
face lightly etched and the other boiled In dilute 
nitric acid, leaving only the corrosion resistant shell. 


10% Slippage and 1/16 in. Side Motion 


Specimens 

Rockwell C 

Load. 

kg. 

Revolu¬ 

tions 

Loss in 
Dia., in. 

Remarks 

Carburized vs, j 
Carburized ] 


100 

200,000 

.005 

Corners chipped 

811. Impreg. vs. 1 
811. Impreg. 

Not boUed In oil] 

1 ‘ 

100 

200,000 

.001 

No chipping 

811. Impreg. vs. ^ 
811. Impreg. 1 

Boiled In oil i 

and wiped dry] 

5 

100 

1,000,000 

.001 

No chipping 

10% Slippage, 1/16 in. Side Motion, and 1/32 in. Bump 

811. Impreg. vs, 1 
811. Impreg. | 

Boiled In oil 
and wiped dryj 

5 

50 

100,000 

.000 

No chipping 

Carburized vs. ] 
Carburized j 

[ « 

50 

100,000 

.001 

Chipping started 
at 20,000 rev. 
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If a part, after treatment and finish grinding, is heated to 250-300®P. in a heavy 
oil, some of this oil is absorbed, and thus the treated part functicms’as a self lubri¬ 
cated bearing. This oil absorbing property is especially effective where outside 
lubrication is impossible. Table I gives the results of some Amsler wear tests on 
silicon impregnated test pieces in comparison to carburized ones. The effect of the 
oil absorption can plainly be seen. 

The reason for the oil absorption is not certain, but it is believed that the case 
contains graphitic spots or voids left by the graphite that retain the oil. 

The silicon case is not recommended for high velocity abrasion, such as found in 
sand blasting. 

Distortion—A slight swell, that can not be adequately explained, occurs during 
the treatment of steel parts. This varies with the type of metal or alloy treated. 
Parts actually lose in weight during treatment because the heavier iron has been 
replaced by the lighter silicon, thus causing an over all loss in weight. The following 
table illustrates the changes in dimensions and weight on a 1 in. bar made from 
S.A.E. 1020 steel before and after treating: 


Before Treatment After Treatment 


Weight, g. 602 671.4 

Diameter, in. 1.000 l.f03 

Length, in. 5.985 6.989 


Because parts are not quenched after the silicon impregnation, little distortion 
occurs. Where the type of part permits, it may be straightened cold a few thou¬ 
sandths of an inch, or considerably more if heated to a temperature of about 1200°F, 

Applications for Silicon Impregnation—Siliconized parts made from ferrous 
metals have given satisfactory service when subjected to corrosion, heat, or wear 
and the following will illustrate some of the applications: 

Automotive water pump shafts, rocker arms, cylinder liners, and valve guides; 
valves, fittings and similar parts for the chemical, paper, and oil industries; forgings, 
steel, and malleable iron castings, thermocouple tubes, nails, screws, bolts, and tubing 
are siliconized where corrosion, heat or wear are problems. 

Careful testing is essential before starting production to determine if the process 
is applicable to the particular service required of the part. 

* 
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Electroplated Metal Coatings 

By WiUiam Blum* 

Scope—^The purpose of this section is to summarize those factors in the selection, 
application and testing of plated coatings that are likely to be of interest to those 
metallurgists and engineers who are not directly connected with plating operations. 
When more detailed information is required it can be found in the textbooks and 
articles referred to. 

As practically all of the metals that are applied by electroplating are nonferrous, 
these processes might be classified under nonferrous metallurgy. Actually, the largest 
part of commercial plating is applied to iron and steel, though there are extensive 
applications of plating to copper, brass, nickel-brass, zinc, zinc-base die castings, 
and aluminum. To avoid duplication, the Important commercial plating processes 
will be summarized in this section, with appropriate references to their applications 
to either ferrous or nonferrous metals. 

The Selection of Electroplated Coatings—-The choice of a plated (or other) coat¬ 
ing for a specific purpose depends upon the advantages and limitations of that 
coating. Electroplating has been defined as ''the electrodeposition of an adherent 
coating upon an electrode for the purpose of securing a surface with properties or 
dimensions different from those of the base metal.” Among the specific reasons for 
applying plated coatings are the following: 

1. To produce and retain a desired appearance, for example color and luster. 
This requirement usually involves also resistance to tarnish. In general (unless 
lacquer is subsequently applied) this aim can be accomplished by plating with the 
noble metals, such as platinum and gold, or with less noble, but passive metals, 
such as nickel and chromium. Silver resists oxidation, *but is readily tarnished by 
sulphur compounds, and copper is tarnished both by oxygen and sulphur. 

2. To protect the base metals against corrosion. Because uncoated iron usually 
rusts on atmospheric exposure, it is customary to apply some protective coating. 
Plated metal coatings may protect iron in two ways. 

(a) The coating is less resistant to initial corrosion than iron, and therefore 
protects small exposed areas of iron by electrolytic action; in which process the 
coating is anodic, that is, it dissolves; and the base metal is cathodic, that is, is 
protected against corrosion. The two metals of this class that are applied commer¬ 
cially are zinc and cadmium. Coatings of both of these metals furnish prolonged 
protection to steel in mild or marine atmospheres, but are rather rapidly attacked 
in industrial locations, where sulphur compounds are present. Under the latter con¬ 
ditions, zinc lasts longer than cadmium coatings of the same thickness.* For either 
zinc or cadmium the protection is practically proportional to the thickness. Electro¬ 
plated zinc furnishes about the same protection as zinc coatings of the same 
thickness that are produced by hot dipping or sherardizing.* 

(b) The coating is more resistant to initial attack than the steel. This is true 
of copper, nickel, tin, lead, chromium, silver, gold and practically all electrodeposited 
metals except zinc and cadmium. Such coatings furnish complete protection to the 
base metal only if they are impervious. If any pores exist, corrosion of the steel 
at those points is usually accelerated. The most practical method of decreasing 
the porosity and increasing the protective value, is by increasing the thickness of 
the coating.* Of these metals, nickel is most commonly used to protect steel against 
corrosion. A preliminary coating of copper is frequently applied, partly because the 
copper may be more cheaply polished than the underlying steel or the superimposed 
nickel. The customary thin chromium layer increases the resistance to tarnish, 
but adds little to the protection against corrosion. Tin and silver coatings are used 
largely because of their resistance to foods and beverages. Lead is generally applied 
for resistance to sulphuric acid. 

All plated metals applied commercially to zinc or aluminum are more noble 
than these base metals, and must therefore be thick enough to be nearly impervious 
in order to furnish good protection against corrosion. As a first approximation, 
about the same thickness of nickel, or of copper plus nickel, is required on zinc 
or aluminum as upon steel. On copper and brass, thinner coatings of nickel are 
usually adequate. 

The electrochemical series of equilibrium potential is a rough guide to the 


•Chemist. National Bureau of Standards, Washington, D. C. Prepared for the Subcommittee 
on Metallic Coatings, H. S. Rawdon, General Chairman. 
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ability of a metal coating to protect other metals against corrosion, but there arc 
many practical exceptions. Although the standard potential of cadmium is less 
negative (more noble) than that of iron, a cadmium coating protects iron that is 
exposed through small pores. On the other hand, under equilibrium conditions, 
chromium is more negative (less noble) than iron, but, because chromium becomes 
passive in the air, it accelerates the corrosion of exposed iron. 

3. To protect a base metal against some specified chemical reaction. The most 
extensive use of this type is that of copper plating to prevent certain parts of sted 
articles from absorbing carbon during case hardehing. Experience indicates that 
the thickness of copper coating determines the protection afforded for any given 
period and temperature of hardening.^ It is probable that the increased thickness 
is effective by reducing the porosity. 

A similar application, usually confined to laboratory practice, is the use ol 
silver coatings to protect steel against oxidation during heat treatment. Chromium 
is helpful, but not apparently equal to silver for this purpose. Nickel plated steel 
is used in alkaline storage batteries and oxygen-hydrogen cells, because nickel 
resists alkaline solutions. Nickel and chromium coatings are used in the manufac¬ 
ture of films and plastics, because these metals resist most organic compounds. 

4. To protect the base metal against wear, caused by either abrasion or erosion. 
(Erosion is here defined in the same sense as “surrosion," that is, the combined 
result of corrosion and abrasion.) Resistance to abrasion requires that the coating 
shall be harder and “tougher” than the base metal. Protection against erosion involves 
also ability to resist chemical attack by the surrounding medium. Chromium more 
nearly meets these requirements than any other single plated metal, and is exten¬ 
sively used for wear resistance on gages, dies, molds, printing plates, and certain 
cutting tools. (See the article on “Hard Chromium Plating” in this Handbook.) 

5. To Increase the dimensions. This process, known as **building up”, ifiay be 
applied to parts accidentally made undersize, or to worn parts. Coatings to serve 
this purpose must be at least as hard as the metal to which they are applied. The 
three metals commonly used are iron, nickel, and chromium. Iron has the advan¬ 
tage of cheapness (significant in large scale operations) and the fact that it can 
be subsequently case-hardened. Nickel is the most easily applied, and its hardness 
can be controlled over fairly wide limits. Chromium is most commonly used when 
greater wear resistance is desired than can be secured with the base metal alone. 
Two practical difficulties that have limited the use of building up (especially in 
America with high priced labor) are the selection and application of suitable “stop- 
offs” to prevent deposition on areas not to be built up, and the care needed to 
consistently secure the high degree of adhesion usually required. 

The Specification and Testing of Plated Coatings—-The principal properties of 
coatings that determine their value, and may therefore serve as a basis for specifica¬ 
tions are (1) thickness, either average or minimum, (2) porosity, (3) adherence, 
(4) hardness, and (5) luster. 

A^Methods of Test—(1) Thickness^The average thickness is estimated by 
stripping (dissolving) the coating from a known or measured area, and determining 
its amount by loss in weight or by chemical analysis of the resultant solution. The 
average thickness has been the basis of most plating specifications, but now is 
being replaced by requirements for a certain minimum thickness on significant 
surfaces. 

The minimum thickness, or the thickness of coating at any point may be 
measured by: (a) Microscopic examination of a suitable cross section.* (b) The 
“chord” method,* in which the coating is cut through with a grinding wheel of 
known radius, (c) Methods depending upon rate of chemical reaction, such as 
the Preece test for zinc coatings,’ the “spot” test with concentrated HCl for chro¬ 
mium coatings,* the “dropping test” for zinc and cadmium deposits,* and the “jet” 
test for nickel coatings.* (d) Nondestructive magnetic methods, which depend either 
upon the attraction of a magnet to the coating’* (for example to nickel on a non- 
ferrous base metal); or upon the reduction in attraction of the magnet by the 
presence of a nonmagnetic coating” such as copper, zinc, or chromium on a magnetic 
base metal such as iron or steel. Of these methods, the microscopic is the most 
reliable (except for very thin coatings) and is usually the basis of umpire tests. 

The minimum thickness obtained on a given article depends upon, and can 
be controlled by, the average thickness, that is, the time and current density used; 
and the distribution oL coating. The latter depends upon the throwing power of 
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the solution and upon the shape of the article and its position with respect to anodes 
and racks. 

(1) Porosifi^—Small pores in zinc and cadmium coatings that are more than 
0.0002 in. thick have little significance. Porosity of more noble coatings on steel 
may be detected and roughly estimated by some form of ferroxyl test such as the 
ferroxyl paper,^ and by the boiling water test,*^ but the results are not sufficiently 
quantitative to be used in specifications. With the noble coatings, the salt spray 
test is principally a measure of porosity. 

(2) Adherence^Poor adherence can be detected by deforming the specimen, 
for example by bending, twisting, hammering, extruding, or stretching. These 
methods do not yield quantitative lesults. The methods of Ollard^^ and Jacquet” 
for measuring adhesion require special specimens and are not applicable to finished 
products. 

(3) Hardness—Most of the customary methods of measuring hardness are 
directly applicable to plated coatings only when the latter are much thicker than 
those used commercially, because with thin coatings, the results are influenced 
by the base metal. The results on thick coatings do not necessarily represent the 
properties of the thinner coatings usually applied in commercial plating. Measure¬ 
ments show that for each plated metal, it is possible to vary and control the hard¬ 
ness over a fairly wide range by altering the conditions of deposition. For example, 
electrodeposited nickel and iron vary in Brinell hardness number from about 150 to 
400; and chrmnium from about 500 to 900. No simple correlation has been found 
between the results with each hardness test and the behavior in service.'* In those 
cases, such as intaglio printing plates, in which wear is caused principally by 
abrasion, the scratch hardness is at least roughly proportional to the wear resistance. 

(4) Luster and Reflecting Potoer—Egeberg and Promisel'^ express the brightness 
of a plane surface as the ratio of the specular reflection (in which the angle of 
refiection is equal to the angle of incidence, 45° in their tests) to the diffuse reflec¬ 
tion (that is, the refiection at all other angles). This method is applicable only to 
plane specimens, but may be useful in research, especially upon deposits from **bright 
plating’* solutions. 

(5) Protection Furnished Against Corrosion—Continuous exposure in typical 
atmospheres'* • yields results that are closely related to the life in similar service, 
but such tests require months or years. Accelerated corrosion tests are useful for 
comparing the behavior of similar coatings under conditions corresponding to those 
in the test.'* “ Pdr example, the salt spray test yields results that may be similar 
to those in marine, but not in industrial locations. 

B—Typical Speci/icaffons—Tentative specifications adopted by the American 
Electroplaters* Society and the American Society for Testing Materials'* may be 
summarized as follows: 

Nickel and Chromium Coatings on Steel, 


Type KS Type QS 

General Service Mild Service 

Minimum thickness on significant surfaces. 
Inches Inches 


Copper plus nickel. 0.00075 0.0004 

Pinal nickel . 0.0004 0.00Q2 

Average thickness* chromium (if required). 0.00002 0.00002 

Salt spray, continuous exposure. 48 hr. 16 hr. 

*It has been recently suggested that this requirement might be replaced by a minimum thick¬ 
ness of 0.00001 in. chromium, measured by the spot test with concentrated HCl. 


Zinc or Cadmium Coatings on Steel, 


Type Type 

L8—Zinc R8—Zinc 

NS—Cadmium TS—Cadmium 

General Mild 

Service Service 

Mtnimttm thickness on significant surfaces, 
Znches inches 


0.0005 


0.00015 
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Important Factors in Electroplating—The quality, including appearance, adhesion, 
porosity and protective value of electroplated coatings, depends upon numerous 
factors such as: 

Base Metal—It is not possible to apply high quality coatings to poor quality 
metals. The composition of the base metal should be known and controlled. The 
structure of the base metal may affect the reactions in cleaning and pickling proc¬ 
esses, and the structure of the coating. The condition of the surface, including the 
degree and nature of the polishing processes, and the presence of pores, cracks, or 
inclusions, has a direct bearing upon the character and porosity of the coatings. 

Preparation for Plating—It is necessary to have a chemically clean surface 
upon the base metal to secure good adhesion of deposits. The preparation usually 
involves “cleaning,’* that is, removal of grease and foreign particles; and “pickling” 
(for steel) or “dipping” (for nonferrous metals) to remove oxides or other com¬ 
pounds (including absorbed alkali), and in some cases to etch the surface. Methods 
of cleaning are described on page 1123, and of pickling on page 1131. In some cases 
surfaces are prepared for plating by sand blasting (page 1142) or rolling (page 1144). 

Electrodeposition—In the actual plating process, it is desirable to control by 
appropriate measurements and tests; 

a. The composition of the baths, including the concentrations of major con¬ 
stituents and of objectionable impurities. In general, it is not necessary to keep 
the major constituents more nearly constant than ±5% of the amounts present, 
and analytical methods that are accurate to ±2% are usually adequate. The per¬ 
missible content of each impurity must be determined by experience under the 
conditions employed. The acidity or pH should be controlled in all except very 
strongly acid or alkaline solutions. 

b. The temperature of the bath should be kept within specified limits, which 
are narrower for chromium than for other plating baths. 

c. The average current density must be kept within desired limits, for the sake 
of uniformity in thickness and quality of coatings. 

d. In many baths agitation permits an increase in the current density. Some 
agitation is secured by the movement of oscillating rods or continuous conveyors, 
but stronger agitation is sometimes obtained with air or with rotating electrodes. 

e. In general, the anodes should be of such composition and structure as to 
maintain the metal concentration and the pH, that is the anode efficiency should 
be nearly the same as the cathode efficiency. In chromium plating and a few other 
operations where insoluble anodes are used, the metal content is maintained by 
replenishment. 

Equipment— (a) Electrical —Practically all commercial plating is conducted with 
motor generator sets, usually with potentials from 6-12 volts, and with currents 
depending upon the area of work to be plated and the current density. In recent 
years, large copper oxide rectifiers have been used abroad for plating. 

(h) Tanks—The tanks are usually constructed of (a) wood, used principally for 
rinse tanks; (b) steel, used for alkaline cleaning and for cyanide plating baths; 

(c) rubber lined steel, used for acid pickles, acid copper baths, and nickel baths; 

(d) lead lined steel or wood, used for sulphuric acid pickles, acid copper baths and 
chromium plating; and (e) acid proof stoneware, used for dips containing nitric acid 
and for small plating baths. 

Typical Plating Baths and Conditions—*1110 following concentrations and condi¬ 
tions are typical, but they may requii'e changes to meet specific needs. 


Copper Plating 

(a) Acid bath, used In electrotyping, and for intermediate layers of copper, or for copper on 
brass. 


Copper sulphate. CuSOi.SH.O, oz. per gal. 27 

Sulphuric acid, H^SOi, oz. per gal. 8 

Temperature. .. 75-120 

Current density, amp. per sq.ft... 20-40 


(b) ‘Cyanide bath, used for plating copper directly on steel, as well as on brass or zinc. 


Copper (cuprous) cyanide, CuCN. oz. per gal. 3 

Sodium cyanide, NaCN, oz. per gal. 4.5 

Sodium carbonate. NasCO.*!. oz. per gal. 2 

(Free sodium cyanide), NaCN, oz. per gal. 1 

Temperature. .. 95-120 

Current density, amp. per sq.ft.. 3-16 
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(0) Rochelle lelt, cyanide bath, used eepecially for plating copper on sine-base die castings. 


Copper cyanide. CuCN. os. per gal. 

Total sodium cyanide. NaCN, oz. per gal_ 

Free cyanide. NaCN, os. per gal. 

Rochelle salt. NaEC 4 R 40 c. 5 H 30 . oz. per gal. 

Sodium carbonate. NagCOs, oz. per gal. 

Temperature. ‘F. . 

Current density, amp. per sq.ft. 


6 

7.5 

0.76 

6 

4 

130 

30-40 


Nickel Plating 

(a) Plating on steel or brass at low current density. 


Nickel sulphate. Ni 804 . 7 Ha 0 . oz. per gal. 16 

Ammonium chloride. NH 4 CI. oz. per gal... 2 

Boric acid, H«BOs. os. per gal. 2 

pH . 5.3 

Temperature. "F. 70-90 

Current density, amp. per sq.ft. 10-20 

(b) Plating on steel or brass, and over copper on zinc at high current densities. 

Nickel sulphate. NiS 04 . 7 H 20 , oz. per gal. 30-40 

Nickel chloride, NiCla. 6 HaO, oz. per gal. 6 

Boric acid. HaBO^. oz. per gal. 4 

pH, high . 5-6.2 

low . 2-5.5 

Temperature, •p. . 100-150 

Current density, amp. per sq.ft. 20-60 

(c) Plating directly on zinc dle-castlngs. 

'‘High Sulphate Bath" 

Nickel sulphate. NiS 04 . 7 H 30 , oz. per gal. 10 

Sodium sulphate. Na 2 S 04 . oz. per gal... 15 

Ammonium chloride, NH 4 CI. oz. per gal. 2 

Boric acid. HtBOa. oz. per gal. 2 

pH . 5.5 

Temperature, ‘F. 70-80 

Current density, amp. per sq.ft. 20-30 


Chromium Plating (See also p. 1102) 

Chromic acid, CrOa, oz. per gal. 30-50 

Sulphuric acid, H 2 SO 4 . oz. per gal. 0.3-0.5 

(The sulphuric acid, or an equivalent amount of any soluble sulphate, should 
be in such concentration that the ratio CrOs SO4 = about 100. 

Temperature, *P... 100-160 

Current density, amp. per sq.ft. 60-500 


The temperature and current density should be so related as to give a cathode efficiency of 
about 12% for bright deposits and 16% for hard deposits. In general, the current density must 
be increased as the temperature is raised, and be slightly higher for hard deposits than for 
ornamental coatings. For example, at lia^P,, current densities from 100-150 amp, per sq.ft, yield 
bright deposits, and from 150-200 amp. per sq.ft, yield slightly dull but harder coatings. 


Zinc Plating 

(a) Acid Bath. 

Zinc sulphate, ZnS 04 . 7 H 20 , oz. per gal. 50 

Aluminum chloride, AlCls.OHsO, oz. per gal. 3 

Sodium sulphate, Na 3 S 04 , oz. per gal. 10 

pH . 3-4 

(Organic addition agents are frequently used to produce brighter deposits). 

Temperature, *F. 70-95 

Current density, amp. per sq.ft. 20-50 

(b) Cyanide Bath. 

Zinc cyanide, Zn(CN)s, oz. per gal. 8 

Sodium cyanide, NaCN, oz. per gal. 3 

Sodium hydroxide, NaOH, oz. per gal. 7 

(Various addition agents, both organic and inorganic, are often used to produce 
brighter deposits). 

Temperature, *F. 70-95 

Current den^ty, amp. per sq.ft. 10-30 


Cadmium Plating 


Cadmium oxide, CdO, oz. per gal... 6 

Sodium cyanide, NaCN, oz. per gal. 16 

(With organic and inorganic addition agents as brighteners). 

Temperature, •F.*.. 70-95 

Current density, amp. per sq.ft. 10-30 

Tin Plating 

Sodium stannate, NasSnOa, oz. per gal...... 12 

Sodium hydroxide, NaOH, oz. per gal. 1 

Sodium acetate, NaCaHsOs, oz. per gal. 2 

Hydrogen peroxide, NtOa (25 vol.), oz. per gal. 0.3 

Temperature, *P. . 130-160 

Current density, amp« per sq.ft... 20-60 
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Lead Plating 

Basic lead carbonate, Pb(0H)s.2PbC08, oz. per gal. 20 

Hydrofluoric acid, HP (60%), oz. per gal. 32 

Boric acid, HsBOa, oz. per gal. 14 

Olue, oz. per gal. 0.03 

Temperature, “P. 70-90 

Current density, amp. per sq.ft. 10-20 

Iron Plating 

Ferrous chloride. PeCl2.4H20. oz. per gal. 40 

Calcium chloride, CaCl 2 , oz. per gal.•.. 45 

Temperature, “P. 100 

Current density, amp. per sq.ft. 60 


Brass Plating 

Copper cyanide, CuCN, oz. per gal. 3.6 

Zinc cyanide, Zn<CN)*, oz. per gal. 1.2 

Sodium cyanide, NaCN, oz. per gal. 7.6 

Sodium carbonate, NaaCOg, oz. per gal. 4.0 

Temperature, ’P. . 90-120 

Current density, amp. per sq ft. . 2-5 


Silver Plating 


Silver cyanide, AgCNg, oz. (troy) per gal. 4.4 

Potassium cyanide. KCN, oz. (avoir.), per gal. 9.0 

Potassium carbonate. KgCOg, oz. (avoir.), per gal. 5.0 

Temperature, ’P. 70-90 

Current density, amp. per sq.ft. 2-10 


Before plating silver on most base metals. It is usually necessary to plate them for a few 
seconds at a high current density In a more dilute silver cyanide bath known as a ‘strike* solution. 
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Industrial or ^^Hard^’ Chromium Plating 

By D. A. Nemser* and W. E. Banoroftf 

Definition—The chromium in “hard” chromium plating, as distinguished from 
decorative chromium plating is usually deposited in appreciable thicknesses directly 
on the base metal. This type of plate is finding wide industrial application. Ordi¬ 
narily, the base is fully or semihardened steel. In some cases, however, successful 
applications have been made on soft steel, cast iron, and many nonferrous alloys. 
Fairly heavy deposits must be made on the softer base materials if heavy pressures 
are encountered in service. 

The plate depth usually is in the range of 0.0001-0.040 in. or more. The heavier 
deposits are used chiefiy for salvage purposes. 

Hardness—The outstanding property of electrochemically deposited chromium 
is its resistance to wear. Schneidewind reports that the average deposit will show 
the following hardness values: Vickers-Brinell 625, Mohs 8, and scratch width with 
Bierbaum Microcharacter test of 2 microns. In employing these values, however, 
it must be borne in mind that the plating conditions have a profound effect on 
the hardness of plate. These figures must therefore be regarded as approximate. 

Chromium plate manifests a file hard reaction to a temper testing file. Wear 
resistance far superior to that foimd with fully hardened tool or die steels is obtained. 

Toughness—The plate is extremely brittle and should not be employed for 
tools subjected to shock. The toughness can be somewhat increased without depre¬ 
ciating wear resistance by heating to temperatures imder 500®F. This treatment 
will rid the plate and steel base of occluded hydrogen. A temperature of 300-400‘’F. 
is ordinarily employed. 

In this connection, it is well to consider that the deposited plate is really a 
solid solution “alloy” of chromium and hydrogen. Schneidewind has shown that 
the hardness remains constant imtil a somewhat critical range at 525-550^F. is 
reached. Beyond this, a marked falling off in hardness occurs, indicating the 
decomposition of the “alloy”. The hardness decreases gradually at higher tempera¬ 
tures. At 1900*’F. the plate will show a Mohs hardness of 4.5 and a Vickers-Brinell 
of 150. It is then considered fully annealed, manifesting properties similar to cast 
chromium, as it is soft, ductile, and malleable, and possessing extremely poor wear 
resistance. 

Coefficient of Friction—The low coefficient of friction of chromium plate is 
also advantageous. It minimizes friction in metal to metal contact. The plate 
is characterized as being “slippery, greasy, and nonwetting”. 

Chemical Resistivity—Chromium plate is not affected by most organic chemicals, 
alkalies, sulphur, and sulphur compounds. Nitric acid will not dissolve it. The plate 
is readily attacked by hydrochloric acid and slowly by sulphuric acid. 

Corrosion Resistance—Chromium plate does not tarnish or corrode in ordinary 
atmospheres. However, fairly thin deposits are apt to contain cracks and pinholes 
which permit corrosive elements to come in contact with the base metal. Proper 
control of plating conditions minimizes this tendency. 

Melting Point—Chromium melts at 2822'’F. and retains a bright surface up to 
approximately 900®P., therefore, serving well for some high temperature applica¬ 
tions. Its coefficient of expansion, howeveiv is less than that of most metals, and 
therefore, flaking of plate might occur, where the plated object is subjected to 
wide temperature changes. 

Miscellaneous Properties—Chromium is nox^magnetic, which opens a fleld in 
rendering nonferrous electrical parts longer wearing. It prevents the sticking of 
resinous plastics, rubber, paper, and celluloid to forming molds. Chromium has 
approximately the same heat and electrical conductivity as aluminum, and approxi¬ 
mately half that of copper and silver. Another feature favoring the use of chromium 
plate is its ada^ptability. It can be applied on the standard product wiUi 
a minimum departure from established manufacturing routine. Chromium 


The Amerieaa Society for Metals does not undertake to Insure anyone utilizing information 
published in this article against infringement of any patent or assume any such liability, also 
the pubUcatlon of this article does not constitute a recommendation of any patent, proprietary 
application, or article that may be Involved. 

*Xntemational Nickel Oo., Hartford, Oonn., and ft Whitney Oo., Hartford, Conn. 
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plate possesses a bright pleasing appearance, which aids materially in the marketing 
of the product. 

Plating Method—It is not within the scope of this writing to give a detailed 
account of all the many factors which enter into the deposition of hard chromium 
plate. However, an attempt has been made to give a general outline of practices 
employed in plating the ordinary run of work. 

CZeaninp—Before plating, the work surface should be rendered chemically clean. 
Dirt, grease, and oil should be removed either with organic solvents or alkaline metal 
cleaner. The various manufacturers of these materials are thoroughly equipped 
to analyze any cleaning problem and supply the proper type of material. Scale, 
rust, oxide, and tarnish are removed by pickling or dipping in acid solutions. The 
most commonly used are hydrochloric and sulphuric acids. These may be used 
singly or combined, in varying concentrations and at varying temperatures, depend¬ 
ing on the type and quantity of foreign matter to be removed. Sometimes electro¬ 
lytic acid pickling is the only satisfactory way to remove heavy scale, especially on 
deeply recessed parts. 

Sandblasting, hand scrubbing, polishing with emery cloth and buffing are 
useful adjuncts to the cleaning operation. Sandblasting, of course, roughens the 
surface but where the work is to be ground or polished after plating, this is not 
a disadvantage. In fact, on some types of alloy steels, sandblasting has been found 
imperative in producing a sound, tightly adhering plate. Buffing may be used to 
remove light rust, tarnish, and fingerprints. This operation leaves a film of grease 
which protects against further rusting while being racked up. It is easily removed 
in the cleaner. The authors realize that there might be some objection to the 
practice of buffing due to the smooth surface formed. However, their own practi¬ 
cal experience indicates that buffing may be advantageously employed for certain 
cases. 

Racfcfnp—Work to be chromium plated is usually racked in one of the following 
ways: 

1. Parts which require only a comparatively thin plate (usually 0.0002-0.0003 in.) 
over the entire surface may be mounted on frame-like racks equipped with phosphor 
bronze spring wires, battery clips, bolts, or some other similar device, to hold work 
tightly. These racks are himg on the cathode bar between rows of fiat lead anodes. 

2. Parts requiring several thousandths of plate evenly distributed, as, for exam¬ 
ple, plug gages and shafts, may be assembled in connection with anodes made of 
sheet lead formed Into shape conforming to that of the work and located a set 
distance from surface to be plated. Holes, such as ring gages and dies, may be 
plated by placing anodes made of lead wire or tubing in the center of hole, 

3. In some cases, good results are obtained by placing a fiat or curved lead 
anode before a straight cylindrical piece of work and rotating the latter while 
plating. 

Parts, unless heavy, must not be hung on hooks or held loosely in the bath. 
Positive, tight contact must be maintained. 

Conforming anodes should be mechanically connected to the work-holding fix¬ 
ture to insure uniform spacing but, of course, insulated from it electrically. Work 
should be held in such position that gas pockets are not formed and that drag out is 
not excessive. Racks may be insulated by coating with special “stop off” lacquer 
or wrapping with rubber tape and then lacquering. 

When it is desired to keep certain sections of the work free from plate, this 
may be accomplished by wrapping with sheet lead or lead foil, lacquering, wrapping 
with tape or sometimes covering with sleeves or plates made of steel, copper, glass, 
or porcelain, depending on whether insulating or conducting properties are desired. 
If the work must remain in the plating tank for appreciable time intervals, the 
tape should be covered with lacquer to prevent its disintegration. 

PZofinp—After work has been properly cleaned, pickled, and mounted In racks, 
it is given the following or some similar treatment: 

1. Two to three minutes in metal cleaner to remove dirt, oil, buffing compound, 
or fingerprints. Use direct current, 6-8 volts, and operate at about 200°F. with 
work as cathode. When using frame racks containixig work only, the iron tank 
lining may be used as anode although separate steel plates hung alongside the 
tank are recommended. When using composite assembly containing conforming 
anodes, these anodes are connected into the circuit on positive side. 

2. Cold water rinse. 
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3. One half to two minutes with reverse current in a solution of sulphuric acid of 
50* Baum 6 at about 6 volts. This slightly etches the surface of work and provides 
better adherence. 

Note—solution of warm chromic acid (20* Baum6) with reverse polarity at about 6 volta 
may be used here. In this Instance no subsequent rinse is necessary and the work may go 
directly Into the plating bath. 

4. Cold water rinse, if sulphuric acid etch is used. 

5. Immerse in plating bath at low current and build up to plating current 
slowly, taking about 5 min. Plate under carefully selected current density and 
temperature conditions the length of time required to get desired thickness of 
deposit. 

6 . After plating, rinse in clean, cold water, then hot water and finally dry, 
using air blast or hardwood sawdust. If more convenient, work may be unracked 
and rinsed before drying. 

Plating Solution—The plating solution may be made according to one of the 
following formulae: 

Chromic acid.250 g. per 1. Chromic acid.400 g. per 1 

Sulphuric acid.2.5 g. per 1. or Sulphuric acid.4.0 g per 1 

Baumd .21* Baum6 .31* 

Other compounds containing the SO 4 radical may be used in place of sulphuric 
acid, the important point being that the ratio between chromic acid and sulphate 
radical be fixed and controlled within narrow limits. Variations in ratio usually 
necessitate changes in some of the other factors. 

The plating solutions are best operated warm, somewhere between 100 and 
150®P.; 120®F. is a satisfactory temperature. A uniform temperature must be mam- 
tained. In general, the higher temperatures necessitate higher current densities 
to produce equivalent results. It is important for good results to co-ordinate com¬ 
position of solution with temperature and current density. 

Current Density —^Amperes per unit of area on work surface is the most impor¬ 
tant factor in determining plating speed. Too low a current density tends to give 
a milky deposit. The correct current density yields a bright plate while one which 
is too high gives a frosty or burnt deposit. A bright plate offers the most satis¬ 
factory all-around service. A synchronous motor generator set is desirable to supply 
the plating current. 

Stripping—It often becomes necessary to strip off chromium plate. The most 
common method of handling this is to immerse the plated object in a cold solution 
of equal parts by volume of hydrochloric acid and water. This is suitable for any 
base metal which is not readily attacked by hydrochloric acid. Steel and cast 
iron are etched but little in this solution if the work is removed as soon as the 
chromium is entirely dissolved. 

Stripping can also be accomplished by employing a sodium carbonate solution, 
6-8 oz. per gal., with reverse current and steel cathodes. This solution is extremely 
desirable for steel and cast iron. 

A warm chromic acid solution at 18® Baum 6 with reverse current is also 
employed. 

Cold sulphuric acid made up of 1 part of water and 3 parts of sulphuric acid 
with reverse current is particularly good in stripping chromium from zinc and 
aluminum bearing base metals. 

Health Hazard—The voluminous evolution of hydrogen and oxygen during 
plating mechanically carries a fine spray of plating solution into the air around 
the plating tanks. The chromic acid contained in this spray may cause severe 
Irritation of the mucous membranes of the nose and throat if inhaled. In order 
to prevent this hazard, it is advisable to provide adequate exhaust on the plating 
tanks. A lateral forced draft exhaust system is preferred. 

Skin lesions in contact with chromic acid tend to form painful and slow healing 
chromium ulcers. It is imperative, therefore, to properly protect cuts. A 5% solu¬ 
tion of sodium bisulphite or similar reducing agent should be available for neutraliz¬ 
ing chromic acid on the hands and arms. 

Applications—Gages, tools, and machine parts are plated to increase theii 
surface hardness and give longer life. Cylindrical plug gages, with a residual plate 
of 0.0015-0.002 in. after finishing to size, often give five times or more the wear ob¬ 
tained with the best grade of hardened tool steel unplated. Taps, reamers, milling 
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cutters, metal slitting saws, and drills when used on bakelite, hard rubber, bronze, 
aluminum, fibre, asbestos, copper, cast iron, steel of various composition, wood, and 
other materials give greatly increased wear life and operate easier when plated. 

As a “putting on tool" and salvaging medium in the machine shop chromium 
plate has no equal. Shafts, arbofs, quills or spindles, accidentally machined or 
worn undersize, may be quickly, easily and effectively brought back to normal. 
Likewise, holes in gears, cutters, bushings, or dies may be reduced in diameter by 
almost any amount. On expensive parts salvaging with chromium plate usually 
represents only a small fraction of the replacement cost and is much quicker. 

Mechanics* tools and other items of hardware such as micrometers, calipers, 
scales, drills, saws, feeler gages, chisels, and scrapers, which are not subjected to 
outdoor exposure, are greatly improved by a coating of chromium (0.0002-0.0003 in.) 
directly on the steel base. 

Drawing dies and mandrels when chromium plated give 3-5 times the life of 
bare dies and mandrels in drawing copper, steel, nickel, gold, silver, platinum, and 
their alloys. 

Molds for the various plastic materials, porcelain, glass, and rubber, are greatly 
benefited by a deposit of chromium. The bright finish is preserved much longer 
and the plastic material does not stick to the mold, while pitting is reduced or 
entirely eliminated. The mold wear is reduced and in general the molded product 
has a better appearance. 

Rolls for sheet brass, copper, rubber, celluloid, and paper are being chromium 
plated quite extensively. The advantage is longer life and increased efficiency due 
to elimination of sticking and tearing. 

Printing and engraving dies are another good subject for chromium deposits, 
a hard, nondistorted surface being obtained on soft bases such as copper or iron. 

References 

W. Blum and O. B. Hogaboom, Principles of Electroplating and Electroforming, Ed. 2, McGraw- 
Hill Book Co., 1930. 

R. Schneldewind, A Study of Chromium Plating, Dept, of Engineering Research, Unly. of 
Mich., Bull. No. 10, 1928. 

B. Freeman and F. O. Hoppe, Electroplating with Chromium, Copper, and Nickel, Prentice- 
Hall, Inc, 1930. 

H. E. Haring and W. P. Barrows, Electrodeposition of Chromium from Chromic Acid Baths, 
Tech. Paper 346, Bur. Standards, 1927. ' 

H. K. Herschman, The Resistance of Chromium Plated Plug Gages to Wear, Res. Paper 276, 
Bur. Standards, 1930. 

W. Blum, Chromium Plating for Wear Resistance, Machinery, 1932, v. 38, p. 930, C. O. Herb, 
Eighty-Five Thousand Chromium Plated Gages Used in One Plant—Why?, Machinery, 1931, v. 37, 
p. 817. 

J. J. Bloomfield and W. Blum, Health Hazards in Chromium Plating, Reprint 1245, Public 
Health Reports, U. S. Public Health Service, 1928, v. 43, p. 2330. 

R. Schneldewind, Hardness of Chromium as Determined by the Vlckers-Brinell, Blerbaum, and 
Mohs Methods, Trans., A.S.S.T., 1931, v. XIX, p. 115. 

Protection of Workers Exposed to Chromium and Its Compounds, Metropolitan Life Insur¬ 
ance Co. 

Practical Plating Pointers, The Meaker Co., Chicago. 

M. Marean, Solvent Degreasing, Monthly Rev., Am. Electroplaters’ Soc., Sept., 1934. 

W. R. Meyer, Electrolytic Cleaning and Pickling, Monthly Rev., Am. Electroplaters' Soc., 
Nov., 1934. 

Practical Methods of Cleaning Before Electroplating, Monthly Rev., Am. Electroplaters’ Soc., 
Mar., 1934. 

U. S. Patent, 1,681,188, to Colin G. Fink, Process of Electrodepositing Chromium and of 
Preparing Baths Therefor. 



1106 


TINNING OP STEEL 


Fe 5852 


Tinning of Steel 

By Bruce W. Gonser* 

Ferrous materials are usually tinned by hof dipping or immersing the product 
to be coated in a molten tin bath. Although not so extensively used, other methods 
are sometimes used as electrodeposition, metal spraying, or fusing a tin powder 
coating over the material. 

In the tinning of ferrous products during recent years 91% of the tin consumed 
has "gone into the production of hot tinned low carbon steel sheet, 3^% for tinned 
wire, and 4%% for the tinning of cast iron and miscellaneous parts. 

The Manufacture of Hot Dipped Tin Plate—The importance of the United 
States tin plate industry is indicated by the 1937 production of 2,418,190 long tons. 
Over the last five years it has consumed an average of 22% of the world's produc¬ 
tion of tin. 

The regular grade of thinly coated tin plate is known as coke plate. The 
composition of the steel used varies, but may contain from 0.05-0.10% C, 0.20-0.45% 
Mn, about 0.08% P for pack rolling or less than 0.015% for cold rolling, practically 
no silicon in rimming steel, and from about 0.03-0.05% sulphur. Various single im¬ 
purities or combinations in the steel used for tin plate may have a marked effect 
on inhibiting or promoting corrosion in containers used for food. There is no uni¬ 
versal specification for sheet for tin plate, since the composition and degree of cold 
work after annealing must be varied to meet specific uses. Thus, for some food 
containers the copper content may be limited to below 0.10%, and sometimes a 
limit is placed on P and Si. 

For details on the manufacture of hot and cold rolled strip and sheet, see 
page 818. 

Preparation of Sheet for Tinning—In preparation for tinning both cold reduced 
and pack rolled sheets are given a ‘‘white’* pickling in a 3-6% sulphuric acid solu¬ 
tion at about 160®P. After washing, the sheets are transferred to portable boshes or 
tanks containing water slightly acidulated with hydrochloric acid where they are 
kept wet, ready for tinning. Strip or sheets that have been bright normalized in 
controlled atmosphere may be placed directly in the boshes for immediate tinning. 
The base material is always introduced into the tin pot while wet. 

Tinning—^With the exception of a small amount 
of exceptionally heavily coated plate, tin plate is made 
in automatic tinning machines. These machines feed 
the base plate through a flux of zinc chloride into a 
tin bath and up through a palm oil compartment 
where excess tin is removed (Fig. 1). Auxiliary equip¬ 
ment carries the sheet through proper cleaning attach¬ 
ments where part or practically all of the adhering 
palm oil is removed and the plate is polished. The 
pot and rolls of the tinning machine accommodate 
2 or 3 sheets to be tinned side by side at the same 
time. The tin bath of 5-7 tons of first quality tin 
is usually heated near the entrance end by immersion 
gas heaters. 

Base plate for tinning is automatically, fed into 
the first rolls of the tinning machine by auxiliary 
equipment which carry a sheet at a time from a stor¬ 
age tank at the , front of the pot to an arrangement 
of rolls in the tin pot. Several sets of conveying rolls and directing baffles force 
the plate through the flux, the molten tin, under a dividing partition, and into the 
palm oil compartment. The rolls in the palm oil remove excess tin as they convey 
the sheet out of the tin^pot. The rolls in the tin and palm oil baths are coated with 
tin, and those in the palm oil are equipped with fixed scrapers of asbestos or soap¬ 
stone. These aid in removing tin and tin-iron “scruff” which adhere to the rolls 
from contact with the tin plate. The palm oil rolls are held against the sheets by 
slight spring pressure. 

Palm oil acts as a flux to aid in obtaining good distribution of tin and serves as 





Fig. 1 — Simplified diagram oX 
pot for making tin plate. 


*Metallurglst, Battelle Memorial Institute, Columbus, Ohio. 

Prepared for the Subcommittee on Metallic Coatings, H. S. Rawdon, General Chariman. 
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a cooling and protective medium so that the emerging tin quickly freezes without 
oxidizing. The temperature of the palm oil bath is kept as low as possible (by 
recirculating) preferably 460-470‘*P. at the top of the bath. At higher temperatures 
the palm oil readily polymerizes, which may cause yellow streaks in the tin plate. 
Sumatra palm oil is generally considered to be the best as it is of more uniform 
quality and contains a maximum of 5 or 6% oleic acid compared to perhaps double 
this amount for the African product. The two grades are sometimes mixed. In 
starting a tin pot some used oil is always mixed,with new oil, usually in a ratio 
of 2 parts used to 1 part new. The average tin pot carries about 1000 lb. of palm 
oil in the exit compartment. 

Steel sheets are passed through the tin pot at the rate of 25-30 f.p.m. The 
temperature of the bath is governed by the speed of tinning. This may vary 
from about 575-650®P. at the entrance end of the bath and be 100°P. lower near the 
palm oil compartment. Some tin is lost as dross and in concentrations of tin along 
the edges, particularly at the bottom or “list” edge of each sheet, hence the yield 
as calculated from the tin on the finished sheets near the center is only 85-90% of 
the tin consumed. Thus an average coating of 1.35 lb. per base box of tin as 
measured by the consumer may mean a calculated coating of 1.52 lb. based on the 
tin consumed in the mill. 

Removal of palm oil from a finished plate may be effected by absorption in a 
dry material such as bran or by the use of an alkali cleaner or a combination of the 
two. Dry flannel rolls may be used for final cleaning. Practically complete oil 
removal is desired when the plate is to be lithographed or enameled but in other 
cases a residual film of oil may be desirable to preserve the finish or act as a 
lubricant in stamping operations. 

Classification of Tinned Sheet—Sheets are inspected for finish and classified 
into various weights. Sheets having no visible defects are termed “primes”, those 
with slight flaws are termed “seconds”. “Menders” have more severe defects but 
are in general salvaged by straightening, cutting away damaged portions, or re¬ 
tinning. Waste sheets having prohibitive defects, such as badly crumpled sheets, 
are sent with scrap to be detinned. The proportion of prime sheets produced varies 
widely from time to time but in general will average about 85% of the total, with 
roughly 10% of the production going to seconds and for retinning, and 5% to waste. 

Tin plate is measured and sold by the base box as defined in Table I, which 
also gives a tabulation of some of the weights and thicknesses of common tin plate. 
The tolerance on specified dimensions is usually in. Standard coke plate in the 
United States carries about 1.35 lb. of tin per base box or a coating of tin about 
0.00007 of an in. in thickness. Better grades carry 1.50 and up to 1.75 lb. per 
base box. 

Testing Tin Plate—Since practically all hot dipped tin plate is used in can 
making or closures for cans and bottles, its resistance to corrosion is an important 
property and is frequently tested at the tin mill as well as by the fabricator. The 
best test method is by actual performance records. Accelerated tests are made by 
maintaining the packed container at an elevated temperature. An even more ac¬ 
celerated test being rather widely used is to measure the time for a definite 
amount of hydrogen to be evolved when the tin plate is submitted to the action of 
warm dilute hydrochloric acid under standardized conditions. 

Charcoal Plate—Heavier coatings of tin than those normally used in can 
making are designated as charcoal plate, a term originating in the superior quality 
of base plate once made by means of charcoal reduction. 

Charcoal plate is tinned by machine in the same general manner as previously 
described, but with wiping rolls so adjusted that the tin coating left is relatively 
great, as 2-4 lb. per base box. For similar or for heavier coatings, hand dipping or 
a combination of hand and machine operation is used. More tin is made to adhere 
by dipping in molten tin kept at a relatively low temperature, then dipping in palm 
oil. Sometimes heavy coatings are produced by redipping at least once in another 
tin bath of higher purity. In this way coatings up to about 7 lb. per base box 
are obtoined and even heavier coatings can be made. 

Teme Plate—The steel sheet base for teme plate is prepared in the same way 
as in making tin plate. Much of the thinly coated teme plate is made in the same 
way and with the same machinery as is used in making tin plate. The only differ¬ 
ence is that a teme metal bath contains an alloy of tin and lead, and the tem¬ 
perature of the bath is somewhat higher, also, a flux of zinc ammonium chloride is 
sometimes used in place of zinc chloride. Teme plate, such as that used in making 
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Table I 

Coke Tin Plate Weight-Thickness Table 

(A base box of tin plate, the standard of measurement and value, consists of 
of 14 X 20 in. plate, or 31,360 sq. in. of any size.) 

112 sheets 



Approximate 


Approximate 

Nearest 

Base Box 


Weight of 


Thickness 

U. S. 

Weight, 

T 

Sheet per 


of Sheet, 

Standard 

lb. 

Symbol 

sq. ft., lb. 


in. 

Oage 

55 


0.253 


0.00G3 

38 

60 


0.276 


0.0069 

36 

65 


0.298 


0.0075 


70 


0.321 


0.0080 

35 

75 


0.344 


0.0086 

34 

80 


0.367 


0.0092 

* 33 

85* 


0.390 


0.0098 


90* 


0.413 


0 0103 

32 

95 


0.436 


0.0109 

31 

100 

ICL 

0.459 


0.0115 

30Mi 

107 

IC 

0.491 


0.0123 

30 

112 

,, 

0.514 


0.0129 


118 


0.542 


0.0136 

29 

128 

IXJL 

0.588 


0.0147 


135 

rx 

0.620 


0 0155 

28 

139 

DC 

0.638 


0.0160 


148 

2XL 

0.680 


0.0170 

27 

155 

2X 

0.712 


0.0178 


168 

3XL 

0.771 


0.0193 

26 

175 

3X 

0.804 


0.0201 


180 

DX 

0.827 


0.0207 


188 

4XL 

0.863 


0.0216 

25 

195 

4X 

0.895 


0.0224 


208 

6XL 

0.955 


0.0239 

,, 

210 

D2X 

0.964 


0.0241 


215 

5X 

0.988 


0.0247 


228 

6XL 

1.047 


0.0262 

24 

235 

6X 

1.08 


0.0270 


240 

D$X 

1.10 


0.0276 


248 

7XL 

1.139 


0.0285 

23 

255 

7X 

1.125 


0.0293 


268 

8XL 

1.230 


0.0308 


270 

D4X 

1 240 


0.0310 


275 

8X 

1.263 


0.0316 

22 

295 

9X 

1.355 


0 0339 

21 

315 

lOX 

1.447 


0.0362 

20 

335 

IIX 

1.639 


0.0385 


355 

12X 

1.631 


0.0408 

19 

375 

13X 

1.722 


0.0431 


395 

14X 

1.814 


0.0454 

is 

415 

15X 

1.906 


0.0477 


435 

16X 

1 998 


0.0500 


*Most used. 






Weights of 55-65 

lb. per base box are 

often designated 

as 

taggers’ tin. Plate 

most used by 

can makers is covered by the weight range between 80 and 135 lb. per base box. 



lubricating oil containers, contains from 18-25% tin. The coating for such cans is 
very thin, amounting to 1.15-1.25 lb. per base box which is only 70% the thickness 
of similar weights of tin plate. 

Common “roofing tin” is heavily coated, hand dipped, terne plate which is 
usually designated as “short terne” to differentiate from the “long terne” or larger 
sheets. The composition of the base plate is usually selected with some regard to 
atmospheric corrosion resistance and is frequently machine coated with the terne 
mixture as part of the preparation for hand dipping. For roofing, a 25% tin-75 % 
lead bath is commonly used. Sheets are dipped singly in one or two molten terne 
baths then into palm oil. The coatings are designated in terms of lb. per double 
base box, a double base box consisting of 112 sheets 20 x 28 in. The range of coat¬ 
ings varies from 12-40 lb. on this basis. Some indication of the thickness of coating 
may be noted by the size of the spangle or mottle. This decreases with an increase 
in coating thickness if the conditions of manufacture are similar. The size of 
mottle may be varied, however, by changing the rate of cooling. 

Long temes are machine coated sheets of comparatively large size. The sheets 
are frequently made in galvanizing rather than tinning mills and are similar to 
galvanized sheet in size. As with thinly coated terne plate, the base metal is 
passed through a zinc chloride or zinc ammonium chloride flux, through a terne 
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metal bath, and through a palm oil finishing compartment, by machine. The coat¬ 
ing obtained is normally 8 lb. per double base box or under. 

Terne metal is more expensive than zinc, but much cheaper than tin. Its ad¬ 
vantage lies in the fact that it has certain of the properties of tin at a much 
lower cost. Under alternating exposure to air, it will remain bright where zinc will 
form oxides and carbonates. Therefore, terne plate is used for gasoline tanks, 
where any products of oxidation might clog the fuel line. The surface of terne 
plate is soft and has a greasy feel. The metal will not hake off, is very ductile, 
and seems to have considerable lubricating value. Thus, terne plate is used for 
deep drawing operations where a corrosion resistant material is desired. Its bright 
attractive finish makes it well suited to articles where appearance and corrosion 
resistance are both necessary, such as in burial caskets. A further advantage lies 
in the fact that it can be painted without weathering, which makes it an ideal 
roofing material. 

Miscellaneous Hot Tinning—^Wire and narrow strip are hot tinned continuously. 
The excess tin is removed by inmnlng the wire or strip through a wiping fixture, 
similar to a die, which is packed with asbestos or charcoal. This gives a thin 
coating, usually amounting to less than 0.00005 in. in thickness or about 
0.025-0.035 oz. per sq. ft. of single surface. (With strip this weight would be 
doubled to give weight per sq. ft. of material, or the equivalent of 0.6-0.9 lb. per 
base box of tin plate.) For heavier coatings, other means of wiping, such as 
steam Jets, compressed air, and a strong counter current flow of palm oil, have been 
suggested and used to a limited extent. 

Preparation of wire and strip consists essentially of cleaning or pickling and 
passage through a zinc chloride flux before entering the pure tin bath. Since no 
palm oil is used the surface of the tin bath should be covered with charcoal to 
avoid oxidation. Strip tinned continuously in this way seldom exceeds 6 in. in 
width at present. 

Fabricated articles are degreased before tinning by vapor cleaning or other 
suitable methods. This is followed by pickling in hot dilute sulphuric acid, tem¬ 
porary storage in dilute hydrochloric acid, as in making tin plate, fluxing and 
tinning. 

Zinc chloride or zinc chloride containing a slight amount of ammoniiun chloride 
is a positive flux which is widely used in tinning fabricated articles. Molten tallow 
is sometimes used for fluxing. Usually the products to be tinned are first immersed 
in a preliminary tinning bath, then immersed in a second tinning pot to secure 
a better coating. In this way much of the iron-tin dross that forms remains in 
the first pot and the second pot can be maintained with a purer tin bath. The 
articles may be brushed or wiped while the tin coating is still fluid to assure com¬ 
plete coverage, then redipped momentarily to leave a free, smooth surface. 
As a final finishing operation, the articles are either withdrawn through a 
palm oil or molten tallov/ division of the final tinning pot or dipped in a separate 
bath of such material to permit drainage of the tin coating. The amount of tin 
adhering depends, of course, largely upon the temperature of this finishing bath 
and the time permitted for drainage, but the coating is always heavy compared to 
standard coke tin plate. A finishing touch is usually given by dipping the edge or 
bottom portion of the article, to which excess tin has drained, into a hot tin bath 
to remove the heavy tin concentration at this point. Cloth, bran, or sawdust may 
be used for the final polishing and grease removal. 

Cast iron parts are not readily tinned due to the graphite in the iron and the 
difficulty in pickling to give a clean surface. Where possible, sand blasting or other 
mechanical means to effectively remove the casting skin is best. This is followed by 
pickling in warm sulphuric acid (5 or 6%) containing an inhibitor, storage in dilute 
hydrochloric acid, fluxing in zinc chloride containing up to 35% ammonium chloride 
and tinning in the general manner described for fabricated articles. Frequently a 
cold 5% hydrofluoric acid pickle is needed to remove residual sand. Surface de- 
carburization does not always help in making the casting more easily tinned but 
an intermediate layer of pure iron, copper, or nickel which may be plated on 
electrolytically or by replacement is an advantage. 

Retinning—Retinning used parts is fundamentally a repetition of primary 
tinning except that more attention must be paid to mechanical cleaning or to 
pickling the spots that have become rusted. For local repairs on large sections 
it is frequently much easier to clean mechanically and metal spray with tin than to 
dismantle and retln. By following normal soldering procedure prefaced by thorough 
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cleaning, and using pure tin in place of solder, it is often practical to repair small 
defects in place without the necessity for retlnning the whole article. 
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Zinc Coatings 

By W. M. Peirce* 

Zinc coating^ or galvanizing, as it is commonly termed, is an old method of 
protecting iron and steel against corrosion. It is applied to a greater tonnage of 
steel products than any other metallic coating method and provides the most 
economical protection for the broad field where it is properly applicable. The major 
established applications of zinc coating on steel products are: Roofing and siding 
sheets, wire and wire products for all outdoor exposure, hardware for outdoor use, 
pipe and conduit, and exposed structural steel. In short, wherever steel is exposed 
to atmospheric corrosion, zinc coating is a standard and effective method of 
protection. 

The effectiveness of zinc coatings depends, first on the relatively slow rate 
of corrosion of zinc as compared with iron and the much less objectionable appear¬ 
ance of the white, nonstaining corrosion products of zinc as compared to iron rust, 
and second, to the electrolytic protection afforded to iron by zinc. The latter factor 
prevents corrosion of the iron from occurring at minor discontinuities in the zinc 
coating such as sheared edges of sheets, cut ends of wire or abrasions in the surface. 
This electrolytic or “sacrificial” protection extends away from the zinc coating over 
exposed iron surfaces for a distance of as much as % in. The distance varies with 
the properties of the moisture film as an electrolyte, being a maximum under such 
conditions as the presence of salt water. 

Zinc coatings yield the longest life under rural exposure conditions where the 
air is free from sulphur gases and other industrial fumes. They give very satisfactory 
results in salt air exposures. They are most rapidly attacked in highly acid industrial 
atmospheres but are nevertheless widely used in such atmospheres. Frequently the 
combination of a zinc coating and an acid resisting paint or other organic coating 
is most effective, the zinc forming a better base for the organic coating and pre¬ 
venting its rapid failure by undercutting corrosion when the organic coating is 
penetrated. 

When zinc coatings are to be painted for decoration or protection it is desirable 
to use a suitable primer such as a zinc dust primer which does not lose adherence 
on aging. The adherence of ordinary paints is improved by weathering of the zinc 
surface or by etching it chemically. Phosphate treated galvanized sheets are also 
on the market to which ordinary paint adheres well. 

Zinc coatings are occasionally subject to an abnormal type of corrosion result¬ 
ing in bulky white corrosion products. This originates from contact with water 
without free access of air. Galvanized sheets should be stacked on edge, rather 
than flat to prevent rain or condensed moisture from being held between the sheets 
which may cause this type of corrosion. Zinc coated material which is to be used 
where “sweating” or other exposure to stagnant water may occur can be protected 
by a chromate surface treatment which has been developed for this purpose. 

Since under the exposure conditions where zinc coatings are used, zinc has an 
appreciable rate of corrosion and since the coatings which can be readily applied 
are measured in one or two thousandths of an inch or less, it is obvious that the 
life of the coating will not be indefinite but will be determined by the thickness 
of the coating. Many comprehensive researches have shown that all other factors 
such as the method of applying the zinc coating, the purity of the zinc, and the 
degree to which it is alloyed with the iron are minor in determining life as com¬ 
pared to the thickness of the coating. 

Zinc coatings are measured in ounces per sq.ft. of surface for all products 
except sheet. In the case of sheet, the weight of coating is stated in terms of 
ounces per sq.ft. of sheet which, since the sheet is coated on both sides, is twice 
the average weight of coating per sq.ft. of surface. The terms “Regular”, “Tight 
Coat”, and "Extra Tight Coat” as used in the trade refer to relative freedom from 
visible flaking of the coating when bent. Since this tightness of the coating to the 
base is ordinarily achieved by reducing the weight of coating, the terms have come 
to connote varying weights of coating—the “extra tight coat” corresponding to the 
thinnest coating. Weights of coating for many classes of galvanized products have 
been specified by the A.S.T.M. and are given in Table I. For a description of the 
methods of properly measuring the thickness of coating (which varies )n uniformi^ 


••Chief, Research Division, The New Jersey Zinc Co., Palmerton, Pa. Prepared for the Sub¬ 
committee on Metallic Coatings; H S. Rawdon, General Chairman. 
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to a degree dependent on the method of application)» the A.S.T.M. specifications 
should be consulted. 

Table I 

Nominal Weights of Coating for Sheet* 

As given in A.S.T.M. Specifications 


Galvanized Sheet 8-16 Gage Class A 2 75 Class B 2.60 Class C 2 00 


« 18-22 “ 

44 4« 24 ** 

2.75 

" 2.60 

“ 2.60 

Si 

44 

1.75 

1.50 

** ** 26 ** 


“ 2.25 

44 

1.26 

<4 2*^ 


•* 2.00 

«4 

1.25 

(« <« « 


** 1.75 

44 

1.25 

44 44 gg 44 


“ 1.60 

If 

1.25 

“ *• 30 ** . 


" 1.25 

ff 

1.25 

^Weight of coating on two sides expressed In 

ounces per sq.ft, of sheet. 



Minimum Weights of Coating for Wire** 
As given in A.S.T.M. Specifications 


Telephone and telegraph wire and tie wire 

RJl. right of way. 

Farm field fence. 

Barbed wire. 

Chain link galvanized after weaving. 


Extra or Double Galvanized 

Galvanized Common 

Strand 0.188-0.207 In. 

0.90 

0.145-0.207 in. 

0.40 

0.104-0.165 in. 

0.80 

0.080-0.120 in. 

0.30 

0.093 In. 

0.70 

0.041-0 072 in. 

0.15 

0.080 in. 

0.60 



0.062-0.072 in. 

0.50 



0.041-0.052 in. 

0.40 




(•Weight of coating in ounces per sq.ft, of surface. 


(0.109 in. Diameter and above 0.8 
10.083 in. •• “ ** 0.7 

0.148-0.192 in. Diameter 0.6 

(0.148-0.192 in. ** 0.5 

10.098-0.135 In. “ 0.35 

0.080-0.105 in. ** 0.35 

0.120-0.192 in. ** 1.2 


Table I should not be construed as representing the maximum weight of coat¬ 
ing desirable for every application nor the maximum obtainable. 

Zinc coatings are commercially applied by four methods. The oldest and most 
widely used is hot dipping. In this process the steel is first pickled in sulphuric or 
hydrochloric acid to remove all scale then washed to remove iron salts and finely 
divided iron. To be completely effective, this must be combined with scrubbing. 
Any iron salts or finely divided iron left on the surface form dross in the galvanizing 
pot. The work is next “fluxed’' in weak hydrochloric acid or in a strong zinc 
chloride solution, partially dried and introduced into a bath of molten zinc. Fluxes, 
usually ammonium zinc chloride mixtures, and various mechanical devices are used 
to keep the surface of the zinc bath clean at the points of entry and exit. These 
vary, of course, with the type of material being handled. Sheets are fed by driven 
rolls immersed in the bath and exit between partially submerged spirally grooved 
rolls. Wire is pulled through guides and exits through sand, charcoal or a wad 
of asbestos mechanically held in contact with it. These exit rolls and ‘‘wipes” 
smooth the surface and remove some of the zinc. Other products than sheet and 
wire are handled semimechanically or by hand and may be shaken, Jarred, rotated, 
or centrifuged (as in the case of nails and small parts), to evenly distribute the 
coating and remove excess zinc. In all cases the work must be properly handled 
until the coating has frozen in order to avoid marking and to secure as even a 
distribution as possible. The appearance may be controlled by the use of cooling 
air, the application of SO, or ammonium chloride to the still molten coating and 
by local chilling to start crystallization and control spangle pattern. 

Variations to every step described above have been proposed and many are in 
use. For example, cleaning may be accomplished by oxidation and reduction of the 
surface. Fluxes can be eliminated if the material, its surface free from oxide, is 
introduced through an inert or reducing atmosphere. The character of the alloy 
layers (see below) and of the coating may be varied by varying the composition 
of the steel surface through carburizing, phosphorizing, and other surface treatments, 
or through the addition of alloying elements to the zinc bath. 
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In the hot dip method the zinc alloys with the iron forming one or sometimes 
two layers of definite iron-zinc alloys between the steel base and the outer layer of 
substantially pure zinc. The character and thickness of these alloys are dependent 
on many factors in the process: The temperature of the zinc bath, the time of 
Immersion, the composition of the steel, the condition of the surface. The adherence 
of the coating when bent is affected by the alloy layers, a thin, even alloy layer 
being most desirable. 

Hot dip coatings consisting entirely of iron-zinc alloys are produced on sheet 
and wire either by very tight “wiping” of the work (see below) or by subsequent 
heat treatment which causes all of the zinc to alloy with the iron. Such coatings 
when bent, crack in an infinite number of very fine cracks with some dusting of the 
coating. The resulting appearance of the bend is more desirable than the flaking 
which sometimes occurs when ordinary heavy coatings are bent but unless the 
flaking is very severe the life remains proportional to the thickness of the original 
coating, regardless of flaking or bending, because of the electrolytic nature of the 
protection. 

The purity of the zinc used in hot galvanizing has an effect on the bending 
properties of the coatings. Of the common impurities found in zinc, cadmium alone 
seems to be important. Its presence adversely affects the bending properties of the 
coatings by embrittling the outer layer of zinc. Aside from this effect, the grade 
of zinc used has no known effect on the properties of the coating. Difficulties are 
encountered with most methods of sheet galvanizing when using high purity zinc 
and for this, as well as economic reasons, nearly all sheet galvanizing is done with 
“Prime Western” and other of the less pure grades of zinc. High purity zinc is used 
in producing high quality galvanized wire where the coating must be heavy and 
must not flake when bent in a splice. 

Tin, to the extent of 1 or 2%, is frequently added in sheet and hardware 
galvanizing to control the spangle, that is, the crystalline appearance of the surface. 
Aluminiun is also added in very small fractions of a per cent in “hand dip” 
galvanizing (other than sheet and wire) to improve brightness. 

The thickness of the coating applied by hot dipping depends on the time 
of immersion (which controls the thickness of alloy), the speed of withdrawal from 
the bath (which controls the amount of zinc adhering) the temperature of the 
bath (which affects both), and on the amount of zinc removed by wiping. Jarring, 
or centrifuging. In the case of sheets the depth of metal above the line of contact 
of the exit rolls is an important factor. In general, it may be stated that heavy 
coatings may be more cheaply applied by hot dipping than by any other method 
but that their adherence when bent may be inferior to electrodeposited coatings. 

The electrogalvanizing method of zinc coating is simply a zinc electroplating 
process. In the past, thin dull coatings have been produced at low rates of deposi¬ 
tion. Modem practice has departed from this in two major directions: One, the 
rapid application of heavy coatings and two, the production of relatively thin decora¬ 
tive coatings of high luster and brightness. 

In both cases, as in other electroplating operations, cleaning of the surface is 
of major importance and a considerable part of modern development in the art, 
particularly in the fleld of rapid deposition, relates to cleaning. Parts supplied for 
bright zinc plating normally carry only a film of grease and drawing lubricant which 
is removed by cathodic treatment in an alkaline solution. Flat and round steel wire 
furnished for rapid, high current density plating frequently carries a film of rust 
which when removed by suitable acid treatment leaves a film of undissolved or 
redeposited material which must be removed prior to plating. An alternative method 
involving electrol:^ic treatment in molten caustic soda has been used commercially. 

Rapid electrodeposition is attained by the use of high current densities (of the 
order of 200-500 amperes per sq.ft.) and pure electrolytes. The electrolyte may be 
a simple highly acidulated (sulphuric acid) solution of zinc sulphate or a less highly 
acid zinc sulphate solution containing secret addition agents to promote brighter 
and smoother deposits. 

The replenishment of the zinc in this process is accomplished by one of two 
means. In one case zinc ore is leached with sulphuric acid to abstract the zinc. 
The resulting solution is too impure for high current density electrolysis and requires 
removal of the impurities prior to use. Insoluble anodes (usually of a lead alloy) 
are used in the electrolysis. In the less highly acid solutions zinc is supplied directly 
In the form of anodes of high purity zinc which are readily available. Each method 
has its own advantages but relatively little data on comparative costs are available. 
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Solutions for applying bright lustrous deposits are of the alkaline cyanide type 
containing various organic and inorganic ingredients to promote brightness. In one 
case brightness and high luster are obtained solely by maintaining the electrolyte 
in a state of very high purity. In all cases the zinc content is supplied by means of 
zinc anodes. It is a general impression in the industry that zinc of high purity Is 
required for best results. 

Electrogalvanizing is not being applied to sheet on any extensive commercial 
scale as yet. Electrogalvanized coatings consist of a single layer of zinc without any 
aUoy layer. As a result, they are very adherent when bent regardless of thickness 
unless the cleaning has been carried out imperfectly. Electrogalvanizing offers the 
advantage, important in many cases, of involving no heating of the steel. Also it 
is claimed that greater uniformity of coating can be obtained in the case of wire 
but with many or most products to be galvanized this advantage cannot be expected. 
The appearance of electrogalvanized coatings is considered preferable in some uses. 
The practical range of coating thickness obtainable by electrogalvanizing is greater 
than by hot dipping but little Information on relative costs of comparable weights of 
coating applied by the two methods is available. 

Sherardizing which is described elsewhere in this Handbook is a third method 
of zinc coating which produces very uniformly distributed coatings consisting entirely 
of iron-zinc alloy. 

Spray coating, also described elsewhere in this Handbook, should be mentioned 
here since it affords a means by which parts too large for treatment by any of 
the other methods, may be zinc coated. Like electrogalvanizing, it Involves no 
heating of the steel. 
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Sprayed Metal Coalings 

By R. M. Burns* 

Any metal which Is fusible in the oxyacetylene or oxyhydrogen flame may be 
sprayed. The process is particularly suitable for coating large structures, such as 
storage tanks, towers, dock gates, tank cars, and water turbines; it is also useful 
for coating articles which because of shape or accessibility are not readily coated 
by other methods as, for example, cooling coils, refrigerating and ventilating equip¬ 
ment. In the decorative held, aluminum, bronze and other metals are applied to 
elevator grills, castings, light posts and other miscellaneous articles of manufacture. 
In maintenance and repair shops metal spraying is rather widely employed to 
rebuild worn parts such as crankshaft bearings, camshafts, armature shafts, pistons 
and cylinders. 

The metal spraying process is usually known as the Schoop process after the 
name of its inventor, M. U. Schoop, who hrst developed it on a commercial basis 
about 1910. Essentially the process consists in melting the metal which is to be 
deposited, atomizing the molten metal by means of an air blast, and depositing 
the atomized metal upon the surface to be coated. In its original development the 
equipment consisted in a reservoir of molten metal which together with the 
auxiliary parts weighed a ton. Commercial success of the process begins, however, 
with the development of the portable “pistol** type of equipment weighing about 
four pounds. In this equipment the metal to be deposited is used in the form of 
powder or wire. A modern process for using liquid metal has been developed to 
accommodate four pounds of metal previously melted in a gas heated crucible. *1110 
pistol in this case is rather heavy and the process, although limited to low melting 
metals, is said to be rapid in operation and to produce coatings of uniform char- 
acter.‘ 

The powder process of metal spraying consists in heating finely divided metaUlc 
powder to its melting point by blowing it through the flame of a blow pipe and pro¬ 
jecting the resulting spray by an air blast. The process is limited commercially to 
metals of low melting point and in particular to zinc which can be obtained in 
powder form at a reasonable cost. 

The method of metal spraying of principal importance is that in which metal 
in the form of wire is used In a gas fired pistol. In this process, the wire is 
advanced into the nozzle of the pistol at a constant rate by means of an air driven 
turbine, the end of the wire being melted and atomized continuously as it reaches 
the inner part of the conical flame. The size of the wire employed depends upon 
the metal to be sprayed and the character of deposit which is desired. In general, 
wires 0.125 in. in dia. may be used for heavy duty spraying, while for ordinary 
deposits wires from 0.08-0.03 in. in dia. are commonly used. 

In its simplest form the nozzle of the gas fired pistol consists of three concentric 
tubes. The wire is advanced through the central tube, the gaseous mixture through 
the annular space surrounding this tube while the compressed air which accom¬ 
plishes the atomizing and spraying passes through the outermost annular space or 
tube. *1116 gaseous mixture of either hydrogen or acetylene and oxygen is used at 
pressures of 15 psl., and the most suitable air pressure is 50-60 psi. 

For the spray coating of small parts a number of mass coating machines have 
been devised. Usually these are rotating drums, into the ends of which spray 
guns are mounted. 

The efficiency of deposition of sprayed metal coatings depends upon the 
process employed, the metal used and the distance of the nozzle from the surface 
being sprayed. For the wire pistol and the nozzle from 4-8 in. away the effi¬ 
ciencies of deposition are as follows: aluminum 90-85%, brass 80-75%, zinc and tin 
73-67% and lead 65-60%, respectively. 

An electric metal spraying would seem to have some advantages, especially 
with respect to portability. Much study has been devoted to this aspect of metal 
spraying and the practicability of the method has been demonstrated. However, 
the method is not used commercially as yet. 

Nature and Properties of Sprayed Metal Coatings—The minute semimolten par¬ 
ticles which comprise the spray acquire a superficial oxide coating which becomes 
incorporated in the coating. The particles of metal upon impinging upon the base 

•Asst. Chemical Director, Bell Telephone Laboratories, New York. 

Prepared for the Subcommittee on Metallic Coatings, H. S. Rawdon, General Chairman. 
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metal are flattened Into relatively thin scales which are rapidly chilled by the pass¬ 
ing air blast. As the coating is built up these scales become interlocked with others 
preceding and following them, giving rise to a structure of rather high intrinsic 
tenacity. There are, however, cavities of microscopic size between the scales at 
numerous points with the result that the coating is somewhat porous in nature. 
These cavities, together with small amoimts of oxide, have the effect of reducing 
the density of sprayed metals. In the following table there is given a comparison 
of the values of density obtained for sprayed metals with the accepted values for 
the same metals in the ordinary form. 


Density In Density of 

Cast Form Sprayed Metal 


Aluminum. 2.70 2.31 

Zinc. 7.14 e.83 

Tin. 7.31 6.82 

Copper.. . 8.92 7.51 

Lead. 11.34 9.77 

Brass. 8.30 7 32 

Bronze. 8.76 7.77 


The density of sprayed metals may be increased by working or by heat treat¬ 
ment. The presence of pores in sprayed coatings is not particularly objectionable 
in the use of metals such as zinc, the pores of which upon exposure to moist air 
become filled with corrosion products, thereby improving the continuity of coating. 
More recently* the application of varnish to sprayed nickel coatings has been advo¬ 
cated as a method of reducing porosity. Usually, however, coatings are applied of 
sufficient thickness to prevent the existence of pores which extend through the 
entire coating. In some cases an undercoating of another metal, as for example 
zinc under tin, is used to provide a thicker protective coating. In the use of sprayed 
metals on bearing surfaces porosity is of some advantage in absorbing lubricants 
and maintaining in this way an oil film, the presence of which reduces wear. 

The particles of sprayed coatings are slightly work hardened and this together 
with the presence of oxide results in a hardness somewhat in excess of that of the 
same metal in the cast form. A comparison of the scratch hardness of sprayed and 
cast metal is as follows: 


Width of Scratch In Millimeters 
Cast Sprayed Coat 


Tin. 0.08 0.056 

Aluminum. 0.06 0.044 

Zinc. 0.05 0.032 

Copper. ' 0.05 0.029 

Brass . 0.05 0.032 

Bronze. 0.023 0.025 


The adherence of sprayed coatings to the base metal is generally of a lower 
order of magnitude than that obtained in other methods of application. In the 
absence of alloying or chemical action between the coating metal and base material 
it becomes essential that the surface of the latter be clean and roughened. The 
best results are obtained with freshly sand blasted surfaces for this treatment 
appears to provide angular indentations and recesses to which the sprayed coating 
may become anchored. Angular steel grit may be used in place of sand for the 
surface blasting operation. Where it is feasible to preheat the surface to be 
coated it is said to give Improved adherence.* This is accomplished in some designs 
of pistol by the attachment of gas jets. In the coating of small articles in drums it 
is not difficult to preheat the parts beforehand in an adjacent chamber.^ 

Protection Afforded by Sprayed Metal Coatings—In the protection of ferrous 
metals against corrosion, coatings of sprayed metals of somewhat greater thickness 
than those applied by hot dipping and electroplating methods are required to 
assure comparable service. It is common practice, for example, to use sprayed zinc 
and aluminum coatings 0.004-0.012 in. in thickness depending upon the severity of 
the exposure. For tin, lead and nickel coatings, metals which do not protect iron 
electrochemically, coating thicknesses of 0.010-0.025 in. are used. Iron and steel 
parts which are to be exposed to high temperatures, such as grate fingers, stacks 
and certain sections of the superstructures of boats are sometimes protected with 
sprayed aluminum coatings. In these cases from 0.006-0.010 in. of aluminum is used. 

Reclamation of Worn or Undersized Parts by Metal Spraying—One of the most 
attractive applications, and now probably the largest field of usefulness, of metal 
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spraying is in building up the worn bearing surfaces of large machines.* Shafts of 
all sorts, cylinders, valves, piston rods, rolls, and axles may be readily reclaimed 
at a fraction of their original cost by the application of low or high carbon steels, 
stainless steels, or of nonferrous metals and alloys, such as copper, nickel, bronzes, 
brasses and Monel metal. The most common method of applying sprayed metal to 
such parts is as follows: 

The worn shaft is moimted usually on a lathe or rolls in order to facilitate its 
rotation. The surface of the shaft is prepared for spraying by first undercutting to 
clean up the worn areas then blasting with sand or steel grit which roughens the 
surface in order to secure adequate adhesion of the deposited metal. Where heavy 
coatings are to be applied it is the practice to cut a rough thread in the surface to 
be coated which may be followed with a mild sand blasting. In the spraying 
operation the gun may be operated by playing over the surface in the usual man- 
ner, or when the shaft can be rotated the gun is mounted in a fixed position and 
made to traverse the rotating shaft from end to end. Thus a deposit of uniform 
thickness g^reater than the finished size by perhaps -j*® in. is obtained over length 
of toe shaft. Finally, the oversized shaft is ground down to the proper dimension by 
lathe nimhing or by means of wet emery and polished with fine emery. In a simi¬ 
lar fashion large cylinders, such as penstock valve operating cylinders in power 
houses, have been relined inside. 

This process is equally applicable to the building-up of undersized parts, and is 
often employed for this purpose. 

Cost of Metal Spray Coating—^The cost of coating ferrous surfaces by metal 
spraying depends upon the prevailing cost of oxygen, acetylene, compressed air, 
labor, and metal, besides the cost of surface preparation. Ordinarily toe blast 
cleaning of a plain flat surface will average from 5-10 cents per sq.ft. Based upon 
m assumed cost of $2.00 per hour for operation of the spray gun and the metal 
wire prices prevailing in April 1936, the approximate cost of metal deposition per 
sq.ft, of surface for coatings 0.005 in. in thickness is as follows:* 


Aluminum. 

.$0.10 


Brass . 

.. .23 


Cadmium . . . 

.. .63 


Copper . 

. .20 


Lead . 

.10 


Monel Metal. 

.52 


Nickel . 

.56 


Tin . 

. . .24 


Zinc . 

.10 
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Coloring Steel 

By Dr. C. B. F. Young* 

doloring of Steel in Molten Salt Baths—Molten salt baths produce colors upon 
Iron and steel which have been polished and cleaned, and are effective, but often 
the temperatures required are too high, so affect the hardness of the metal. Then 
too, the drag-out effect must be considered. In some types of bath this loss is so 
great that the bath must be abandoned because of the economic factor. 

If sodium hydroxide baths are used, both of the disadvantages mentioned above 
are avoided as it operates at 300-400‘’F., and the drag-out is low. The baths should 
be covered so as to exclude all carbon dioxide, as this imites with the sodium 
hydroxide to produce sodium carbonate. However, if this is formed, it can be 
precipitated by the addition of unslaked lime. 

A black color is produced in a solution of 400 g. of sodium hydroxide, 10 g. 
of potassium nitrate and 10 g. of sodium nitrate dissolved in 600 cc. of water. 
The solution should be used at 250-285*’F. The black color appears in 15-30 min. 
After coloring, the object should be rinsed in hot water, dried, and immersed in 
hot oil. 

Color Produced by Temperature—One of the oldest methods of coloring iron 
and steel consists of heating the material up to the desired temperature, and 
holding it there for a definite period. As steel is heated through a gradual range 
of temperatures, each degree of temperature for a given specimen of steel produces 
a corresponding shade, which varies from straw yellow, through brown, purple 
to dark blue. By properly controlling the temperature, each of these colors can 
be produced. 

Below is a table showing the colors with their corresponding temperature. This 
is only general, as different steels will vary somewhat. 


•p. Color 


400 .Faint straw 

440 . .Straw 

475 . . . Deep straw 

520 . .... . Bronze 

640 . .Peacock 

690 . .Pull blue 

640 .Light blue 


The colors produced by the above method are generally not uniform due to 
the fluctuation of the temperature. This can be controlled much better provided 
the steel objects are immersed in a molten bath of lead or salt as described below. 

Polished strip steel is colored straw or blue by passing it through a small 
lead bath at a suitable temperature and speed. The desired color develops after 
the steel leaves the bath and comes in contact with the air. The amount of coloring 
is controlled by passing the strip steel through wet waste located a short distance 
from where the strip emerges from the lead. 

Strip steel is also satisfactorily colored by passing it through a salt bath. The 
coloring takes place in the bath. After leaving the bath the adhering salt must 
be washed off with hot water and the steel dried before winding it on the reels. 

In both methods the strip steel to be colored must be thoroughly cleaned and 
dried, and free from oil or Anger marks. 

Sand may also be used as the bath. The sand may be on a hot plate, or 
better, in a cylinder capable of being slowly rotated and heated by a gas flame 
underneath. From five to ten minutes will produce a flne rich blue when the 
sand is at approximately 650*^. 

The work may also be placed in a.sheet metal box with a small amount of 
sand. The box and contents are agitated back and forth over a fire. 

When using either method, experience will be required to know just when to 
remove the work from the fire. The sand is sifted out by means of a wire sieve 
and the work dipped into oil to set the color. 

When it is desired to do tinting on a large scale, continuous sand tempering 
machines are often used. The work is carried through a perforated drum and 


^Instructor. Chemical Engineering, Brooklyn Polytechnic Inst., Brooklyn. 
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heated sand Is automatically sifted into the drum. Adjustments of the tempera¬ 
ture and rate of feed may be so made that a continuous stream of work having 
a uniform color is secured. 

Heat tinting may also be done on a large scale in a rotary retort without the 
use of sand* The tint color is controlled by the operator. He must regulate his 
temperature accurately and keep close watch of the work to be certain that it is- 
removed when the desired color is secured. 

For continuous simultaneous heat tinting and tempering, machines are procur¬ 
able with or without sand as a part of the process. The sand serves to cushion 
the work to prevent battering which might result in tumbling articles of certain 
shapes and weights; furthermore, the heated sand insures complete diffusion of the 
heat throughout the mass of work and therefore greater uniformity in color. 

It is important in all heat tinting that sufficient time be allowed for oxidation 
of the steel at the low temperatures used. 

Niter Baths—Steel articles that have been polished and properly cleaned can 
be given a s^ple finish by immersing them in molten niter. A mixture of half 
and half sodium and potassium nitrate is melted in a csust iron or steel melting 
pot of shape and depth to suit the work. As rust from any sources affects the' 
color of the work, the pot should be cleaned prior to putting in the saltpeter. The 
niter is melted, superheated to a temperature of about 900®P. and manganese dioxide 
added in the ratio of about 1 part oxide to 50 parts of niter, by volume. The 
manganese gives the molten salt a greenish-black tinge, and causes all suspended 
matter to settle to the bottom of the pot. 

The addition of potassium nitrate Increases the cost of the process. Potassium 
salts are deemed necessary when low temperature operation is desired. Potassium 
salts may be omitted from the bath, however, with equally good results. Sodium 
nitrate or Chile saltpeter is an excellent bluing medium, although higher operating 
temperatures are imperative. 

As bluing by this process forms an iron oxide film on the work, consumption 
of the manganese dioxide would be expected. Replacement at the rate of 1 lb. of 
manganese dioxide every 3 hr. to a 300 lb. batch of saltpeter keeps the bath 
in condition. While it is doubtful what is the exact function of the manganese 
dioxide, this much has been observed; that if omitted from the pot the melt 
does not produce good work. Baths found upon analysis to be charged with iron 
oxide gave bad results, whereas no excess iron oxide was found in solution in any 
bath containing an excess of manganese dioxide. (Manganese dioxide has been 
omitted from some baths with satisfactory results.) 

In a niter bath a peacock blue or temper blue can be consistently obtained in 
the following manner: The articles to be blued are first cleaned and polished. 
The higher the polish the brighter will be the blue color. A thin coating of oil 
is then applied and the articles immersed in the hot niter at 600-650®P. The 
pieces may be suspended individually on wires. Screws, nuts and other small 
articles may be dipped, inclosed in a wire basket. The parts are held in the niter 
for a few minutes, and then raised to note the depth of coloring attained. They 
are then replaced in the molten salt until they reach the desired color. The time 
required varies with the temperature and with the si25e of the pieces but is never 
over 4 or 5 min. 

The reaction is nothing mors than obtaining a uniformly colored oxide film, 
as is obtained when tempering steel to color. If left in the niter too long, say 10 
min., the film produced is no longer a temper blue or a gim-metal blue, but has 
become a dirty gray. Preliminary cleaning in gasoline or similar solvent produces 
a bad finish, resulting in a mottled dirty surface. The oil carried on the surface 
of the parts takes fire immediately upon immersion in the hot niter, and if any 
moisture is present on the articles bad spattering of hot salt will occur. 

After the right blue is obtained, the articles are quenched in cold, clean water 
to strike the color, then Immersed in boiling water and finally in hot oil. Hot 
oil dip is necessary in treating small screws or other tiny parts, as it removes 
from them all moisture, which if left on the blued article will form a spot of red 
oxide rust, a defect which has a tendency to form at the roots of threads or any 
reentrant angle. A darker gun-metal blue may be obtained by using a tempe];ature 
up to lOOO'P. 

Care should be taken not to dip articles after adding manganese dioxide to k 
niter bath until the suspended oxide has sunk, as otherwise dirty spots will 
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appear on the blued article. Cast iron, if highly polished, will take on a gun-metal 
blue corresponding to that giv^n to polished steel, but It requires about 20 min. 
immersion at 1000*’F. to accomplish this result. 

Charcoal Bluing—The charcoal bluing process consists of introducing highly 
polished work in a bed of hot charcoal. The bed of charcoal is approximately 2 ft. 
' deep. The lower regions of the fuel are in a state of incandescence, whereas the 
upper layers possess temperatures which are suitable for the development of 
oxide colors. After the desired shade of blue is developed the work is rubbed 
vigorously with waste which has been dipped in raw sperm oil. 

Oil Blackening—^To oil blacken, the polished steel part is packed in a carbu¬ 
rizing box, using spent carburizing compound, and properly luted to exclude air. 
Box and contents are heated to 1200®P., requiring about 1% hr. At 1200*P. 
the box may be drawn, the lid opened and the parts riddled free from 
carburizing compound and at once quenched in oil. A black oxide skin is formed, 
dull in appearance but imiform in texture. 

A comparatively good black color can be obtained quickly by heating the work 
to a temperature of 1000-1200®P. and quenching into oil. The appearance of this 
finish depends upon the surface of the work prior to heating. This finish is not 
so good in color nor in lasting qualities as the gun-metal finish. 

Small typewriter parts are given a black finish by heating in a rotary retort 
furnace to a temperatme of about 750*P. After the work has reached the desired 
temperature, a small quantity (about 1 oz.) of linseed oil or fish oil is added to the 
charge in the retort. The work is revolved from 3-10 min. longer, when it is 
taken from the furnace and spread in pans to cool in the air. After cooling the 
parts are dipped in a rust retarding oil.t 

TO sliijultaneously oil blacken and temper, place the articles which have been 
quenched In oil from the hardening heat and while still covered with the quenching 
oil, in a rotary drum retort (not perforated). Heat to 500-650®P. and maintain 
at temperature for the proper tempering time and the finish desired. The longer 
tile time, the deeper and more durable the black color. Allow the retort with its 
contents to drop below 500°P. before discharging the articles. Then to brighten 
the black color tumble the articles for a short time in granular cork which is 
slightly oily. 

Gun-Metal Finish—The gun-metal finish, also known as carbonia finish, used 
on a majority of rifles, shotguns, and revolvers, is in addition used for finishing 
small parts, such as buttons, screws, pen points, buckles, pins, saw teeth, bicycle 
chain links, typewriter, and calculating machine parts. 

Various types of black finish can be secured. These depend principally upon 
the finish of the part before the special treatment is given. Cold drawn or highly 
polished parts will take a glossy black finish. Parts made from ordinary stampings 
will have a somewhat duller finish, while work which has been sand blasted prior 
to applying this treatment will have a black matte-like finish. 

While not an entirely rust preventative coating, this finish acts as a retardant 
to the formation of rust. 

To apply the gun-metal or carbonia finish, the work is placed loosely in a 
retort with a small amount of charred bone and heated to 700-800°P. After the 
articles are thoroughly oxidized the temperature is allowed to drop to about 650®P., 
when a mixtuiie of bone and 1 or 2 tablespoonfuls of carbonia oil are added. 
Heating is then continued for a period of several hours. When the work comes 
from the retort it is a dull grayish-black and by dipping in sperm oil or tumbling 
in oily cork a uniform black finish is secured. 

If the temperatures given will temper too much, a temperature as low as 500®P. 
can be used, but this lower temperature requires a longer time at heat to color 
the articles and the color is not so lasting as the color produced at the higher 
heats. 

Gun-metal or carbonia finish may be applied to articles which have first been 
nitrided. resulting in a pleasing finish resistant to rusting and retaining the 
surface hardness on the articles, since these coloring temperatures do not temper 
the nitrided articles. 

When a rotary retort is used and when the work is of such a nature that the 
slow rotation of the retort would cause scratches or in any way mar the finish, 
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speclEl fixtures may be used to hold the work in place. These fixtures are usually 
necessary only when large parts are to be finished. 

Coslettizing, Parkerizing and Barfling—In Coslettizing, the articles, polished and 
cleaned, are placed in a solution of ferrous phosphate made from iron filings, about 
1 % of phosphoric acid and water. The solution is boiled for approximately 2 hr. 
This treatment yields a light gray coating to steel consisting of basic iron phos¬ 
phate, which is strongly adhesive. Due to the low temperature used, the physical 
properties of tempered steel articles are not affected. Even fine springs retain their 
elasticity and magnets are unaffected. 

The method called Parkerizing differs from Coslett’s original method by adding 
an oxidizing agent and catalyzer, usually manganese oxide (MnO), to the 1-2% 
solution of phosphoric acid which contains ferrous phosphate. The coating produced 
is then a basic ferrous-ferric phosphate, the ideal coating being one containing 
3 of ferrous to 1 of ferric phosphate. After coating, the articles are gray in color, 
and after drying are usually coated with paraffin oil to give them a deep black 
color. Considerable variation of color is possible by this treatment. When the 
articles are first placed in the bath a large quantity of hydrogen gas is liberated, 
and as soon as this ceases the process is completed. 

Barffing renders the metallic surface rather inert by producing a coating con¬ 
sisting of magnetic oxide of iron. This change, reaching to an appreciable depth, 
gives to the surface the durability of gun-metal. The articles to be treated are 
cleaned and placed in an air tight oven which has a connection introducing super¬ 
heated steam at 60-100 psi. When the articles are heated to a dull red heat the 
steam is introduced. The coating, as one would expect, is resistant to heat. These 
coatings can be dyed and treated with oil or wax so that their moisture resistance 
will increase. The natural appearance before sealing is a light bluish slate color 
which darkens when oil or wax coatings are applied. These coatings incidentally 
prevent finger marking. 

Browning—There are many processes for browning steel. The matter, how¬ 
ever, may be summarized by describing one process, in spite of numerous variations, 
chiefly in the composition of the browning mixture. Other variations occur in 
manipulation and in the atmospheric conditions, artificial or natural. The longer 
browning processes have relatively low temperatures and humidities, while the 
shorter processes have relatively high temperatures and humidities. The longer 
processes have poor conditions, while the shorter processes have good conditions 
for rusting. 

Procedures in BroMjnfngr—The articles are first thoroughly cleaned which may 
be accomplished by boiling for fifteen minutes in a soda solution. Any grease ap¬ 
pearing on the surface of such a solution indicates need of soda ash addition. Then 
dry the parts by placing them on a draining rack. When cooled to approximately 
X20®P. coat with the browning solution. Apply the browning solution evenly over 
the surface of the article with a brush, a sponge, or by dipping. Dry for approxi¬ 
mately 30 min., apply a second coat of the solution and dry for 30 min. more. 

The articles are then placed in a warming room or cabinet, and brought to 
temperature, which may vary from 140°P. up to as high as 175®P. Dry heat is 
satisfactory, as it is its function merely to bring the article up to a temperature 
such that when it is placed in the humidor rusting cabinet, dew will not form 
on the surface, causing spots in the color. 

The time in the warming room will naturally vary according to the size of 
the pieces. Transfer them from the warming room to the rusting room. This must 
be at the same temperature as that of the warming room (175®P.). Humidity up 
to the saturation point is desired, but danger of condensation should be avoided, 
as pitted and spotted work will result if the dew point is reached. Articles are 
rusted in approximately 1 hr. and 30 min. for such shapes as bayonets, others 
taking shorter or longer periods, depending on the size and surface. 

The rusted metal, now a dirty greenish red, is removed from the humid room 
to a third cabinet or room, although it is not absolutely necessary. The conditions 
are the same as the first room. Its object Is to set the rust. The rusted metal is 
allowed to remain in this room for 30 min. Then the article is placed in clean, 
boiling water for 15 min. The articles are allowed to drain dry, and then are 
carded on a wire brush or fiber wheel, which removes any loose particles of oxide 
on the surface. This operation completes the first coating. 
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After the first coat, three more rustings are applied in substantially the same 
manner, after which the browned surfaces are given a coating of thin white slushing 

the rooms should have proper thermometer and thermostatic controls, and 
^ ISa'rusting room a recording hygrometer. Temperature and moisture should be 
automatically controlled. The layout of the apparatus should permit a proper 
flow of work from one process to the other. 

The compositions of Browning solutions are given in Table I. 


Table I 

Compositions of Browning Solutions 


Solution 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 12 

13 

iMrrAtiie chloride,... 

. .FeCh 










0.9 



Ferric chloride. 

.FesCU 

3.9 

2.8 

8.9 

2.1 

2.8 

7.0 



6.3 

2.8 

3.3 22.2 


Mercuric chloride.. 

,HgClt 

1.2 



0.7 

.... 


3.3 

4.5 

.... 



io.o 

Cupric fthlftHdu. .. . , 

. .CuCls 






0.5 

1.7 





6.0 

Antimony chloride.. 

. .SbCls 









.... 22.2 


Bismuth chloride.., 

..BlCla 







1.7 





5.6 

Hydrochloric acid.. 

.HCl 






7 5 

9.9 





30.0 

Ferrous sulphate... 

. Peso* 


1.5 











Cupric sulphate. 

. CuSO* 

0.8 



0.7 

1.5 




iis 


2.5 .... 

.... 

Nitric acid. 

.HNOa 

1.8 

8.5 


6.4 

8 5 

4.3 



2.2 

‘o!5 

3.7 .... 

.... 

Spirits of niter. 


6.2 








.... 


4.1 .... 

.... 

Ammonium chloride.. NTT.C1 








’i.5 





Alcohol. 

..CaHsOH 

4.0 

3.2 

40.1 

2.4 

3.2 

78.2 



‘ 2.6 

i’i 

3.7 .... 

25!6 

Gallic acid. 

. C?H«Os 






• * • • • . 





.... 11.1 

• • • • 

Trou filings... 

,.Pe 






2.5 . 







Water... 

..HaO 

82.3 

84.0 

51.0 

87.7 

84!o 

83.4 91.0 88.1 94.4 82.7 44.5 25.0 

Approximate cost per gal... 

$0.90 $0.27 $1.45 $0.35 $0.30 $3.38 $0.86 


.... 

.... 


.... 


Electrolytic Coloring—^When iron and steel are covered with an electrolytic 
coat of another metal or alloy, it is not thought of as coloring but as protecting 
the base metal. Thus, iron and steel are colored yellow by depositing thereon 
a brass; red by depositing copper; black by depositing black nickel; and white 
by depositing a nickel-cobalt alloy. See page 1096 for composition of baths for 
electrodeposition of metals. 

Aside from the deposition of metals and alloys, the deposition of colors by the 
aid of an electric current is producing good results; examples are as follows; 

Blue on Jron--^A good blue can be produced on iron by first depositing on this 
material a thin coating of electrolytic copper, using either the sulphate or cyanide 
bath. The copper coated steel is then made the cathode in a solution containing 
1.25 oz. per gal. cupric acetate and, 0.50 oz. per gal of gelatin. Pass through this 
solution a current of 1.5-4.0 amperes per sq.ft., using copper as the anode. After 
depositing the copper from this solution for about 15-20 min. the cathode Is washed 
in water and immersed for 5 min. in a 5% cupric acetate solution. Hues of 
startling intensity are produced, one after another in succession, until finally a 
deep blue develops. 

Color PlattTig—The colors produced have a metallic lustre, are free from dyes 
or pigments and are light fast. Practically all the 'colors of the spectrum from 
violet to red are produced in a single bath. The colors obtained depend on the 
thickness of the deposit and this in turn depends on the plating time, which may 
vary from one minute to thirty minutes or more. 

The bath is composed of complex organic compounds. The work is made cathode 
while copper is used as the anode. The current density is approximately 0.5 ampere 
per sq. ft. with about 0.4 volt. 

The finish of the base metal determines its appearance after color plating. 
Thus an article which is highly polished before color plating has a similar polished 
appearance after color plating. After the color plating a clear lacquer is applied 
which increases the resistance of the finish to wear and corrosion. 

Molybdate Methodr—li iron or steel is made the cathode in a bath containing 
7-14 oz. per gal. of ammonium molybdate with enough ammonium hydroxide to 
produce a clear solution, and 1-10 amperes per sq. ft. passed through the cell, 
various colors and hues can be obtained. The colors change several times in a 
cycle. When a cycle is complete, the colors are reproduced in a somewhat darker 
shade. If allowed to continue, black deposits are finally produced, although most 
of these have the disadvantage of being brittle. This bath, with modifications, can 
be used for coloring various metals, including aluminum. 
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Cleaning of Metals 

By Dr. Walter B. Meyer* 

Introduction—Three general methods for cleaning metals contaminated with 
oil, grease, or buffing compounds are in use and will be considered separately 
although the methods may be used individually or in conjunction with one another 
depending upon the material to be cleaned and.the effects desired. Cleaning pre¬ 
vious to plating, for example, should be complete, and the work should show no 
“water break” (on removal from water, the work should be covered by a continuous 
water film) whereas the requirements for cleaning previous to Japanning or enameling 
are not so rigid. The three types of cleaning which will be considered are as follows: 
(a) Vapor Degreasing; (b) Emulsiflable Solvent Cleaning; and (c) Aqueous Alkaline 
Cleaning. 

Vapor Degreasing—The vapor degreaser may be likened to the chemist’s reflux 
condenser. A noninflammable solvent, such as trichlorethylene, is heated to boiling 
electrically or by steam coils in a chamber around the top of which is provided cool¬ 
ing coils or compartments to recondense the hot vapors, preventing the solvent from 
escaping. The work to be cleaned is hung in the hot vapor which condenses 
upon the work and washes off the grease and oil. Because the oils removed are 
only slightly volatile at the operating temperature of the degreaser, the hot 
vapor will be essentially that of clean solvent although the liquid solvent Itself 
may be badly contaminated. The volume of solvent condensing upon the work 
to be cleaned and consequently the effectiveness of cleaning, is determined by the 
weight of the metal, its specific heat, the temperature rise necessary to bring the 
work to the temperature of the solvent, and the latent heat of condensation of 
the solvent. For a given metal and cleaner, the amount of vapor condensed will 
be dependent upon the weight of the metal to be cleaned. It is obvious, therefore, 
that light metal sections with heavy films of oil will be cleaned poorly, whereas heavy 
metal with comparatively heavy grease'films may be effectively cleaned. The vapor 
cleaner has the second disadvantage of not being able to completely remove solid 
dirt from the surface, and frequently the work may be well cleaned of oil, but a 
cloud of solid dirt may adhere to the work, necessitating a subsequent wiping 
operation. 

To overcome the diflaculties mentioned,, spray cleaning, combinations of two 
solvents or a sequence of boiling liquid, cold liquid, and hot vapor may be employed. 
In the last named sequence, the work is first immersed in the boiling solvent where 
most of the solid dirt and oil are removed. This cleaner soon becomes contami¬ 
nated, but the cleaning efficiency of the system is not seriously affected. The work 
is transferred from the chamber containing the hot solvent to a chamber contain¬ 
ing relatively cleaner cold solvent which is formed by the condensation of the 
vapor from the first cleaner. In this chamber, the work is cleaned of dirt which 
was not removed in the first chamber, and the solvent in this chamber is kept 
relatively clean by the constant condensation of the clean hot vapor and the run-off 
of excess condensate into the first compartment. The work is withdrawn from the 
cold chamber and held above the hot compartment where the hot clean vapor con¬ 
denses and removes any residues of oil not removed in the cold chamber. This 
sequence although requiring more labor for cleaning than the simple vapor cleaning, 
has proved itself in practice, and allows thin, badly contaminated work to be suc¬ 
cessfully cleaned. 

It is essential in designing vapor degreasers that sufficient heating capacity be 
provided, otherwise the vapor line in the cleaner will drop too low when the cold 
work is immersed and the cleaning process will be seriously retarded. Improper 
height of the vapor column and poor condensing facilities permit large solvent losses 
and lower the amount of heat which can be applied to the boiling solvent. The 
equipment should be designed for the required size and volume of work as closely 
as possible, because too large units allow higher ratios of solvent lost by diffusion to 
amount of work cleaned, and too small units will permit large solvent losses by 
displacement of vapor by the work when it is immersed. 

Vapor degreasing has several specific advantages: (1) The drying of the work 
after cleaning is rapid which is of particular value for recessed work or where 
water stains might be objectionable, and (2) the high temperature of operation 


*Managing Editor, Metal Industry, New York. 



1124 


CLEANING OP METALS 


softens the solid fats and lowers the viscosities of the oils, allowing rapid penetration 
and removal of material in holes or crevices, (this removal would be difficult with 
alkaline aqueous cleaners) and, (3) metals such as aluminum or zinc which are 
attacked by the alkaline cleaners may be cleaned by vapor degreasing with almost 
no visible effect upon the finish. The installations may be made automatic and are 
cleaner than alkaline cleaning methods. Vapor degreasing has found particular 
value for cleaning of metal previous to lacquering, japanning, enameling, and 
general organic finishing, but must be followed in cleaning previous to plating by an 
alkaline cleaner to remove traces of organic matter which remain on the surface 
after degreasing. 

The disadvantages of vapor degreasing are (1) increased cost of materials over 
alkaline cleaning; (2) difficulty in removing solid dirt; (3) toxicity of the solvent 
(this may be troublesome in poorly designed equipment); and (4) the need for 
subsequent alkaline cleaning preceding plating operations. 

Emulsifiable Solvent Cleaning—The removal of smut from cold rolled steel, 
and the general removal of solid particles and oil from both ferrous and nonferrous 
metals has been a difficult problem. The use of emulsifiable solvent cleaners has 
proved effective in solving cleaning problems of this type. Emulsifiable solvent 
cleaners are miscible with oils and can be washed off with water although a slight 
film of oil may remain upon the work and necessitate a subsequent alkaline clean¬ 
ing treatment before electroplating. The cleaners may be of two general types. 
One class Is composed of a hydrocarbon-soluble emulsifying agent such as sul- 
phonated com or castor oil, acid sludges, or triethanolamine oleate added to an 
organic solvent such as high flash naphtha or kerosene. The second class is made 
by “blending” a soap such as potassium oleate with an organic solvent such as 
kerosene using such blending or coupling agents as cresylic acid, butyl alcohol, 
cyclohexanol derivatives, or butyl cellosolve. As much as 10% water may be added 
to increase the ease of emulsifying. 

The use of the solvent cleaner consists in immersing the work to be cleaned 
in the solvent cleaner where some of the oil is dissolved and each solid particle 
thoroughly wetted, removing the work, allowing it to drain, and then rinsing in clean 
running water. A second rinse in clean warm water may follow, after which the 
work is usually suitable for enameling or japanning. For electroplating, the work is 
transferred from the running rinse directly into an alkaline cleaner to remove any 
traces of remaining organic matter. The solvent cleaner can stand considerable 
contamination from oil and may be used months. 

Emulsifiable solvent cleaners are particularly valuable for cleaning chemically 
active metals such as lead, aluminum, and zinc, since the cleaners are only slightly 
alkaline and do not attack these metals. The cleaners are nonexplosive and are 
much safer from a fire hazard standpoint than naphthas or benzine, and they do 
not have the toxic effects of carbon tetrachloride. However, solvent cleaners will 
not clean satisfactorily if the work is wet, and the cost of dragout may be prohibitive 
to their use for work containing wells or pockets. 

Alkaline Cleaning—^The mechanism of alkaline cleaning, and the composition, 
testing and application of alkaline cleaners will be considered briefly: 

The Mechanism of Alkaline Cleaning—An exact understanding of detergent 
processes has, as yet, not been realized, but certain factors have been recognized 
which indicate in various degrees the relative detergent values. These factors are: 

1. Wetting of the surface. Good wetting power of an alkaline cleaner Is usually accompanied 
by low interfacial surface tension of the solution. 

2. Penetration of the dirt layer. The rate of penetration Is greatly influenced by the tem¬ 
perature of the solution and the interfacial surface tension. 

3. XmulsiflcatloQ and deflocculatlon. Without emuisiflcatlon of the oils and greases, and 
deflocculation or suspension of the solid dirt In the solution, penetration and wetting power would 
be of little value. 

4. Free rinsing ability. The poor rinsing qualities of certain soaps, such as the stearate 
soaps, limit their use in commercial cleaning. 

5. Saponification. The value of saponification in alkaline cleaning has been overestimated. 
Vegetable or animal fats, or fatty acids may be removed to some extent by saponification, but the 
bulk of metals to be cleaned is contaminated with unsaponlflable mineral oils, or insoluble soaps 
and dirt which cannot be saponified and are removed by the mechanisms of wetting, emulsifica¬ 
tion and defioceulatlon. 

Composition of Alkaline Cleaners—The usual composition of the older types 
of cleaners was caustic soda, soda ash. trisodium phosphate and up to 5% rosin or 
rosin soap. Newly available alkalis and soaps have made possible the formulation 
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of much more efficient detergents. The first consideration is a source of alkali 
which is most economically furnished by caustic soda. For milder cleaners, sodium 
metasilicate or sodium sesquisilicate may be used to advantage. Sodium carbonate or 
sesquicarbonate and trisodium phosphate are not economical sources of available 
alkalinity calculated on an equivalent sodium oxide basis. 

A constant pH or alkalinity is desired throughout the life of the cleaner and 
this may be controlled to some measure by the use of substances with buffered 
alkalinity such as sodium tetraborate, disodium phosphate, or sodium meta, sesqui, 
or orthosilicate depending upon the pH level desired. 

Soaps as sodium resinate, sodium linoleate, or sodium oleate, and soaps from 
cocoanut, palm, whale and fish oils are essential parts of a good detergent. Soapa 
increase the wetting power and are the most valuable aids for emulsification. Hie 
choice of soap depends upon the conditions of service. The properties to be con¬ 
sidered are: Solubility, optimum cleaning temperature, lather formation, stability, 
rinsing qualities, hydrolysis, detergent ability and cost. Rosin has been used ex¬ 
tensively, for example, because of its low cost, good solubility, nonfoaming ten¬ 
dencies, and ease of rinsing. Sodium stearate, on the other hand, has found little 
application in alkaline metal cleaners because of its strong lather, low solubility, 
and poor rinsing qualities. Numerous new synthetic wetting agents have appear^ 
within the last few years, many of which lack the ability to deflocculate and suspend 
dirt although possessing exceUent wetting properties. The high cost of these S 3 m- 
thetic wetting agents has limited their application in metal cleaning although they 
are being used to a greater extent in textile cleaning. Some of these materials are 
sulphates of higher fatty acids, or naphthalene sulphonated derivatives. 

In summary the essential components of a good alkaline metal cleaner are (1) 
a source of available alkali, (2) a buffer to control the alkalinity, and (3) a soap. 

Testing of Alkaline Clcaners—Laboratory test methods for determining the rela¬ 
tive cleaning ability of various cleaners have included measurements of surface 
tension, measurement of the colloidal properties, washing of soiled cloths, meas¬ 
uring the rate of settling of carbon, and the deffocculating action against graph¬ 
ite. These methods are not of suflBlcient value to determine the relative detergent 
actions for commercial metal cleaning problems. An excellent beaker test of relative 
wetting power may be performed by making the cleaners up to the same concentra¬ 
tion and temperature, and noting the rate of penetration into the cleaner of steel 
wool wet with oil. With cleaners of good wetting power, the steel wool may settle 
within a few seconds whereas with poor wetting power, the steel wool will float upon 
the surface indefinitely. 

When performing factory trials on cleaners, the temperature of operation as 
well as concentrations must be carefully watched. Too high concentrations may 
actually clean more poorly than lower concentrations and it may be noted that 
cleaning ability does not necessarily increase with increased alkalinity. Cleaners 
with mild alkalies may clean more efficiently than high caustic cleaners. The clean¬ 
ing trials should be continued for some time since some cleaners maintain an almost 
constant detergent efficiency whereas others rapidly decrease in cleaning ability 
because of poor buffering or too stable emulsification of the oil from improper 
choice of the soap used. The foaming and rinsing qualities should be noted as well 
as the cleaning ability. 

Application of Alkaline CZcaners—For cleaning zinc, aluminum, lead, or tin, the 
milder alkalies such as metasilicate or trisodium phosphate are used often together 
with free rinsing soaps. The pH range may be from 8 to 10.5. Light duty and 
electro-plater cleaners range in pH from 10.5 to 12.5 and heavy duty cleaners vary 
in pH from 12 to 13.5. Whale or fish oil soap solutions are frequently used as soak 
solutions either with or without agitation to remove buffing compounds or heavy 
dirt previous to the use of alkaline cleaners. 

Wherever possible, electrolytic cleaning should be used because the gases liber¬ 
ated on the work greatly speed the cleaning action. Soft metals such as lead, zinc or 
tin must necessarily be cleaned cathodically (object negative electrode) because they 
would be badly etched if cleaned anodically (object positive electrode). Steel may be 
cleaned either anodically or cathodically. At the cathode, a greater amount of 
gas is liberated than at the anode and the hydrogen has some reducing action on 
oxides present. Some difficulties that may be encountered are hydrogen embrittle¬ 
ment and plating of a smut on the work due to the deposition of iron, copper, and 
other metals that may accumulate in the cleaner after it is used. Reverb of the 
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.current will not completely remove these smuts but wlU oxidize metals in the smut 
k) that they will be more readily removed in the acid dip which follows. Anodic 
metaing is receiving favor because of absence of embrittlement and smut deposition. 

In electrocleaners, the tank should not be used as an electrode, but separate 
anodes of iron or nickel should be used to prevent attack upon the tank. Chlorides 
should be carefully avoided and the soap content should be low or else excessive 
foaming with danger of an explosion, may result. The current densities employed 
range from 10 to 100 amperes per sq. ft. with the higher current densities giving, 
obviously, more rapid cleaning action. 
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Mechanical Methods for Cleaning Metals with Alkaline 

Solutions 

By C. S, Tompkins* 

fotroduction—This Information pertains entirely to the methods of appUcation 
of alkaline cleaning solutions for the removal of. grease and oil from metal surfaces. 
The chemical content of the solutions and the chemical reactions have been pur¬ 
posely omitted, inasmuch as this is subject matter for another article. 

The removal of grease and oil from metal surfaces is in many instances a 
costly operation, not so much from a standpoint of the chemicals used, as it is 
from a time and labor cost, therefore, methods of application are as important 
as the chemicals employed. 

Cleaning solutions cannot be standardized in the strict sense of the term 
because of the different kinds of oils and greases that have been used either to 
protect the metal or for lubricating purposes. 

The strength of the cleaning solution depends upon the hardness of the water 
in the particular locality, the method of cleaning, the kind of oil and grease to 
be removed, and the kind of metal to be cleaned; when solutions are used for a 
particular kind of work and under the same conditions, they can be made standard 
to accommodate that particular cleaning problem. 

Where two or more installations for cleaning metals are available, steel products 
are usually cleaned in one system and cast iron products in the other, the cleaning 
solution can then be standard for that particular cleaning problem and system. 

When studying the problem of cleaning metal, the following factors must 
be taken into consideration: 

(1) The nature of the oil or grease to be removed—that Is, whether It Is animal, vegetable, 
or mineral. Most animal and vegetable oils or greases saponify readily, while the mineral 
oils do not. 

(2) The kind of metal to be cleaned—that Is, whether or not it wlU be attacked by an alkali. 
Brass, sine, aluminum, and tin are easily attacked by alkalies. 

(3) The standard of cleaning required—whether between operations, before Inspection, before 
assembling, before japanning or enameling, or before electro deposition 

(4) Methods of application of the cleaning solution. 

Methods for Cleaning Metals—There are five methods of application for the 
cleaning solution as follows: ^ 

1. Still tank cleaning. 

2. Air agitation. 

3. Electric cleaning. 

4. Steam and alkali spray. 

5. Metal parts washing machines. 

(1) Still Tank Cleaning—Although still tank cleaning, that is cleaning in a 
tank not equipped with air agitation, is the method most commonly used, it is 
the most Impractical of all the methods. In this method a steel tank is generally 
used, which is heated either by gas, steam colls, or open steam Jets. The temper¬ 
atures of the cleaning solutions are important; for highest efficiency they should 
be maintained at or near the boiling point. Because a minimum amount of 
mechanical action is obtained in still tanks, chemical action is depended upon 
entirely to saponify or emulsify the grease or oil. In some plants metal, coated 
with heavy oil and grease which are sometimes in chunks, is put into the niPAning 
tank. This tends to overload the solution with muck. This objection could be 
overcome by using two tanks, the first as a soak to remove the heavy grease or 
oil and the second as the final cleaner, or by hosing off the excess grease and oil 
before putting the work into the cleaning solution. This is a neglect^ feature, 
but is important from the standpoint of cost and uniformity of results. 

Heating the Solutions—Qt/eam colls placed on the work side of the tank are 
most practical. If steam coils are placed on the bottom of the tflmk, dirt and 
other foreign substances fall to the bottom of the tank and coat the colls, forming 
an insulation, so that maximum heat is not obtained. By placing coils on work 
side of tank, the circulation from the coUs will be toward the back of the tsmk, 

*IndU8trlal Department, J. B. Ford Co., Wyandotte, Mioh. 
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which will help to keep the top of the solution free from oil. The area of the 
coils should be sufficient to keep the solution at or near its boiling point. 

(2) Air Agitation in Solutions—Oigen Jet steam does not produce a positive 
agitation. Steam, as it is discharged into the solution, condenses and forms a 
circulation, while air when discharged into a solution forms bubbles which rise 
to the top to be released, and in this manner keeps the solution constantly stirred. 

Fig. 1 illustrates such an installation for air 
agitation. 

The most practical method of installing air is 
to have the pipe on the bottom and in the center 
of the tank and not on the sides. A small pipe with 
a valve handy for the opemtor is run down the 
back of the tank in the center to the bottom, and 
a straight ell is placed on the opening end, which 
faces the end of the tank; into this is placed a 
street ell opening, facing toward the opposite side 
of the tank (this street ell is used so that the pipe 
on the bottom of the tank may be raised when 
cleaning the tank). Into this street ell is placed a 
straight pipe resting on the bottom of the tank and 
extending to the center. A tee is attached on the 
end and a straight pipe extends both ways from 
the tee on the bottom of tank to the ends. On the 
ends of these pipes, two pipe caps are attached. 

Small holes should be drilled on both sides of these pipes to allow air to pass through. 
To equalize the flow of air into the solution, the holes should be graduated in 
distance from each other. For Instance, if the flrst hole is 6 in. from the tee, the 
next holes should be 5^, 5 and 4!4 in. This air discharged into the solution 
forms bubbles and rises to the top creating a positive agitation so that every part 
of the solution is kept in motion. 

As illustrated in Fig. 2, hang over the steam 
coils a perforated plate to the bottom of which 
is hinged a false bottom. The cleaning solution 
in the small space between the perforated plate 
and the tank heats rapidly, and is expelled 
through the perforations, attached to which are 
baffle plates, causing the heated solution to flow 
upward, forming a complete circle of flow as in¬ 
dicated by arrows in illustration. This method of 
agitation is not as effective as air agitation, but 
is never&eless very efficient and economical. 

(3) Electric CZcanincr—Thls method of clean¬ 
ing is accomplished by passing a low voltage 
(6-12 volts) current through an alkaline solution. 

An evolution of oxygen is produced at the anode 
and an evolution of hydrogen at the cathode or 
work to be cleaned. It has been the custom to 
make a direct connection of the positive buss rod to the tank and the negative con¬ 
nection to the work rod. 

The metal to be cleaned is hung on these work rods, using hooks long enough 
to allow the metal being cleaned to be immersed in the alkaline solution. It has been 
foimd much more efficient, instead of making thq direct connection of the positive 
buss rod to the tank, to make this connection to anode rods and use sheet steel 
anodes, suspended in the tank. These sheet steel anodes should be nickel plated and 
as nick^ does not deposit in an alkaline solution the anodes will remain perfectly 
clean at all times. This increases the amperes passing through the solution and 
materially increases the efficiency of this method. 

The results obtained in electric cleaning tanks are uniform and thorough. 
The evolution of hydrogen produced by the electric current at the cathode or 
work has an effect of loosening the grease or oil and It is removed very quickly. 
In some instances the flow of current is reversed, that is, the tank is used as 
the cathode and the work as the anode. In this case there is an evolution of 
oxygen at the work. Some tanks are equipped with a double throw switch so that 
the current may be passed through the solution either way. This is practical, 



Fig. 2—Baffle plat agitation. 



Fig. 1—Air agitation Installation. 
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especially if some of the soft metals are being cleaned, such as brass or copper. 
After cleaning, if the flow of the current Is reversed for a few seconds, It has 
a tendency to remove tarnish from the metal. When cleaning flat surfaces of 
copper and brass, 3 or 4 seconds on direct current (using the work as the cathode) 
and 1 or 2 seconds on reverse current (using the work as the anode) is sufficient. 
When cleaning die cast metal the direct current (using the work as the cathode) 
only should be used. Usually 3 to 5 seconds in a mild cleaner is sufficient. If work 
has recesses which permit of accumulations of buffing compositions, it Is good 
practice to remove these deposits by scrubbing before placing in the electric cleaner. 

Electric cleaning tanks are entirely satisfactory where an absolutely clean 
surface is required, as for instance the preparation of a surface for an electro 
deposition of metal, but it is advisable, to insure best results, to use a soak cleaner 
first and then rinse off so that the electric cleaner is not mucked up with heavy 
grease and oil. 

Different densities of alkali solutions govern the conductivity and, therefore, 
the amperes per sqit. of metal cannot be stated definitely. It ranges anywhere 
from 15-45 amperes per sq. ft. of metal; 6-12 volts are required. In figuring square 
feet of surface cleaned consider both sides of the metal. In selecting anode or 
cathode rods or hooks, consider their ability to carry the flow of amperes without 
resistance. The following table is for square soft copper rod (for round copper rods 
deduct 25%). 


Size. In. 

Ampere 

Capacity 

1 xl 

750 


188 

V4X y4 

47 

VsX 

12 

A X A 

i.e 


Steel or iron should never be used for hooks to suspend work in a cleaning solution. 

(4) Steam and Alkali Spray-^aTages use a direct spray of steam and alkali 
solution for cleaning chassis and engines. This method may also be used for 
cleaning parts on locomotives. With this method a double-jet nozzle is used, one 
side connected to a high pressure steam hose and the other feeding by gravity 
from a tank of hot alkaline solution. The steam and solution are mixed in the 
nozzle and thrown with force on* the metal, cleaning the spot very quickly. This 
method is also used quite extensively in stripping paint from automobile bodies. 

There is no^ an alkaline vapor employed. A small boiler equipped with coils 
and heated by an automatic oil burner is used. A very weak alkaline solution 
is mixed cold in a separate tank and is pumped to the boiler and introduced at 
the top; passing down toward the oil burner, it is heated and broken up, and 
then passes out through a hose to the nozzle where it is applied to the work to 
be cleaned. Pressure may be adjusted and maintained up to 170 lb. 

(5) Metal Parts Washing Mac/iines—Metal parts washing machines offer a 
very practical method of applying an alkaline cleaning solution. Small work is 
placed in baskets or trays and large work is placed directly on the conveyors, which 
carry the work through the machine where the alkaline solution is pumped 
through sprays and either thrown with force over the metal or splashed in large 
quantities over it. The cleaning action is both mechanical and chemical, and 
may be increased or decreased by varying the strength of the solution. 

If two washing machines are used, most of the oil and grease are removed in 
the first machine, thereby keeping the solution in the second machine free from 
refuse and in the best working condition. Besides having the second solution in 
the best working condition, the parts have been heated in the first machine, there¬ 
fore, the final cleaning is more readily accomplished. In winter it is advisable to 
keep the work as warm as possible before cleaning, because large parts that are 
cold cool the cleaning solution, resulting in lost time. 

Methods Employed with Metal Parts Washing Machines—The manufacturers of 
metal parts washing machines employ four different methods of application as 
follows; 

(1) The splash 

(2) The fixed spray 

(3) The revolving wash arm 

(4) The rotary drum. 
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(1) The SpZos^In the splash method, a wheel similar to a side wheel on a 
steamboat is revolved on one or both sides of the conveyor. In this manner, large 
quantities of the cleaning solution are splashed with force over the work as it 
passes through the machine on the conveyor. 

(2) The Fixed Spray—In the fixed spray, pipes provided with nozzles are 
placed above, below, and in certain machines on both sides of the conveyor. The 
cleaning solution is pumped through these nozzles, the Jets striking directly on 
the work from every angle. The stationary location of the nozzles makes it 
possible to use a high Jet pressure, which increases the mechanical cleaning action 
of the solution. 

(3) The Revolving Wash Arm—In the revolving wash, a four spoked, slotted 
wash arm is used, through which the cleaning solution is pumped in large quan- 
Uties onto the metal to be cleaned, as it passes through on the conveyor. On the 
end of each arm is an adjustable nozzle and this is set at an angle so that the 
force of the solution pumped through it makes the arm revolve. These arms 
are 16-30 in. long so that the work in passing through, goes through a solid wall 
of swirling solution, which hits it directly from every angle. 

In both the spray and revolving types of machines, the tank is below or at 
the side of the conveyor and is heated by steam coils. The solution is used over 
and over. After the solution has passed over the work, strainer pans catch the 
heavy foreign matter which has been washed off and by a system of baffle plates 
in the tank, the solution is strained and filtered so that the solution pumped over 
the work is always clean. 

(4) The Rotary Drum—WitYi the rotary drum washing machine, the work is 
tumbled as it passes through a perforated drum. The work is moved forward by 
a helical screw as the drum slowly revolves. The washing solution is forced over 
the work from the inside of the drum through stationary sprays. 

All these machines are thoroughly practical for cleaning before Japanning and 
enameling, and before assembling or between machining operations or for removing 
quenching or tempering oils, but they are not practical as a cleaning method before 
electro dep^tion. 
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Pickling Iron and Steel Products 

By C. H. McCollam* and D. L. Warrickt 

General—^Pickling is the term applied to the chemical removal of surface oxides 
from metal by immersion in an acid solution. Wide variations are possible in the 
strength, temperature, and type of the acid solutions used and the procedure depends 
upon the material to be pickled, the character of the scale involved and the siirface 
desired after pickling. The following discussion will deal only with the pickling 
of ferrous metals. 

Low carbon, hot rolled steel pickling is typical of the basic principle involved. 
In this case the surface oxide to be removed is mill scale formed at comparatively 
low temperatures during or after hot rolling. Removal of such scale is one of the 
simplest of the cleaning problems. The material is submerged in dilute sulphuric 
acid until free from scale, after which it is removed and rinsed. For purposes of 
economy and efficiency the acid concentration is held at approximately 10% and 
the temperature maintained between 150 and lOO'^P. 

A container is required in which the acid and the material to be pickled can be 
held for a reasonable time at the desired temperature. To this basic piece of equip¬ 
ment has been added such operating conveniences as cranes, temperature control 
instruments, and mechanical agitators. The pickling tub or tank is subject to 
changes in construction which will be discussed further in another part of this 
article, as will pickling acids, inhibitors, foam producing agents, and rinses. 

Pickling Procedures for Various Ferrous Metal Products—^Although pickling 
appears to be a simple process, numerous refinements or modifications are neces¬ 
sary in many instances. Because of the broad influence of sometimes obscure vari¬ 
ables in scale formation and because of the difference in processing practice and 
equipment encountered even in two plants making the same product, it is not 
practical to reduce pickling procedure to a standard formula. In certain instances, 
the problem has become so complicated that even the mechanism of scale removal 
by pickling has become a controversial subject. Therefore, the procedures described 
in the following paragraphs are merely the methods which have been found to be 
successful in plants producing the particular material under discussion rather than 
formulas which can be followed without modification. 

Cleaning prior to pickling is often quite as important as the operation itself. 
The iron or steel is frequently covered with grease from previous fabricating proc¬ 
esses which is not soluble in acid and renders pickling difficult. Hot alkali solu¬ 
tions are generally satisfactory for cleaning such material, but should always be 
followed by careful rinsing before the material passes on to the acid. Another 
cleaning method is to heat the metal to a moderately high temperature for a short 
time to remove the grease. 

When low carbon steel is pickled for enameling, galvanizing, or tinning, special 
precautions are necessary to insure a surface which is chemically clean as well 
as free from scale. A slightly but definitely etched surface is often considered an 
advantage in such cases because it is believed to permit greater adherence of the 
coating to the metal. In this case inhibitors or foaming agents can be used in the 
bath only with careful selection and proper precaution, since some inhibitors leave 
a thin but very tightly adherent surface film which clings persistently to the metal 
even after careful rinsing. 

The trend in recent years is toward lower pickling temperatures, around 150- 
160®F., resulting in economy in steam consumption and in better quality of the 
finished product. Where time and pickling capacity permit, an acid concentration 
of 5 or 6% is advisable. The usual practice, however, where comparatively low 
temperatures are used is to compensate for decreased thermal activity by raising 
the acid concentration to about 10 or 15%. 

In the continuous production of sheet or strip steel, provision is usually made 
for continuous pickling so that fabrication can proceed without interruption. In 
this case, control of the rate of pickling is accomplished by varying the temperature 


*Ohief Chemist, and fResearch Chemist, The Timken Steel ft Tube Co., Canton, Ohio. 
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or the acid content of the bath, or both. Close supervision is necessary if efficiency 
and economy are to be realized, since the acid content of the bath is constantly 
changing. Acid concentration and temperature are frequently kept too high for 
best results in economy or quality in order that the operation may be completed 
in the time allowed. 

In pickling for galvanizing or tinning many plants use two pickling baths: 
First a 5-10% solution of sulphuric acid in water at 160-190®P., and second, a short 
time dip in cold concentrated muriatic acid (18-20® Baum6) or in a moderately strong 
solution of muriatic acid at a somewhat elevated temperature. The use of high 
temperatures with muriatic acid is wasteful since this acid has a strong tendency 
to evaporate, filling the atmosphere with noxious fumes. 

Vigorous mechanical agitation of the bath is always advisable. When it is 
allowed to remain stagnant, gas pockets tend to form which keep the acid out of 
contact with the metal and arrest the pickling action on these localized areas. 
When the steel is galvanized, these scale-retaining areas remain uncoated. Agita¬ 
tion offers the further advantage of securing uniform acid concentration throughout 
the bath, assuring a more nearly uniform rate of pickling. 

When pickling sheets for galvanizing or tinning, as short a time as possible 
should elapse between pickling, rinsing, and coating operations. Should a delay 
occur between rinsing and coating the material should be stored under water and 
never allowed to dry. Contact of the moist iron with air will produce rusting. Fur¬ 
thermore, any ferrous salts from the pickling bath which dry on the work become 
oxidized and difficult to remove. 

When pipe or seamless tubes are to be pickled, particularly those of small inside 
diameter, high acid concentration is advisable, since the acid solution which first 
enters the tube must often be relied upon to complete the pickling of the inside 
surface. Occasional lifting of the bundle above the bath to drain the spent acid 
out of the tubes helps to overcome this difficulty. Jets of air or steam directing 
a current of pickling solution through the tubes are sometimes a valuable aid. 
Mechanical rockers may also be used to advantage in the removal of thick or 
tight scale. 

Heat treated material introduces many special pickling problems. It has been 
demonstrated that when alloy steels are heated above a certain critical temperature 
which varies with the type of steel, an electrolytic action is set up between the scale 
and steel during pickling. This action proceeds at the expense of the clean metal 
and results in serious pitting of the surface. Inhibitors have been found to be 
of little value in preventing such pitting. Normalizing scale represents the worst 
condition as far as pickling time and pickle pitting are concerned, while temper 
scales are the easiest to handle. Best results will usually be secured by using a 
fresh bath of 8-10% sulphuric acid (inhibited) with a temperature of between 145®P. 
and 155®F., and providing mechanical agitation. 

Forging scale, like heat treat scale, is hard to remove. The scale formed at 
elevated temperatures is likely to be thick, glassy and extremely adherent. Scale 
is likely to be knocked off while handling, leaving small exposed areas of metal. 
At such places deep pickle pitting is likely to occur. However, when the scale is 
removed from large areas of metal prior to pickling the pitting is much less severe. 
The mechanical removal of as much of the scale as possible either before or during 
pickling decreases pitting. Pickling in 8-15% sulphuric acid at 150-160®F. has been 
found to give good results. 

Pickling Stainless Steels—Stainless steels present a special pickling problem 
because scale containing high percentages of chromium oxides is not readily at¬ 
tacked by sulphuric acid alone. A common practice for stainless steels is to employ 
a mixture of about 10% sulphuric acid with 2-10% mmiatic acid or a mixture of 
10% sulphuric acid with about 10% of common salt. In the latter case, muriatic 
acid is generated by reaction between the sulphuric acid and the salt. Muriatic 
acid alone is sometimes used. In either case the pickling is followed by a bright 
dip in 5-50% nitric acid by volume. The more dilute solutions of this acid are gen¬ 
erally used warm while the higher acid concentrations should be used cold because 
Ifigh concentrations of nitric acid are detrimental to many materials used in con¬ 
structing pickle tubs. Thorough rinsing in hot water, sometimes augmented by 
scrubbix^, is essential for best results. 
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Equipment—^The pickling tank may be constructed of wood, steel, brick, con¬ 
crete, lead, Monel metal, or stainless steel. Steel and concrete are generally 
lined with some acid resisting material, while wood, brick, or alloy metal tanks 
are either lined or unlined, depending upon the service for which they are Intended 
and the cost factor. 

Wooden tanks are the cheapest to construct. They are generally made from 
cypress or long-leaved yellow pine. A bitumastic or similar lining of asphalt mate¬ 
rial is often used between the walls. Brick tubs, may be of common or acid proof 
brick, with or without mastic lining material between courses. Rubber linings may 
be used on wood or steel tanks. Monel metal and stainless steel offer many advan¬ 
tages but the cost is generally prohibitive. Steel tanks, brick sheathed and rubber 
lined, are satisfactory for most uses. 

Add Storage Tanks —^Por the storage of sulphuric acid down to 58® Baum^ mUd 
steel tanks can be used. Muriatic and hydrofluoric acid are generally stored in 
lead lined tanks. 

Acid lines carrying concentrated sulphuric acid of 58® Baum6 or higher from 
the storage tank to the pickle tub may be of iron pipe with iron fittings. Care 
should be taken to calk all the joints with a good acid resisting material. Sections 
of pipe which are immersed in the pickling bath should be made of lead, copper, 
or bronze. Heavy rubber hose is sometimes employed. Stainless steel lines are 
satisfactory for strong nitric acid. 

When copper or bronze is used in connection with pickling equipment, there 
is always the possibility of electrolytic deposition of copper on the pickled surface. 
Ordinarily this is of no consequence, but if the stock is to be carburizca without 
machining after pickling, the copper film will prevent carburization. Copper stains 
on full finished sheets are also objectionable. The use of copper or bronze in the 
pickling tub would be objectionable in such cases. 

Drainage lines should be of vitrified tile carefully calked with an acid proof 
cement to avoid leakage, and should be large enough to provide adequate drainage 
at all times. Floors surrounding the pickle tubs should be covered with a wooden 
lattice, preferably of cypress. 

Agitation saves time, metal, and acid. Air, steam, or mechanical movement 
of the tub or charge may be used, each having certain advantages. Some plants 
mount the tub on rockers, others support the charge on chains or saddles of acid 
resistant metal which impart a continuous or intermittent motion to the work. 
Another system involves the use of a large plunger which alternately raises and 
lowers the liquid level in the tub. Small articles may be pickled in a tumbling 
barrel. No definite recommendation can be given, for the means of securing agita¬ 
tion in the pickling tub will depend upon the size and kind of material being treated, 
the equipment available, and the character of result to be secured, thus making 
each installation an individual problem. 

Adequate Ventilation should be provided when the pickling room is designed 
and should be maintained at all times. Ventilating equipment should be of acid 
proof material. 

Pickling Solutions—Acids and acid mixtures generally used are sulphuric, muri¬ 
atic, nitric, and hydrofluoric, or mixtures thereof. Sulphuric acid is the cheapest 
and most commonly used pickling acid. Muriatic acid is used for special purposes 
such as etching prior to galvanizing or tinning and sometimes for stainless steel. 
Nitric acid is used in the pickling of stainless steels and it is occasionally employed 
to oxidize scaled surfaces to facilitate pickling. Hydrofluoric acid is sometimes 
added to the bath to accelerate pickling, and is used occasionally in pickling castings 
to remove sand. 

Add Concentration—The action of the pickling solution on the metal is in 
approximately direct proportion to the acid concentration up to about 25% acid by 
weight. The concentration used depends upon the kind and temperature of acid, 
the type of material being pickled and surface desired. Thus when sulphuric acid 
is used on mild or pearlitic alloy steels the maximum concentration is 20-25% and 
the optimum is 8-10%. For pickling tubes and pipe a high acid content should 
be maintained because the solution on the inside of the tube does not circulate and 
consequently becomes depleted before the scale is removed if weak acid is used* 
Muriatic acid solution is held from 5-50% by volume. The higher concentrations 
of this acid cause definite etching of the surface. Nitric acid is used in amounts 
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of from 5-507o by volume. Concentrated solutions of nitric add have a passivating 
effect on steel surfaces. The fumes from nitric acid are dangerous and adequate 
ventilation should be provided. 

Testing of pickling solutions is an important part of pickling supervision and 
one that is frequently overlooked. Pickle tanks should be sampled re^arly. It Is 
a good plan to take a sample from each acid tank early in every turn. In the 
pickling of sheets the acid strength should be determined after each lift in batch 
pickling, and every 30 min. in continuous pickling. For testing the acid and iron 
ccmtents a sample can be titrated with standard solutions. The use of a hydrometer 
for checking pickling solutions is not recommended, due to variations in gravity 
introduced by the ferrous ^sulphate content. The following procedures can be used 
for titrating pickle solutions. 

Determination of sulphuric acid content. Measure out 5.0 ml. of pickle solu¬ 
tion into a 200 ml. flask. Add 25 ml. of water and 2 drops of methyl orange solution. 
Add standard sodium carbonate solution until the last drop causes the color of 
the pickle solution to change from red to yellow. Each 5 ml. of the sodium carbo¬ 
nate solution equals 1% of sulphuric acid in the pickling tank. (This simple rule, 
which is sufficiently accurate for commercial purposes, is based on the specific 
gravity of 10% sulphuric acid.) 

To make up the standard sodium carbonate solution, dissolve 11.52 g. of dried 
c.p. sodium carbonate in 1000 ml. of distilled water. (This standard solution is 
lightly stronger than N/5 sodium carbonate solution, which may be substituted 
without appreciable error in commercial practice.) 

Methyl orange solution may be made up by adding 1 g. of methyl orange powder 
to 1000 ml. of distilled water. This solution should be kept in a dropping bottle. 

When the pickling solution is muriatic acid the determination may be carried 
out in exactly the same manner as outlined above for sulphuric acid except for 
the final calculation. In this case each 5 ml. of the standard sodium carbonate 
solution equals 2.07% by volume of 20® Baum6 muriatic acid or 2.36% by volume of 
18* Baum6 acid, each of these values being equivalent to 0.755% by weight of 
hydrogen chloride. (Based on the specific gravity of 10% hydrochloric acid solution.) 

Determination of Iron Content—Five ml. of pickle solution is placed in a 200 ml. 
flask and diluted with 5 ml. of water. Standard potassium permanganate is added 
from a burette until the last drop turns the pickle solution to pink. Each 5 ml. 
of standard permanganate solution equals 1% of iron or 5% of ferrous sulphate. 
The pink endpoint fades quickly when organic inhibitors are present, therefore, 
the titration should be carried to completion as rapidly as possible. 

The standard potassium permanganate solution can be made by dissolving 
6.01 g. of c.p. potassium permanganate in 1000 ml. of distilled water. (This stand¬ 
ard solution is slightly weaker than N/5 potassium permanganate, which may be 
substituted without appreciable error in commercial practice.) 

Add Addition—The acid content should be maintained at all times above the 
minimum found to be pract^al for the material being pickled. For mild carbon 
steel and most alloy steels requiring a sulphuric acid solution this would be about 
5% of acid. Acid additions should be made frequently and in small amoimts to 
hold the bath uniform. The bath shoifid always be agitated when acid additions 
are made to assure thorough mixing. 

If acid consumption is to be accurately established many factors must be con¬ 
sidered. The acid addition must be carefully measured, either by metering or by 
means of a measxulng tank. When additions are recorded as being so many 
^'minutes of acid" through a pipe, there are generally variations due to the amount 
of acid in the tank, the air pressure on the acid line and other factors. Variation 
in the size and shape of material being pickled has considerable Influence on acid 
consumption. 

Changing of Pickle ffoZtffions—The damping effect of ferrous sulphate on pickling 
bath efficiency is well known. The ferrous sulphate content of a bath is five times 
the iron content; and it has been demonstrated that with 40% ferrous sulphate 
(8% iron) the rate of attack of sulphuric acid on steel is reduced 60%. It is com¬ 
mon practice to run the ferrous sulphate content up to 25% (5% iron), then use 

solution until the acid content is reduced to less than 5% and dump the tub. 
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Disposal 0 / Waste Liquor —^The practice of dumping waste pickle solutions into 
sewers and streams has resulted in stream pollution. Legislation has been introduced 
in many states requiring the neutralization of pickling acid before disposal. 

Recovery plants may be installed in connection with large pickling installations 
for recovery of acid and salvage of iron compounds. Such plants are expensive to 
build and maintain and consequently their application is limited. Smaller pickling 
plants find it more economical to kill the spent acid with lime in settling basins. 

Pickling Temperatures—^The heating of pickling tanks is generally accomplished 
by introducing live steam through an open or perforated lead pipe. Temperatures 
can be taken at intervals by an ordinary thermometer or indicating or recording 
instruments can be installed for this purpose. Temperature controls are available 
for installations where temperature variation must be held to a minimum. 

The effect of temperature on the activity of the pickling bath is generally recog¬ 
nized. Sulphuric acid at 190°P. has over 100 times the solution rate of the 
same acid at room temperature. Overpickling is likely to occur at high tempera¬ 
tures. The use of an inhibitor is an important factor in establishing the limiting 
temperature since some inhibitors fail rapidly at high pickling temperatures. 

While a temperature of 170-190*^. is sometimes satisfactory when the time cycle 
is short, pitting may result if the pickling period is prolonged. With many high 
carbon and alloy steels a pickling temperature of 140-150®P. has been found to be 
satisfactory for eflftciency, surface quality, and inhibitor life. 

Pickling Inhibitors— Definition —Pickling inhibitors are agents which may be 
added to an acid pickling bath to diminish the attack of the acid on the metal 
areas from which the scale has been removed, without appreciably retarding the 
rate of scale or rust removal by the acid, and to diminish the severity of hydrogen 
embrittlement. 

Theory and Mechanism of Inhibitors—The actual mechanism of inhibitor action 
is not well understood. Some investigators believe that inhibitors are negative 
catalysts that are selective in action, retarding the reaction of acid on metal but 
not on scale. In practice no inhibitor continues its original effectiveness unabated 
throughout the entire pickling cycle. However, they lose efficiency so slowly that 
the loss could hardly be attributed to reactions in which the inhibitor plays a 
major part as reagent. The effect seems analogous to the familiar poisoning of 
a catalyst. 

Various observers have stated that Inhibitor action seems to be associated with 
an increase in the hydrogen overvoltage at the metal (cathode) surface. A pro¬ 
tective coating of hydrogen is thereby maintained on the metal surface which helps 
to protect the metal from direct contact with the acid, thus diminishing the attack. 

Another theory is that a thin layer of inhibitor material is adsorbed or plated 
out on the surface of the metal. Many of the known organic inhibitor solutions 
are colloidal in nature, which lends support to the possibility of either adsorption 
or cataphoretic migration of Inhibitor particles. On the other hand, such a layer, 
if existent, is so extremely thin as to escape detection in many instances. 

Nature and Composition of Inhibitors —^A wide variety of materials have been 
advocated and used as inhibitors, from cabbage leaves or wheat bran to complex 
synthetic organic chemicals. In numerous instances raw materials and by-products 
have been found to be useful as inhibitors, and many are still being used without 
the separation or identification of the active ingredient. A comprehensive list of 
such materials would be difficult to prepare, but would include the following: Sludge 
acid from oil refineries, waste animal materials, waste sulphite cellulose liquor, 
wheat bran or off-grade flour, sulphonation products of such materials as wood tar, 
coal tar, and asphaltum. These materials vary widely in their effectiveness and 
uniformity. They have an economic advantage and are not necessarily inferior to 
synthetic Inhibitors. 

A wide range of synthetic chemicals have been reported as showing inhibitive 
properties. Many of these are extremely complex in structure and high in molecular 
weight. Aldehydes, thioaldehydes, mercaptans and other sulphur-containing organic 
compounds, organic nitrogen bases and their derivatives, particularly those in 
which the nitrogen is linked within a heterocyclic ring, such as pyridine and qulni«* 
dine, seem to be favorites. Their cost often precludes their use for production 
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work. Some qf these compounds are so efficient, however, that extremly small 
amounts are required. 

Foaming The function of foaming agents is to blanket the surface of 

the pickling solution with a suds which traps and holds any fine spray of acid 
that would otherwise be carried into the atmosphere with the hydrogen gas evolved. 
Their chief advantage lies in their ability to prevent the pollution of the atmosphere 
with acid fumes. 

Confusion still exists in the minds of many concerning the relation between 
inhibitors and foaming agents. Actually they represent independent phenomena, 
although in many preparations they are co-existent. When sufficient quantity of 
a good inhibitor is used the evolution of hydrogen gas is so small that the use of a 
foaming agent becomes practically tmnecessary. 

Methods of Testing Inhibitors-^Became of the wide variety of inhibitors and 
their diversity of behavior, it is important to have some method of testing their 
efficiency. While the ultimate test is their behavior in the pickling bath, labora¬ 
tory tests offer a convenient means of comparing the value of inhibitors under 
carefully controlled conditions. 

Laboratory tests for inhibitors are of two general types: (1) Those which 
measure the loss in weight of metal in inhibited acid, and (2) those which measure 
the amount of hydrogen evolved. The latter test depends on the fact that when 
metal reacts with a nonoxidizing acid hydrogen is evolved, but when the acid 
reacts vdth metallic oxide, water is formed with no gas evolution. Hence a theo¬ 
retically perfect Inhibitor should allow removal of the scale with no evolution of 
hydrogen. 

Inhibitors frequently fail in service due to localized overheating. This occurs 
at the point where steam is introduced into the bath. Laboratory tests should take 
this fact into consideration. A satisfactory check may be secured by refluxing a 
sample of the inhibited pickle solution for not less than 1 hr. Because of the 
wide difference in the acid solubilities of high and low carbon steels, inhibitor 
efficiency tests should be made on the same grade of steel as will be treated in 
the pickle tub. 


Advantages and Disadvantages of Acid Inhibition: 


Advantages: 

1. Reduces metal loss. 

2. Saves pickling acid. 

3. Prevents or minimizes scrap losses 
resulting from overpickling. 

4. Decreases blistering and hydrogen 
embrittlement. 


Disadvantages: 

1. Increased pickling time. 

2. Possibility of residual surface film 
which may interfere with subse¬ 
quent operations. 

3. Added cost of inhibitor. 


Washing and Liming After Pickling—The importance of a clean rinse tub is not 
always appreciated. Ferrous sulphate gradually accumulates in the rinse water. Traces 
of ferrous sulphate which remain on the steel after rinsing will oxidize upon drying, 
leaving a film of rust on the surface. Acid also tends to accumulate in the rinse tub 
and promotes rusting of the steel on exposure to the air. 

Complete removal of the last traces of acid with water alone is difficult even 
with thorough rinsing in clean tubs. When pickled steel must be protected from 
rust, an alkaline rinse to remove the last traces of acid is advisable. A solution 
of %% of caustic soda and %% of trisodium phosphate (Na3P04.12Hjj0) in hot water 
is effective. The alkalinity of the bath should be checked frequently and maintained 
by the addition of caustic soda. Acid titration (methyl orange Indicator) is the best 
means of determining the alkalinity. Five ml. of the above alkaline solution should 
require 5-10 ml. of N/10 sulphuric (or hydrochloric) acid for neutralization. 

A cold dip in milk of lime is also effective for neutralizing traces of acid. This 
method leaves a coating of lime on the surface which is not easily removed. In 
pickling prior to cold drawing operations this is an advantage because the lime 
acts as a lubricating agent. 


The presence of a white suspension of solid material is not proof that sufficient 
lime remains in the solution. Calcium sulphate, formed when lime reacts with sul¬ 
phuric acid, is a white powder which is only slightly soluble in water, and may easily 
be confused with lime. Titration of the available alkali with a mineral acid gives a 
Dositlve index of the lime content of the solution. 
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Pickling Defects—^Pickling is frequently blamed for certain defects i^hich appear 
during the pickling operation but which have their inception elsewhere. The ten¬ 
dency is to blame all failures on overpickling or to condemn the steel as being 
defective. Certain defects, however, are due to neither of these causes, but are the 
result of earlier operations such as rolling, heat treating, or forging. 

Overpickling is characterized by porosity of the transverse i^urfaces and a rough¬ 
ening of the whole surface, with discoloration and decrease in size and weight. 
This can be avoided by removing the material from £he bath promptly when pickling 
is complete. Inhibitors aid in preventing overpickling, but are not a complete 
guarantee that it will not occur. 

Pickle pitting may be classified into several different types according to cause. 
Three of these are sufficiently conunon to Justify special consideration. 

By far the most prevalent and troublesome type of pitting, particularly on heat 
treated alloy steels and forgings, is electrolytic. This is characterized by a patch- 
work of pitted areas of irregular shapes, the depth ^ing indirectly proportional 
to the area. Such pitting is due to an electrical potential between the scaled areas 
and clean steel, the pitting occurring only where the scale is removed from small 
areas prior to pickling or at an early stage in the process. It should be noted that 
the pitted areas frequently are longitudinally aligned. The boundaries of such pitted 
areas are usually rather sharply defined or channeled, probably due to maximum 
potential existing at such locations. However, when inhibited acid is used the litted 
area is generally uniform in depth, with a channeled boundary, while in uninhibited 
acid the pitted area is irregular in depth. 

Although it seldom occurs, severe pitting may be caused by overpickling, par¬ 
ticularly in inhibited acid. This is indicative of carelessness on the part of the 
pickier because it appears only when material is allowed to remain in the bath far 
beyond the time necessary for complete removal of scale. 

Pits which have their origin in the rolling process, due either to rolled-in scale 
or refractories are intensified during pickling. 

Nonmetallic inclusions, segregated carbides, or surface strains are frequently 
held responsible for pickle pitting. While these factors may have some infiuence, 
their importance has been overstressed and it is always advisable to first Investigate 
the causes discussed in the preceding paragraphs. 

Blistering is a troublesome defect on sheet and strip steel. Of the several 
theories advanced concerning the origin of blisters the most reasonable seems to be 
that they are due to gaseous inclusions in the steel, forming gas pockets just beneath 
the surface upon rolling. Hydrogen generated in the pickling operation penetrates 
these pockets and lifts the surface, causing a blister. 

Properly selected Inhibitors may minimize blistering but it is doubtful that they 
will entirely prevent it. 

Hydrogen embrittlement is a phenomenon that gives some trouble when cold 
working operations follow too soon after pickling. It seems to be due to the inter- 
molecular penetration of the steel by nascent hydrogen. This type of embrittlement 
is not permanent and may be eliminated by aging or more rapidly by soaking the 
steel in boiling water. Inhibitors are valuable in minimizing this effect. 

Safety—Strong acids and alkalies cause severe bums if not counteracted 
promptly, and are destructive to clothing.' A supply of cold running water should 
be available at all times for washing. It is important that large amounts of water 
be used, for when small amounts of water are added to concentrated sulphuric add 
much heat is generated which may add to the severity of the bum. Safety showers 
with a platform release are recommended in this connection as providing the neces¬ 
sary volume of water in an emergency. 

To remove the last traces of acid from the skin after thorough rinsing with 
cold water use sodium bicarbonate or baking soda, either dry or mixed with water. 
In case of severe injury consult the medical department for further treatment. 
Ammonia may be used on clothing, but should not be used on the skin. 

To remove traces of alkali left after washing with cold water use powdered 
boric acid or a saturated solution of boric acid in water. Consult a physician for 
further treatment. 
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Hydrofluoric acid bums are exceedingly severe and painful, hence the utmost 
care should be used in handling this acid to prevent any contact whatsoever with 
the skin. Material being pickled in this acid should never be handled without 
rubber gloves. 
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Electrolytic Pickling of Iron and Steel 

By Walter R. Meyer* 

Electrol 3 rtic pickling of Irto and steel has been employed for a number of years 
to escape some of the difficulties attendant with still pickling. The removal of 
rust as PejeOs is comparatively easy with still pickling methods, but the removal 
of the black magnetic oxide of iron, namely, FeaOi, which is slowly soluble in sul¬ 
phuric acid, is a difficult problem without the use of electrolytic methods. Before 
discussing specific electropickling processes, some general problems such as the 
nature of scale and its removal, and hydrogen embrittlement will be considered. 

The Nature of Fire Scale and Its Removal—^The black oxidation product of 
iron which results after the heat treatment of iron or steel and conunonly called 
“fire scale” or “hammer scale” is composed, according to Winterbottom and Reed,' 
of 80% FeO, 18% FesOi, and a top layer of FeaOa. The composition of fire scale 
on hot rolled stock and heat treated parts may vary considerably from this analysis, 
but the important point to consider is that the composition of the scale varies 
from ferrous oxide at the metal interface to magnetic oxide with a thin layer of 
ferric oxide. Hering* has found that the magnetic oxide is hardly attacked by 
sulphuric acid, but that hydrogen either formed electrolytically or by the attack 
of the basis iron by the acid leads to rapid dissolution of the scale. The probable 
mechanism of fire scale removal is an acid attack on the ferrous and ferric oxides, 
partial reduction of the magnetic oxide and the dissolution of the reduction products, 
the reduction resulting from the electrolytically formed hydrogen or in the case 
of still pickling by the action of the acid on the iron, and lastly a resultant xmder- 
minlng of the residual scale with some mechanical lifting action provided by the 
discharged hydrogen. 

Advantages of Electrolytic Pickling Over Still Pickling—The electrolytic picklixig 
processes are far more rapid than still pickling, requiring in most cases from 
1-3 min. for completion, whereas still pickling may require from 10-15 min. for 
the same type of scale. Much less acid is consumed in electropickling than still 
pickling the consumption being according to Thompson and Mahlman> about 50% 
less for electrolytic than still pickling. The savings in iron and acid usually out¬ 
weigh the added cost of power for electrolytic pickling. The scale reduction effi¬ 
ciency of the electrolytically formed hydrogen varies from 10-50%, being most effi¬ 
cient at 50^0. and at a current density of 50 amperes per sqTt. 

The attack on the base metal and in some processes the hydrogen embrittle¬ 
ment is much less for electrolytic pickling than with still pickling. These features 
are important where size tolerance must be maintained and where the ductility 
must not be greatly impaired. Other specific advantages will be considered with 
the discussion of the various processes. 

Some disadvantages of electropickling are the cost of equipment for the genera¬ 
tion of the electric current, necessity of maintaining good electrical contacts, and the 
need in some cases of controlled temperature and concentration of acid to a greater 
degree than is required with still pickling. In some cases, the acid dragout losses 
are much higher for electrolytic pickling as the concentration may have to be 
maintained above 85%, whereas still pickling is done with much more dilute acid 
concentrations. 

Hydrogen Embrittlement— Simple cathodic pickling may result in hydrogen 
embrittlement either equal to or greater than that which results with still pickling, 
but some of the special electrolytic processes, however, may result in little embrittle¬ 
ment. In general, hydrogen embrittlement is greater with increasing carbon content 
of the steel, higher temperature of the pickling bath, higher hydrogen over voltages, 
and may be accelerated by traces of impurities as arsenic, mercury, or sulphur 
compounds. With the same amount of discharged hydrogen the strength of acid 
used has little effect on the embrittlement. 

The original ductility of the steel may be almost completely restored by heating 
for 2 hr, at 100®O., 10 min. at 150^0., or by immersing in boiling water from 2-5 min. 
Gradual recovery may occur on standing for several days at room temperature, 
but in all cases of treatment the original ductility is never completely restored. 


•Managing Editor, Metal Industry, New York. 
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The Madsenell Process^The Madsenell Process^ employs anodic electropickling 
to remove absorbed gases and carbon smut to secure an excellent surface for 
adhesion of electrodeposits or hot dipped coatings. The work is first cleaned and 
pickled either with the conventional still methods or electrolytically and then trans¬ 
ferred to the Madsenell ^'degassing” bath. The electrolyte is sulphuric acid of 
concentration greater than 85% maintained from room temperature to lOO'^F. The 
work is made the anode with the current on when immersed. A 12 volt line is usually 
employed which provides a current density of 50 amperes per sqit. Initially, but 
which drops within from 30 sec. to 10 min. to almost zero current with resultant 
cessation of the gas evolution. 

The work has then been effectively cleaned of surface smut and has been de¬ 
gassed to a large measure of hydrogen which may cause embrittlement. The 
merit of the Madsenell Process lies in its ability to remove some of the effects of 
the pickling of the fire scale rather than being a method designed for the scale 
removal itself. Some possible disadvantages may be the necessity of maintaining 
a high acid concentration in the bath, the need of direct current generators or 
rectifiers, and the maintenance of good electrical contact. 

The Han$on-Van Winkle-Munning Electrolytic Bright Dip—^This process* is 
carried out in two steps. The work is first made the cathode in a warm dilute 
sulphuric acid bath of from 10-20% acid at a current density from 10-150 amperes 
per sq. ft. for several minutes. The scale is effectively removed but the work may 
be coated with an “acid black”. To remove this smut the work is rinsed and trans¬ 
ferred to a stronger acid bath (40-50%) where it is made the anode for a short 
time emplo 3 rlng a current density from 100-150 amperes per sq.ft. The total time 
required may vary from 2-5 min. 

High current densities and low temperatures (50-90®P.) are favorable to the 
production of a good bright surface. With too low a current density or too high 
a temperature, the sinface will be clean but not bright although higher tempera¬ 
tures can be offset to some extent by using higher current densities. The produc¬ 
tion of the bright surface may be due to the formation of persulphurlc acid which 
is favored by low temperatures and high current densities. The current density 
referred to is the initial value as polarization sets in rapidly and the current den¬ 
sity drops quickly with a cleaning and then a brightening of the work. 

The process imparts a silvery surface free from smut and scale with only a 
small degree of etching and a considerable reduction in embrittlement due to the 
anodic treatment. The need of good electrical contacts for maintenance of high 
current density and the necessity for cooling the acid for the anodic treatment 
must be considered. 

The BuUard-Dunn Descaling Process—The Bullard-Dunn Descaling Process* has 
found extensive use in removing scale from heat treated parts without attacking 
the base metal. After removal of oil, the article to be descaled is made the cathode 
in a 10% sulphuric acid bath heated to 140-150®P. and electrolyzed at a current 
density of from 60-75 amperes per sqft. A small quantity of tin or lead is main¬ 
tained in the bath which results in a deposition of a thin film of either metal as 
soon as a bare section of iron is exposed. The deposition of tin protects the steel 
from acid attack and adds “throwing power” to the cleaning process because of tiie 
high hydrogen over-voltage of tin. The current discharge is consequently directed 
to the section covered with scale where the hydrogen exerts both a reducing effect 
and a mechanical action to lift off the scale. Deep recesses, threaded parts, and 
irregularly shaped objects are readily descaled, and coated with a thin layer of tin or 
lead which helps to protect the metal from subsequent corrosion and does not inter¬ 
fere with machining or in the case of tin, with hot galvanizing or hot tinning. For 
electroplating or other cases where the tin or lead must be removed, the work Is 
made the anode in a hot solution of caustic soda and trisodium phosphate where 
the protective film removal is accomplished in a short time. 

The use of ferrosllicon anodes such as Duriron^ in the descaling bath lengthens 
its life considerably because of their ability to prevent the formation of ferric iron, 
the presence of which rapidly decreases the efficiency of the bath. Iron concen¬ 
trations as high as 10 oz. per gal. will not destroy the effectiveness of the bath as 
long as they are in the ferrous condition. A large portion of the ferrous sulphate may 
be removed by chilling the solution. From 1-2% of the total anode surface is block 
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tin to allow a constant feeding of tin to the bath to compensate for that which is 
plated out in the descaling process. 

The operation of this process is not particularly critical as to current density or 
composition of solutions, scale removal is rapid, the attack on the base metal is 
almost negligible, and its ability to remove scale from recesses is excellent. 

Pickling of High Speed Steel-High speed steels containing tungsten, chromium, 
and vanadium are pickled with difficulty in nonelectrolytic pickles. R. R. Rogers* 
has reported a process which involves anodic pickling at 25 amperes per sqit. in 
a bath at room temperature containing 15-16 oz. per gal. of caustic soda and 2 oz. 
per gal. of citric acid. The electrolysis is continued for a few minutes until a uni¬ 
form evolution of gas sets in which denotes the end of the pickling process. The 
work is removed, rinsed, and then dipped into strong hydrochloric acid (6-12N) to 
remove a smut which formed in the anodic pickling. 

Some high speed steels may require a preliminary anodic treatment at 60 
amperes per sq.ft. in 6 N hydrochloric or sulphuric acid before subjecting them to 
the alkaline anodic treatment. For both high speed steels and carbon steels, anodic 
pickling in hydrochloric acid results in an attack upon the metal itself whereas In 
sulphuric acid the attack is largely upon the scale. 

The Ferrolite Pickling System—The Perrolite pickling process* utilizes alternat¬ 
ing current for pickling in a sulphuric acid solution varying in acidity from 5-10%. 
Ten per cent by volume of the total acidity of the bath is made up of gluconic add 
or a mixture of organic sugar acids. Graphite electrodes are used and the work is 
dumped in acid resisting baskets and lowered between the 2 electrddes without 
making actual contact with either electrode. Sixty cycle alternating current is passed 
through the solution and the work is completely pickled in a short time. Deeply 
recessed articles are readily freed of scale. 

The gluconic acid serves as an agent for the solution of ferrous oxide and as a 
regenerative catalyst for the regeneration of the inorganic acid ions, in this case 
the sulphate ion. The sulphuric acid serves as a carrier of the current and to attack 
the oxides of iron. 

Choice cf Method for Pickling—No attempt has been made to select or favor 
any one method of pickling as it is the purpose of the Handbook to give sufficient 
information to allow the user to judge for himself the relative merits of each process 
for his own particular problem. More detailed information can be obtained from 
the patent owners of the processes cited below and the original literature. 
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Cleaning Metals by Blast Cleaning Process 

(Also Known as Sand Blasting, Grit, and Shot Blasting) 

By Victor F. Stine* 

Introduction—The process of blast cleaning metals is one whereby sand or metal 
abrasives (grit or shot) propelled by air or other means is directed at the surface 
to be cleaned. The method of application varies with the Individual requirement. 
The centrifugal method has recently come into use. In this process, metal abrasive 
is thrown on the surface to be blast cleaned by means of a centrifugal force 
whereby the abrasive is thrown by a wheel at a high speed. This process is 
limited to metal abrasive because the sp.gr. of sand is too low for the centrifugal 
force to do as efficient cleaning as is possible with the much heavier metal 
abrasives. 

Types of Air Pressure Blasts—There are two major types or principles used in 
air pressure blasting: 

1. Direct Preasure type. 

2. Induction type. 

(a) Gravity principle. 

(b) Suction principle. 

Direct Pressure Type—In applying the direct pressure principle, the full pressure 
of compressed air is carried all the way to the tip of the nozzle. In order to intro¬ 
duce the abrasive into this high pressure line, it is necessary to provide a pressure 
storage tank in which a certain amount of abrasive is also under pressure. Through 
an orifice in the bottom of the tank, the abrasive is permitted to flow by gravity 
into the high pressure abrasive line (the pressure in the tank and line being equal). 
In actual practice, the apparatus often is more complicated by the introduction 
of adjustable orifices, shut-off means for the abrasive and air, and double chamber 
arrangement for obtaining continuous operation. 

Gravity Type —^The gravity method provides an overhead abrasive storage or 
other means of supplying abrasive by gravity to an induction type of gun, in 
which air is introduced through a jet which is in definite spaced relationship to 
a nozzle. The air rushing from the jet into the nozzle creates a partial vacuum 
in the space surrounding the gap between jet and nozzle. The abrasive introduced 
into this gap is sucked into the nozzle and there mixed with the compressed air, 
which accelerates the movement of each grain. At the nozzle tip, the air suddenly 
expands, pressure is transformed into velocity and the grains receive a last and 
quite effective “shove,” so to speak. This principle, while not as effective as the 
direct pressure blast, is nevertheless frequently used owing mainly to its lower 
initial and maintenance costs. 

Suction Type —^The use of suction is similar to the use of the gravity type, and 
while somewhat less effective than the latter, finds even more application par¬ 
ticularly in the design of automatic equipment for treating materials easily 
cleaned. An air jet and a nozzle are again in definitely spaced relationship, but 
contrary to the open hopper or funnel type of mixing chamber used in the 
gravity type outfit. These parts are enclosed in a body generally called “gun.” 
An outlet is provided at some point with provision for attaching an abrasive hose 
or pipe line which leads to an abrasive feeding device, often many feet away. 
The partial vacuum inside the gun creates a strong suction in the abrasive line, 
which is sufladent to lift the abrasive entering the end of the hose or line for 
considerable- distances. However, to lift this abrasive, energy is required which is 
lost for useful work. This accounts for the fact that this principle is the least 
effective of the three. 

Blast from Blower—The medium of force in another method of blast cleaning 
is generated by a specially designed blower, which blows air at approximately 
30,000 f.pjn. through a nozzle, into which approximately 10 times as much abrasive 
is fed as when using compressed air through a standard % in. nozzle. Surfaces are 
cleaned by a scouring action. It is claimed that the power and maintenance costs 
are very low. The cleaning efficiency may not be so great as that of high pressure 
air blasting or centrifugal blasting. 

- Nozzles—A small, but important part of all blast cleaning equipment, is the 
nozzle. Nozzles are subject to wear, both at the inlet as well as at the outlet. The 


•Second Vlce-Prea., Pangborn Oorp., Hagerstown, Md. 
This article not revised lor this edition. 
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wear at the inlet is of concern because the size of the inlet controls the air and 
power consumption. 

A new % in. nozzle, for instance, permits the flow at 90 lb. pressure of about 
211 cu.ft. of free air, requiring 40.5 hp. for its production. If permitted to wear 
at the inlet to A in., the air flow increases to 286 cu.ft. or 35%%, and the power 
to 54.9 (also 35%%.) It is, therefore, readily seen that it may prove to be bad 
economy to use a nozzle too long, particularly in equipment using multiple nozzles. 
The wear at the nozzle tip is much more rapid than at the inlet. It is caused by 
the expansion of the air, which carries a certain amount of abrasive with it, 
tending to force it against the nozzle walls. This also explains why abrasives of 
lighter sp.gr. will wear a nozzle faster than the heavier abrasives. Each moving 
abrasive particle has a certain kinetic energy, Which is directly proportional to 
its weight or mass. If it were possible to Are from a double barrel gun during a 
windstorm a cork ball and a lead ball simultaneously, the cork ball would be 
deflected from its course much more rapidly than the lead ball. Similarly, the 
side thrust exerted by the expanding air acts quicker upon the lighter grains 
than upon the heavier ones. 

Another cause for the rapid wear upon nozzles caused by the lighter abrasives 
such as sand or artificial abrasives, is the fact that they travel through the nozsde 
faster than the heavier steel abrasizes, because it is easier for the compressed air 
to accelerate a lighter particle than a heavier one. This higher velocity causes 
a larger volume of abrasive to flow in a given time, resifltlng in more frictional 
wear. 

It goes without saying that granular abrasives (meaning abrasive grains which 
have sharp corners) cause more nozzle wear than globular grains, for example, 
grains of essentially spherical shape, such as metal shot. What was said about 
nozzle wear is also applicable to the wear of all other parts through which abrasive 
flows, the least w’ear being encountered when metal shot or grit is used. The 
length of the nozzle will give a more concentrated stream, whereas a short nozzle 
covers a larger area but shows a slightly higher abrasive velocity. 

A successful attempt to reduce nozzle wear has been made with the introduction 
of so-called “long wear nozzles,” with a tungsten carbide liner. These nozzles 
last about 300 hr. 

There has recently been put on the market a nozzle with a liner known as 
boron carbide. This is said to be the hardest material made, only svui)assed in 
hardness by the diamond. 

Finishes—Almost any desired finish can be had by using the proper abrasive or 
mixture of abrasives. The illustrations show material cleaned with the three 
abrasives referred to: Metal shot, metal grit, and sand. 



Shot Orit Sand 

Surfaces cleaned with three types of abrasives. 

Type and Sizes of Blast Cleaning Equipment—There are various types and 
sizes of blast cleaning equipment, the proper selection of which depends on the 
work to be cleaned and the production desired. 

Air Pressure—For ferrous metals the pressure used ranges from 60 up to 100 lb., 
depending on the degree of cleaning required and the condition of the work. 
For nonferrous metals the pressure is from 10-60 lb., also depending on the nature 
of the work and degree of cleaning. On blast work for design or frosting effect, 
the air pressure is usually from 3-15 lb. 
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Tumbling, Rolling, and Barrel Burnishing 

By Dr. R. W. Mitchell* 

Introduction—Metal parts, after fabrication, often are cleaned, rinsed, rolled, 
and ball burnished and dried all in one sequence of operations. The words ‘'tum¬ 
bling” and “rolling” are often used synonimously. There is, however, some distinc¬ 
tion between the two processes and the words may be used to differentiate between 
two operations, similar in general but differing in detail. 

Tumbling, or rumbling, is an operation in which the work (usually castings 
or forgings) is rotated in a barrel, drum, or chest, together with stars, jacks, slugs, 
metal punchings, or some abrasive such as sandstone or granite chips, slag, silica, 
sand or pumice. Generally in this operation the work is packed tight and the 
barrel nearly tilled. 

Rolling consists in rotating a barrel containing a load of work and abrasive 
so that the load rolls over and over upon itself in a continuous flowing motion. 
Rolling may be done in either horizontal closed barrels, or in open tilt barrels. In 
this case the load is lighter and much more free to move within itself or “roll” as 
the barrel rotates. Work may be rolled with any one of a large number of abra¬ 
sives of varying particle size, sharpness, and hardness, such as ground slag, sand, 
silex, pumice, volcanic ash, emery, carborundum, alundum, Vienna lime, crocus, 
rouge, and others. The abrasive is generally finer in size than is used in tumbling. 

Both tumbling and rolling may be done either dry or wet, depending upon the 
results sought. The amount of “bite” to the abrasive, and the resultant cut, is 
affected considerably by the amount of water present. The water may contain 
dissolved chemicals such as muriatic or oxalic acid, acid salts as sal ammoniac, or 
cyanide, to aid in scale removal. 

Ball burnishing is a method for putting a high finish or lustrous surface on 
metal parts, by rolling them in a revolving barrel with polished hardened steel 
balls (or some modification of these) and some lubricant. In tumbling and rolling, 
metal is removed from the surface. In ball burnishing it is not. Tlie continuous 
rolling pressure and rubbing action of the heavy load of balls flowing over the metal 
surfaces of the work, peens and smooths out minute surface inequalities to produce 
the luster characteristic of an even reflecting surface. In some cases with small 
parts, such as buttons and rivets, the work can act as a self-burnishing load. Sur¬ 
face irregularities are cold worked or flowed to a more even plane. They are not 
cut down. Ball burnishing can be successful only on a surface properly prepared for 
this final finishing operation. 

Tumbling might be compared to snagging or grinding, rolling is analogous 
to polishing or “cutting down,” and burnishing corresponds to buffing. Tumbling 
removes sand and “skin” and scale and fins from castings, and scale from forgings. 
Rolling removes flash and burrs, wire edges, pits, rough spots, scale and rust, and 
cuts down a metal surface to an even and uniform condition. Both processes, unfor¬ 
tunately, also remove comers and “round-off” edges. Barrel burnishing puts a 
lustrous finish on a clean and smooth, but dull metal surface. * 

Tumbling—Foundries use a “rattler” for removing sand, rough “skin,” and fins 
from castings. Scale and rust have long been removed by tumbling in acid, the 
mechanical action greatly aiding the pickling effect. 

Modem tumbling equipment removes dust and dirt by exhausted air circulation 
and dust filters, and automatically self-loads and discharges the work as well as 
separates the work from the stars, sawdust and other materials. 

Tumbling is the least expensive method of cleaning castings. It is claimed 
tumbling Increases the strength of castings as the peening action during tumbling 
evens the surface and neutralizes internal strains. On some classes of work this 
has the same effect as annealing. Liberal use of stars or Jacks is essential to quick 
and thorough cleaning to reach every pocket and corner of the castings and produce 
an even finish. 

Barrel Rolling Operations—Rolling is done in open tilt barrels or in horizontal 
closed barrels. Rolling is a cutting-down operation. Depending upon time and 


*Technical Director, Magnus Chemical Co., Oarwood, N. J. 
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abrasive the cut may be light or heavy. It is applicable to such objects as will form 
a rolling load in a slowly rotating barrel. Generally, this means small parts, and 
ones which will not entangle, nest, or interlock, which are not so thin in any cross 
section as to become bent, and do not require the holdmg of sharp edges or comers. 
In some cases it is possible to have a little extra metal at edges or points subject 
to the greatest cutting down effect, to make this method acceptable. Hollow or 
drilled pieces from which the rolling abrasive cannot be readily rinsed, are not 
suitable. Generally this process is not used for pieces having a dimension much 
over 6 in. An exception is long-straight work, such as curtain rods, tools, and 
handles, which can be rolled in a horizontal barrel in such a way that their long 
axes are always parallel. 

The tilt barrel designed for rolling small parts has an open top and is hence 
readily loaded and discharged. It can be inclined at different angles for varying 
effect. 

The rolling action increases in intensity as the axis of revolution is lowered 
toward the horizontal. Speed of rotation varies between 20 and 60 r.p.m. and is 
usually better nearer the lower figure. It should in each case be suited to the 
requirements of the work. The speed should never be so high as to cause the work 
to “throw” or move in other than a gentle rolling motion. The barrel should be 
loaded so as to be from 40-50% full. An advantage of the open tilt barrel is that 
the operator can watch the progress of the work and avoid waste of time or dam¬ 
age to work by over rolling. 

Types of Barrel Construction—Barrels are made of wood, rubber, and most of 
the metals, and in a number of shapes, both round and polygonal, and with “angle- 
cornered” and “round-cornered” bases. These different shapes provide different 
rolling action. The polygonal form gives the more effective rolling carrying the 
load farther up the side of the barrel and allowing it to roll at a steeper slope. Barrels 
may be left smooth Inside or fitted with cleats, fins, steps, or similar device to effect 
more complete movement of work in the load. The individual pieces in the load 
should not only roll over and over, but should rotate in more than one plane, and 
move back and forth slowly in direction parallel to the axis of the barrel. 

Wooden barrels are used for rolling comparatively light articles either wet or 
dry and particularly articles of nonferrous metals such as brass and nickel silver. 
They are not suited to withstand the wear of rolling rough or heavy articles in 
sand or other coarse abrasives. 

The metal of construction should be such as to avoid galvanic action with load. 

Cast barrels are used for either wet or dry tumbling or rough work involving 
the use of abrasives as coarse sand and gravel, and on finer work requiring fine 
pumice or emery. 

Barrels of nonferrous metal are used for tumbling articles in certain acids 
which would corrode iron, and for rolling high grade brass articles which might 
become discolored by rubbing against cast iron. 

Sheet metal barrels are used to tumble heavy articles which have sharp comers 
that might chip out a cast barrel and rapidly wear it away. 

It is usual to set up the barrels with a water pipe arranged to run into the 
open head. When washing and rinsing in the barrel before rolling, or in rinsing 
solutions after rolling, a piece of hose connected to the water line is run to the 
bottom of the barrel. A nmning, rinse then displaces the solution by overflowing. 

The work is usually discharged by tilting the barrel so that the load slides 
into a sieve-topped box, which serves to separate work from Jacks, balls, or abrasive. 
Stout sieve caps on metal frames which lock tight into the head of the barrel are 
sometimes used. In this case the barrel is lowered and run in this position for a 
few minutes, allowing separation of work and rolling medium, the work being tem¬ 
porarily retained in the barrel. 

Horizontal Barrcte—The horizontal type of barrel is used for larger articles, or 
those with one long dimension. These roll more evenly m the horizontal barrel, 
giving more uniform cutting down and polishing. In the tilt barrel such parts 
would roll end over end and produce too much action on the end faces or comers. 
Horizontal barrels are also structurally better suited for large and heavy loads. The 
horizontal barrel is more generally used for “rough work”—grinding and smoothing 
up—and the tilt barrel for light finishing. 
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Horizontal barrels with the axis of the barrel a little out of line with the axis 
of rotation are used to give the most effective motion to the load. 

Horizontal barrels are made with one or multiple compartments. They are 
usually of metal, often cast iron, although other metals may be used to meet special 
requirements. They may be lined with wood for rolling soft or easily discolored 
metals. Barrels should be designed to balance and run without Jerks. 

When work is wet tumbled in closed barrels, the barrels must be vented every 
few hours as dangerously high gas pressure builds up. Finely divided metal reacts 
with water, forming hydrogen gas, and the frictional heat generated by the mechan¬ 
ical working of the load builds up the pressure. 

The open ended horizontal barrel is a quite different form. It is able to handle 
large loads and has been developed to a high degree for automatic operation. They 
are made to be self loading, and by means of spiral hns on the inside surface, are 
self discharging when the rotation is reversed. Some have a device for separating 
work from stars, balls, or slugs, and automatically returning the tumbling agent to 
the barrel. 

Abrasives and Time of Rolling—Many abrasives are commonly used. Particle 
size, hardness, and sharpness are factors affecting the time required for rolling. 
Those commonly used are slag, cinders, sea sand, sharp sand, or builders* sand, 
pumice, limestone, and granite chips, broken glass, silex, emery, alundum, and car¬ 
borundum. Pumice is a sharp but light and soft abrasive mostly used on brass 
and soft metals and for finish smoothing. Hard metals require hard, quick cutting 
abrasives such as the last three mentioned. 

To give a more uniform action, to add weight, or to carry the abrasive with 
a rubbing motion into depressions or comers, an auxiliary load is often added, such 
as wood blocks, jacks, slugs, punchings, steel balls, or steel wool. 

Where the surface of the work is soft, or where a brightening action is desired 
rather than a cutting down, milder or finer abrasives are used. Silica, chalk, lime, 
crocus, polyroth, and rouge, are suitable. Leather scrap or meal, felt, and hardwood 
(maple, boxwood, or lignum-vitae) sawdust are also used, usually dry, and sometimes 
with fine abrasive mixed with them. Sawdust is used to follow an abrasive roll to 
scour fine abrasive from the metal surface. Greater cutting action is obtained in 
the wet process. The amount of water present has a great effect upon the process. 
For maximum action, the amount should be just sufficient to make a wet paste or 
mud. If too dry the abrasive will stick to and coat the work and barrel interior, 
preventing the desired action. If too much water is present, the abrasive particles 
are largely at the bottom of the load and do not work evenly through the rolling 
mass. 

Water evaporates during rolling and must be replaced or the abrasive will pack 
and ball up. To the water may be added chemicals. Dilute sulphuric or muriatic 
acid, or ammonium chloride aid in removing scale. Alkali and cyanide in small 
amounts are often added in rolling steel to improve the color. Cream of tartar 
or cyanide improves the color of copper alloys. Soap solutions are not used in 
cutting down or polishing operations, but later in the burnishing. 

Proper barrel speed should carry the load of work and abrasive up the side of 
the barrel to approximately three-fourths of its inside diameter. The mass should 
then have a slope which causes the top of the load to fall over and roll backward 
upon Itself. 

Oil is also used for rolling with sharp abfasives; kerosene is often used with 
emery. 

Dry rolling,, using sawdust, is used in preference to wet rolling for brightening 
up screw machine products. Fine sawdust should be used to avoid as much as 
possible the clogging of threads and slots. The dry rolf gives a better color in the 
allowable time and has less injurious effect upon the threads. If sufficient sawdust is 
used (several times the volume of the work load) to keep the screws or bolts well 
spaced apart, and away from the barrel surface, they may be rolled up to 2 hr. 
without appreciable dulling of thread edges. This is sufficient to give a high finish. 
If the work has any oil upon it, a short sawdust roll of about 15 min. should be 
given to clean, and the sawdust then changed. It is not possible to bring the work 
out entirely free from sawdust, but in some cases this is not essential. 
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To get 'Tiigh finishes** that is, smooth, even, and bright surfaces, a long rolling 
is required. Starting with a coarse abrasive, this is gradually broken down so that 
as rolling proceeds, the cut becomes finer and finer. 

The length of time required obviously depends upon the quality of surface 
desired, and upon the condition, shape and hardness of the metal surface. The 
softer a metal the faster it is cut down. 

Average times would be: Brass and bronze castings rolled 10-15 hr.; malleable 
iron castings 30-40 hr.; grey iron castings 70-80* hr. For stampings, or automatic 
screw machine parts, the necessary time varies greatly (from 1-100 hr.), depending 
upon the quality of the stock and the extent of die marks, scoring, or rough edges, 
brought from the machine operations. Ordinarily in preparing hot rolled 
pickled stock for ball burnishing, the parts are rolled for about 48 hr. Forging 
scale is often removed to an extent of 80-90% by a roll of a few hours. A very much 
longer time would be required to completely remove it. 

Often before barrel rolling and burnishing much time is saved and a net economy 
effected by giving one wheel operation. Sprues, parting fins, or any gross surface 
irregularities should always be removed by an abrasive wheel or belt. Deep scratches 
or score marks are also best polished out on a wheel before rolling. 

Barrel Burnishing—The purpose of barrel burnishing is to develop high luster 
on parts otherwise unfinishable (because of size or shape), or to provide this finish 
at a lower cost than possible with hand labor. It allows the finishing of small 
parts in bulk. It can replace buffing upon a wheel in many cases. Barrel burnish¬ 
ing may be used as a preliminary to electroplating and as a finishing process after¬ 
ward. 

Burnishing has no cutting or abrading action; it must avoid these. In burnish¬ 
ing, rubbing pressure fiattens and spreads all minute surface irregularities to a 
perfectly even surface. This action also tends to eliminate porosity in plated sur¬ 
faces. 

Burnishing will not remove visible surface irregularities, scratches, or pits. It 
will not improve color. These conditions must be cared for by treatment preceding 
the burnishing operation. (See Barrel Rolling.) 

In barrel burnishing, the rubbing action which produces the burnishing may 
be between pieces of the work itself (self-burnishing), or between hardened steel 
balls (ball burnishing), or other suitable forms as cones, slugs, or pins, and the 
work. The rubbing pressure varies with the weight and depth of the load, and 
is influenced by the speed of rotation. A lubricant solution to prevent metal to 
metal contact in the rubbing is used. Tliis prevents abrasion of the metal surface 
and heating of the load, and promotes the development of the high luster which 
is the object of the process. 

The general rule for the ratio between amount of work and amount of burnish¬ 
ing agent seems to be to use about two volumes of burnishing agent (balls, et cetera) 
to one of work. On some work 1-1 suffices. The proper ratio is influenced by the 
type of barrel, and whether it is rim full or only partially full, and by the form 
of the work. It is largely the weight of the burnishing mass which provides the pres¬ 
sure. It is essential that there be ample balls to completely space off and surround 
each piece of work. Hollow or recessed ivork requires a larger proportion tlian solid 
articles. Stampings require more balls than castings or forgings. One certain rule 
is that it is better to use too many balls than too few'. 

Work floating or riding upon the burnishing mass can obviously be under no 
pressure and hence does not burnish. Work cannot float upon the balls if there 
is no free space left above the burnishing load. 

Burnishing Agent—Round steel balls are the most satisfactory burnishing agent 
generally because they can be hardened and they best supply the fundamental com¬ 
bination of half rubbing and half rolling action. Pressure is a necessary factor 
in burnishing. Too much pressure, however, between ball and work might result 
in grooving, or rubbing off metal. When undue pressure, because of some resistance 
in the load, might occur, grooving is avoided by the natural tendency of the ball 
to roll. The balls need not be perfectly spherical but they must be hard, smooth, 
and too tough to fracture. 

A ball will not burnish in comers and angles. It cannot enter an angle, slot 
or indentation smaller than its own diameter. In such cases, or where the surface 
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of the work is figured, the use of other shaped pieces is required. Slugs or diagonals 
or burnishing steels, cones, ball-cones, fin-balls, pins or **oats*’ as illustrated in 
Fig. 1 burnish into angles, corners or grooves not reached by balls. These forms 
are generally used in admixtures with balls. Too high a ratio of pins or **oats’* 
may cause a stippling effect upon fiat work. When balls are mentioned, it should 
be understood to mean either balls, some of the modified forms, or mixtures of these. 

The size unit of burnishing agent is Important. Small balls obviously provide 
more contacts with the work. While the small balls provide more contacts, they 
give lighter pressiure. Large balls are less expensive, and least readily lost while 
handling. It is common practice to mix two sizes of balls. 

With drilled, slotted, or recessed work it is advisable to choose balls larger than 
the holes or slots into which they might otherwise wedge. 

On soft metals small balls are necessary to avoid too much rubbing pressure. 
Balls and % in. in dia. are the sizes most commonly used. 

Much time and work are expended to make the surface of burnishing balls 

mirror smooth. Success¬ 
ful burnishing with them 
depends upon their being 
kept this way. Steel ordi¬ 
narily rusts easily, and 
balls with surfaces so 
roughened or pitted are 
seriously impaired. Steel 
does not rust when kept 
Immersed in a solution of 
pH 9.5 or greater. A 
dilute soap solution, or a 
dilute solution of soda or 
alkali will have a pH of 
at least 9.5, and hence 
steel balls kept under 
such solutions are pro¬ 
tected. 

Balls pick up dirt or 
scum and become dull or 
even black. This may be 
dirt brought in on the 
work or it may be an accretion of the sticky insoluble lime soaps formed from the 
burnishing soap and the small amount of hardness usually present in all waters. 
Balls should be kept clean and bright at all times. Dirty balls are usually cleaned 
by rolling them with a warm solution of sodium cyanide of about 1 oz. per gal. con¬ 
centration. They may also be cleaned by rolling with metal cleaner and thoroughly 
rinsing afterward. 

Surfaces to Be Bi^rnfs/tcd—-Preparatory to burnishing, the metal surface must 
be put in proper condition to attain the final quality of finish desired. It must be 
remembered that burnishing will not remove metal or take out surface blemishes. 
It is absolutely impossible to secure good results without a good siurface to begin 
with; if not naturally present, it must be prepared by rolling with abrasive. 

In addition to being smooth, the work must be clean of all dirt, rust, scale, or 
tarnish. 

Burnishing will improve luster. It will not improve color. Brass and copper, 
bronze and nickel-silver, are often bright dipped and thoroughly rinsed before bur¬ 
nishing to give good color. Annealed drawn brass, or brass which through handling 
or standing around has taken on an uneven color, or perhaps actual tarnish, must 
be either bright or cyanide dipped. A dip commonly used is made up by pouring 
8 volumes of sulphuric acid (1.84 sp.gr.) into 3 volumes of water. Then add 1 volume 
nitric acid (sp.gr. 1.4). 

A pinch of salt (sodium, chloride) or about 1% of hydrochloric acid (cone.) 
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Fig. 1—^Burnishing balls, slugs, pins, and ball cones tor 
burnishing operations (Hartford Steel Ball Co.). 
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added daily makes the dip more effective. The temperature of the dip should not 
rise over 95^F. Lampblack is usually added to bright dips sufficient to form a thin 
covering film on the surface. 

Aluminum and particularly aluminum die castings are generally first dipped In 
hot dilute (about 3-4% cone.) caustic soda solution for 5-10 sec., rinsed, and then 
bright dipped in a solution made by mixing 3 volumes nitric acid (sp.gr. 1.4) and 
1 volume hydrofluoric acid (48%) used at room temperature. A container for this 
solution is a matter of some difficulty. A lead lined vessel, painted inside with a 
mixture of 1 part beeswax and 4 parts paraffin is recommended. 

Hydrochloric acid (20® Baum^ or sp.gr. 1.16) is used for brightening steel or iron 
and for removing rust. Acid ammonium citrate in dilute warm solution will remove 
light rust without roughening a polished steel surface. 

Sometimes, after burnishing a short time a dark scum will be noticeable on the 
solution covering the load. If this occurs, the solution should be run out, the load 
rinsed, and fresh water and burnishing lubricant added. 

The load of work and balls is usually Just covered with water. The burnishing 
lubricant is added and the barrel closed and set in rotation. Of burnishing soap, 
sufficient should be used to build and hold a heavy cushion of suds in the barrel 
throughout the run. 

Importance of Hardness— harder the metal surface of the work the higher 
the finish it will take. Many small steel parts which are finished by ball burnish¬ 
ing are hardened especially for this reaspn. It takes longer to develop luster on t)ie 
hardened metal but higher quality and more permanent results are obtainable. 

Soft metals, however, can be ball burnished to a good luster. By using small 
balls and low speeds to avoid undue pressure, even die castings can be brought to a 
high finish. Brass and soft nickel plate and nickel-silver can be given a beautiful 
luster. Die castings on account of being soft must be ball burnished with a rela¬ 
tively small burnishing ball, at a low speed, and with more than the ordinary Eunount 
of lubrication. 

Ball burnishing is of course just as applicable to a plated surface as to a solid 
metal. A hard plate will take on a better luster than a soft electrodeposit. 

Zinc and aluminum die castings can usually be brought to a good finish in about 
60 min. Sometimes overbumishing is detrimental. A 60 min. burnishing period is 
also usually sufficient for nickel or for brass. 

On steel burnishing time varies greatly depending upon the quality of the sur¬ 
face, the result desired, and above all on the hardness of the steel. It ranges from 
15 min. to 100 hr. or more. 

Chromium plate is harder than nickel plate and under similar conditions should 
be burnished about twice as long. 

Chromium solutions have what is known as a “bright range.” Sometimes parts 
will be dark or “burned” in some spots due to too high local current density and will 
be dull in other parts, due to too low local current density. Ball burnishing evens up 
the finish by giving a more uniform brightness in such cases. 

Speed and Time for Burnishing—The speed of rotation should be adapted to the . 
nature of the work. It also depends upon the diameter of the barrel. The smaller 
the diameter of the barrel the faster the allowable speed. The faster the rotation 
the more movement in the load and the greater the number of burnishing rubs. Or 
on soft metals too great pressure may develop causing deformation of the surface. 
Small or regularly shaped pieces can be run faster than large or irregularly shaped 
pieces. Pieces with edges or sharp corners must be run slowly. If the work shows 
scratches, dents, or peen marks the speed must be reduced. 

Racking and Work Holding Barrel—With pieces which scratch or dent each 
other, or pieces with large smooth areas which must be free from rubbing marks, 
racking is essential. The application of a framework into which the parts can be 
locked by clips, or by clamping the frame together after loading is obvious. Or, 
some shapes can be slid upon rods with spacers between the parts. The racks are 
designed to Just slip into an open ended barrel. 

Sometimes it is important to keep parts from nesting together. This can also 
be done by racking. Threads, as on studs, where only the head need be finished, can 
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be protected by slipping over them tight fitting short pieces of elastic rubber tubing. 

IJrdoading the Barre^->After the burnishing has proceeded for sufficient time to 
give the required luster the solution is run off and the load of balls and work 
thoroughly rinsed with clean water. Any soap film left on the work will dim the 
luster. With brass, or similar alloy, residual traces of soap cause rapid tarnish and 
loss of color. It is then necessary to separate the balls from the work and dry the 
latter. The customary procedure is to dump the load upon a riddle or sieve of mesh 
suitable for the balls to fall through to a tray or box. The upper box is arranged 
to slide on cleats. After the balls are riddled through its screen bottom, the upper 
box is removed to carry the work to a sawdust or hot air drier. The bottom box 
can be arranged with a bottom sloping toward the front. The balls collecting there 
can be returned to the barrel by a portable loading machine. 

Work removed from the barrel is commonly dried by tumbling, or rubbing with 
dean, dry sawdust; maple or boxwood sawdust Is preferred. It is sometimes passed 
through a hot air dryer. The latter is used for those parts which retain sawdust, 
as sidit or tubular rivets, threaded or slotted screw machine products. 

Sawdust is the best drying medium where it can be used. It acts as a cushion 
between pieces and prevents scratching or marring. Good hardwood sawdust only 
is suitable. It must be dry. Moist sawdust clings to the work and is apt to leave 
water marks. The sawdust is kept dry by circulation through a fanning mill or by 
having it in a box or bin with a steam coil in the bottom. Cob meal (ground corn 
cobs) is an excellent alternative for sawdust. 

Burnishing Lubricants—MsxiY kinds of material have been used for burnishing 
solutions. Soap, soap bark, blackstrap molasses, stale beer, alkalies, alkaline clean¬ 
ers, cyanide, and cream of tartar are the most important. First and foremost among 
these is soap; at least in amount and extent of use. 

Soaps may be made "‘neutral,** ""acid,** or ""alkaline,** depending upon whether 
alkali base and fatty acid are present in exact chemical equivalents or not. Small 
percentages of free alkali, or of free fatty acid greatly influence the properties of 
soap solutions. Commercial soaps often contain added flller or builder (alkaline 
salts or silicate), rosin, or solvents. Depending upon the method of saponification, 
glycerine may be either removed from or left in the soap. 

Soaps in commerce vary greatly. They vary greatly in solubility, gelling power, 
lathering, rinsibility, alkalinity, and viscosity. The difference in properties are im¬ 
portant in barrel burnishing. 

High titer soaps give the best lubrication and burnishing action. They may 
not be used where good rinsing is a controlling factor; or in a tubbing machine 
where their solutions would gel. Lower titer soda soaps are best where rinsing Is 
difficult because of natvire of the work. 

For nickel, brass or other copper alloys, or aluminum, a neutral soap is required. 
A small amount of borax or bicarbonate of soda (which are less alkaline than soap) 
or of cream of tartar is used with the soap. On aluminum the proper nonalkaline 
soap means the difference between success and complete failure. 

For steel, the presence of free alkali is desirable. The use of cyanide with 
soap upon steel is also desirable, as it increases the speed of burnishing and keeps 
the color white and free from a dull or leaden appearance. 

The use of rosined soaps, or those containing silicate, should be avoided. 

Where burnishing is done on a large scale, it is convenient to have a soap solu* 
tion made up in a tank or barrel, and add a measure of the liquid soap to the bur¬ 
nishing barrel Instead of throwixig in dry soap. In this way it gets to work imme¬ 
diately the barrel is started. Where other ingredients are used with soap, this is 
particularly desirable. 

The soap or soap mixture should be added in amount sufficient to build and 
maintain a heavy suds in the barrel throughout the burnishing period. More than 
this is wasteful. The volume of soap solution should be Just sufficient to cover 
the load. 

Soap bark is often used for burnishing brass and other copper alloys which are 
sensitive to alkaline tarnishing. Soap bark and cream of tartar, or ""tartar sub¬ 
stitute,’* is a favorite combination. 
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A good formula on steel is made by dissolving 30 lb. high titer burnishing soap 
In 50 gal. hot water together with 15 lb. alkali (as trlsodium phosphate or soda ash) 
and a couple of “eggs’* of sodium cyanide. This sets to a Jelly soap. Use about 
1 quart to average load. 

Dry burnishing is sometimes done where for some particular reason the use of 
the wet method must be avoided. It generally takes several times as long. Steel is 
dry burnished with cocoa butter and lime, or sometimes chip soap and rouge; nickel 
with leather meal and rouge; aluminum with le^ither meal and whiting; zinc die 
castings with boric acid crystals. 

After burnishing brass and rinsing thoroughly, a dilute solution of bichromate 
is sometimes used to hold the color. The work is then again thoroughly rinsed and 
dried. 

Burnishing Barrels—The design and construction of burnishing barrels has de¬ 
veloped in different directions. There are several different types all in common use. 
Barrels may be single or in tandem. They may be single, double, or triple com¬ 
partment barrels, or a single barrel may be built with a number of different pockets, 
each a separate sector of the barrel. In these a number of different small lots of 
work can be run at one time without mixing. The barrel may rotate evenly about 
its axis, or with some designs, it may rotate eccentric to its axis, giving the load a 
combined rotational and oscillating movement. 

Barrels are commonly made with cast shells. Cast iron is not good to roll arti¬ 
cles against as it has a tendency to deaden color. Hence, these barrels are wood 
lined, with hard maple. It is important that a wood lined barrel be kept wet and 
the cover on when not in use, to prevent drying out and shrinkage of the lining. 
For a similar reason, wood barrels made for dry rolling should not be run wet. They 
will swell and buckle, or burst the bands. Wood being somewhat porous, it is essen¬ 
tial that wood barrels be kept scrupulously clean. After use with any solution con¬ 
taining chemicals they should be thoroughly rinsed several times. Strongly alkaline 
solutions rapidly disintegrate wood linings. 

Burnishing barrels are also made of cast steel without wood lining, or of iron 
with welded sheet steel linings. For burnishing iron or steel articles, these are more 
durable and provide increased burnishing area but are not recommended for brass, 
die castings, or similar alloys. Brass lined barrels have been used for ball burnish¬ 
ing brass with excellent results. 

Ball Buffing—By using small amounts of very line abrasive, such as rouge, or 
Vienna lime, in the burnishing barrel, the effect of buffing is obtained. 

Small pellets of leather (about the size of a marble) are coated in glue, rolled 
in abrasive and when dry, used for dry barrel buffing on intricately shaped pieces 
which could not be finished on a wheel. 
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Slushing Compounds 

By W. C. Winning* 

Oils and grease-like materials employed for coating metal surfaces to protect 
them against atmospheric corrosion are often termed “slushing compounds”. Their 
abili^ to afford complete and lasting protection is dependent upon the maintenance 
of a continuous and unbroken oily film which excludes air and moisture from the 
metal. Unlike paints and varnishes, which after application are converted by 
profound chemical changes to tough, durable solids, most slushing compoxmds are 
chemically Inert and rely for permanence upon physical properties alone. 

Slushing agents are far cheaper than paints, frequently provide superior pro¬ 
tection, lend themselves to quick application and removal, and are of special merit 
where only temporary protection Is sought. 

Fimdamental Principles—^If an object has been slushed with a light mineral 
oil, as by dipping, it will be observed that the coating tends to thin out as the oil flows 
down any inclined surface. Finally the point is reached where flow ceases, yet a 
thin oil film remains which adheres most tenaciously to the surface of the metal. 
While this coating in its original form appears to afford complete protection, it 
gradually evaporates and when rained on, washes away to leave the metal exposed, 
whereupon corrosion sets in. 

When higher viscosity oils are employed the thinning proceeds more slowly, 
the ultimate films are thicker, evaporation is retarded because of the lesser vola¬ 
tility of the viscous oils, and the coatings, being tougher, are more resistant to the 
washing action of rain. Consequently, oils of high viscosity give protection far 
superior to those more fluid. 

The protective action of mineral oils is sometimes reinforced by additional agents 
which because of their chemical affinity for the metal, their low volatility, or special 
water resistance, add to the permanence of the oil film. An alternative procedure 
for enhancing the serviceability of mineral oils, lies in converting them to greases 
by the addition of soaps or waxes. Such greases (or slushes) if properly prepared, 
have no tendency to flow from inclined surfaces and consequently a protective film 
may be maintained of sufficient thickness to resist most, or all, weathering influ¬ 
ences. 

Methods of Application—Oils may be applied by dipping, brushing, or spraying. 
Often they are advantageously applied hot, the consequent lower viscosity making 
more uniform and thinner coating possible with resulting saving in oil consumption. 
Wax base slushes are best heated to above their melting point for application and 
may then be treated like oils. Many soap type greases, however, do not thin until 
heated to quite high temperatures and are then seriously impaired in quality. These 
are therefore usually brushed or smeared on. 

As an alternative to heating, highly viscous materials may be cut back with 
light solvents which evaporate after application. 

Before applying slushing compoxmds to any object, the latter should be scrupu¬ 
lously cleaned of all corrosive materials. Solder fluxes and grinding compounds 
may of themselves set up corrosion or discoloration of the metal below the slushing 
oil film. Finger prints may carry corrosive compoxmds. Perhaps the best way of 
removing such materials as are water soluble, is WExshing with an emulsion of a 
suitable soluble cutting oil. A thin but tenacloxis oil film is left on the metal 
surface and affords good protection imtil reenforced by the slxishing compoxmd 
subsequently applied. In some cases the soluble oil itself is sxifficient protection. 

Materials Used In Slushing—While in general the user of slxishing compoxmds 
will best be served If he asks the assistance of the compoxmder, it is well for him 
to have a sufficient knowledge of available slxishing materials to know what to seek. 

Mineral Offs—These, becaxise of their general availability and low cost, prop¬ 
erly form the base of most slxishing preparations. They may be obtained in vis¬ 
cosities ranging from that of water to that of asphalt and in color from white to 
yellow to red to black. 

Those of a viscosity xmder 200 sec. Saybolt at lOO’F. should never be employed 
alone xmless exceptionally little protection is required. In the 200-500 viscosity 


*8tan(!ard Oil OaTelopment Od., New York. 
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zone are the oils which give fair protection, need no heating for application, and 
will bum clean in heat treating operations. With oils of higher viscosity, especially 
of 1000 sec. and over, far more permanent protection may be obtained, though even 
the most viscous oils, when used alone, do not give complete protection against 
severe outdoor weathering. 

Fatty Oils^Lard, olive, and sperm oils used by themselves give excellent pro¬ 
tection against the atmosphere but slowly oxidize to become gummy and generate 
acids which, particularly on copper, brass, bronze, and solder, may seriously corrode 
the metal. Used in concentrations of 20% or Under in mineral oils they are less 
objectionable, but the improvement over straight mineral oil is not sufficient to 
warrant their use except in special cases. 

Semidrying oils such as com and cottonseed, and drying oils such as fish and 
linseed, should only be used imder exceptional circumstances where their gumming 
and acid forming tendencies are considered desirable rather than harmful. 

Fats and Waxes—The addition of paraffin wax to an oil causes it to solidify. 
The more wax used the higher the solidification temperature or melting point. 
Petrolatum gives more uniform products and the resultant films are tougher and 
more adhesive than those obtained with paraffin wax. 

Light colored petrolatums are low in melting point and adhesiveness. They 
should therefore be used undiluted when color requirements demand their employ¬ 
ment. Crude heavy petrolatums give permanent films and they may be cut back 
with 60-80% of mineral oil to give good slushes. Mixes high in petrolatum require 
heating before application. High viscosity cut backs should be used where maxl-r 
mum durability is needed. 

Pats such as lard and tallow usually offer no advantages over petrolatum and 
frequently introduce corrosion. 

Lanolin (wool flfreascj—Wool grease, commonly termed degras when crude and 
lanolin when purified, is considered to be free of all tendency to form corrosive 
acids and gums, and is characterized by a high resistance to the waddling action 


of water and is difficult to wipe off. ^ ^ 

The increase in free fatty acid content of lanolin does not wect its protective 
qualities to the same extent as does the same increase in acidity found in other 
products when exposed to light and air. Grenerally, the lanolin is carried in a light 
petroleum solvent which upon evaporation deposits a thin coat of lanolin on the 
parts to be protected. It may also be used with mineral oils, alone, or hardened 
with resins and applied in solution, emulsion, or hot. 

It has been found that the lanolin not removed from the sheet in cleaning 
will generally be incorporated with most lacquer and Japans, whereas a mineral 
oil slush Is not picked up by the lacquer or japans so it will not adhere to the 

sheet. , - 

Nubbcr, Rosin and ilsphaZf—These may be added to oil to obtain increased 
viscosity. However, the use of soaps, petrolatums, and wool grease generally gives 
so much better results that they are rarely employed as thickeners. 

Used together in solvent solutions these agents are sometimes applied like painm 
and give a relatively nonsticky, tough film suitable for the protection of sm^ 
machine parts to be stored in bins or under similar mild conditions. Washing with 
kerosene instantly removes the film when the part is to be used. 

Greases—The addition of soda or lime soaps converts oils to grebes. T^ 
resulting products are usually excellent for slushing purposes 
out covering a wide range of characteristics. In color they resemble the base oil 
used and in consistency they may be had light enough for dipping, thcnighin gen¬ 
eral the heavier grades, which must be applied by hand, are to be prefOT^. 

Corrosion Inhibitors-Oil soluble to' 

are sometimes added to slushes. They are claimed to be partcularly effMtW^ 
preventing “underfllm corrosion". Whether their Is beiMflcM 
ful has been a source of much controversy and it cm only be 
that some users of slushes find them satisfactory; whereas others manage nicely 

”'‘^s2h*^i?^rlals as red lead, blue lead, and zinc chromate, also occasionally find 
their way into slushing compositions. (See note A on next page.) 

Typical AppUcatloiw-Tlie following examples nmy a^lst In vlsuallstog 
appli^lUty of slushing compounds. In each c«e cited there may of course be 
alternative procedures which will give as good or better results. 
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BaU Bearings and Aaoes—After careful cleaning to remove grinding compound, 
pack with an amber petrolatum and wrap in paper. 

Smda Auto Parts for Service Departments-^Treat as above or coat with asphalt 
paint by dipping. 

Razor Steel to Be Heat Treated--Dip in 50/50 mixture of 500 viscosity pale 
mineral oil and amber petrolatum. 

Cold Rolled Auto S/ieet—Same as above or coat with solution of lanolin. 

Freshly Machined Car Wheel Journals, Roll Necks-^meav a handful of grease 
on machined surface before removing from lathe. 

Exposed Gears and Similar Parts on Logging Machinery--BmeBX with heavy 
black grease which will also serve as lubricant. 

Removal of Slushing Compounds—^Frequently the part slushed will in subse¬ 
quent service require lubrication. In this case a slushing agent should be chosen 
which itself either will prove a satisfactory lubricant or will not objectionably con¬ 
taminate the lubricant to be used. Mineral oils and petrolatum mixtures are to 
be preferred since fatty oils and rosin often have a deleterious effect on lubricating 
oil. Greases may be used wherever grease lubrication would be permissible, other¬ 
wise they had better be avoided. When these precepts are followed no particular 
effort need be made to remove the slushing material. 

Surfaces subsequently to be painted must be carefully cleaned since with most 
Blushing agents any traces remaining prevent the proper adhesion and setting of 
the paint. This is even more true when lacquer is to be used. Washing with hot 
soap and water is perhaps the most effective for removing slushing agents. It 
must be followed by thorough rinsing, quick drying, and often buffing to remove 
any light rust formed during drying. 

In some cases the agent can be burned off in a suitable oven and the metal 
then buffed, frequently solvents are used to effect removal of the oil or slush but 
this procedure is always costly and often hazardous. 

Slushing compoimds employed for most other purposes are little affected by 
subsequent uses to which the article is to be put. They need merely be wiped 
from the surface with a rag or waste. Where a particularly heavy coating mat^ial 
has been used a kerosene soaked swab is more efficient. 

Precantions—Where inflammable volatile solvents are employed they constitute 
not only a Are hazard but the vapors are themselves harmful when inhaled. The 
noninflammable chlorinated solvents are even more objectionable in this respect 
and should only be used where good ventilation is available. 
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Note A—Recently a mixture of 10% aluminum stearate, 10-13% butanol, 6-6% triethanolamine, 
and the remainder lard oil has been recommended by the Ethyl Gasoline Corp. for the protec¬ 
tion of the interior of airplane engine cylinders when the engine is to remain idle for some 
time, especially in tropical regions. The composition has the ability to neutralize residual cor¬ 
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mixtures may well find use where related specialized corrosion problems are likely to arise as in 
the prolfection of rifles, artillery, etc., which after firing are difficult to free of residual corrosive 
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Composite Steels 

By T. S. Fitch* 

Definition—“A Composite Steel shall consist of two or more components of 
which the smallest shall comprise at least 3% of the total mass/’ 

Characteristics—^The advantage of using a composite steel may be any one of, 
or a combination of, the following: (a) Hard working area with a tough backing, 
(b) Reduction of original cost where one of the components is expensive, and cost 
of production is not too great, (c) When the finished article must be hardened the 
backing may be drilled after hardening. Likewise, some straightening is possible 
after hardening if warpage has taken place, (d) Improved shock resistance, (e) Sur¬ 
face protection against corrosion and oxidation, (f) Inasmuch as each component 
has a period of vibration of its own, there is a dampening effect upon the vibration 
of the composite steel as a whole therefore lessening chattering, (g) Special phyaloal 
properties as a result of combining dissimilar materials, such as thermostatic effect 
in lead-in wire for electric bulbs to match thermal expansion of glass. 

The chief disadvantage of composite steels, both in production and fabrication, 
is warpage. This may be due to differing expansion characteristics or to an unbal¬ 
anced arrangement of the components so that the stresses do not offset one another. 
In many instances the quality of the weld is extremely important, and not all of the 
methods which are to be described necessarily result in satisfactory welds; the 
application for which the composite material is to be used may determine the best 
method to utilize. 

Fig. 1-6 indicate an average example of various types, and each sketch is accom¬ 
panied by a list of typical applications. 

Blacksmith or Forge Weld Method—The “blacksmith’s weld” or “forge weld’* is 
undoubtedly the oldest method for producing composite steels and it is also the 
simplest, but it is definitely limited to carbon steels or lightly alloyed steels. Any 
steel containing more than approximately 0.50% of tungsten, chromium, nickel or 
cobalt will yield uncertain resifits. Steels containing up to 1% of vanadium, man¬ 
ganese, silicon or molybdenum can be forge welded with a fair degree of success. 
The principle is the application of pressure to two or more pieces in contact at 
elevated temperatures (usually 2000'’F. or higher). It is customary to employ borax 
or any other convenient flux, to absorb the iron oxide and thus leave relatively 
clean welding surfaces. The skill of the blacksmith is of considerable importance; 
if the pieces (particularly the steel) are left in the fire too long there is so much 
oxide formed that the borax will not absorb enough of it and a weak weld will 
result. Likewise, if insufficient borax is used too much oxide may remain. 

The Casting Process—This is probably the oldest method which has been used 
for tonnage production. As its name implies, a composite ingot is produced by pour¬ 
ing one metal onto or about another. There are many variations in the technique 
so only the general methods will be mentioned: 

(a) The earliest application was probably for the making of “soft center” plow 
shares. Molten high carbon steel is cast about a previously positioned iron insert 
so that the iron comprises about % of the cross section and is located centrally. 
It is Important that the insert be reasonably clean; it is usually pickled just prior 
to casting. It is also important that the insert be completely enveloped by the molten 
metal because it may be readily shown that no weld is actually produced in the 
ingot when one metal is cast around a relatively cold insert. If there is space for 
air to penetrate between the insert and the cast metal prior to further working 
an excessive amount of oxide forms on the surface of the insert and the cast metal. 
With carbon steels it is possible to produce a bond even if the insert is not entirely 
enveloped, but the weld will not be so good. 

Casting mild steel around cold alloy inserts (particularly stainless steel) is being 
done commercially in this country. For a full description of the process see the 
article entitled “Stainless Clad Steels” on p. 1162. It is especially Important that 
the inserts be completely enveloped by the cast steel and that special precaution 
be taken to ensure that the inserts ^all be as clean as possible when the mild 
steel is cast. 

(b) Various attempts have been made, with varying results, at casting metal 

^Manaser, Composite Steel Div., Jessop Steel Co., Washington, Pa, Prepared for the SutMSOm- 
mlttee on Metallic Coatings: H. S. Rawdon, general chairman. 
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onto or around an insert that has been heated previous to casting. When the inserts 
are heated in gas» coal or oil fired furnaces without some surface protection a poor 
weld results when alloy inserts are Involved. 

(c) In England, particularly, successful composite steels have been produced by 
casting one steel into a mold divided by a removable partition, then removing the 
partition and quickly casting the second steel into the mold. Since both metals are 
in the fluid or nearly-fluid condition good welds may be produced. 



Fig. 1—^Hacksaw blades; shear blades; knives of all types; and lathe tools. 

Fig. 2—Blanking, piercing, drawing, forming and stamping dies. Single-bevel knives; circular 
knives and cutters; abrasion resistant parts; corrosion and heat resisting parts (see article on 
Stainless Clad Steels), and machine ways. 

Fig. 3—Soft center plow shares with stainless steel cladding. Applications Involving heat con¬ 
ductivity such as cooking utensils, vats, griddles, electric contacts. 

Fig. 4—(a) Double bevel knives, (b) Vault steels. 

Fig. fr—-Reamers; drills; broaches; corrosion resistant pdrts; heat resistant parts; and decorative 
trim. 

Fig. 6—Jallbar (b); stoker bars (a) or (b); special structurals (a) or (b); dies (a); punches 
(a); pivots (a). 

(d) By increasing the surface of the insert it is possible to improve the bonded 
condition of a composite steel. To accomplish this increase in the surface area, 
serrations are cut in the insert as shown in Fig. 7. 

(e) It is also x>ossible to make a satisfactory composite casting where the strain 
on the weld is not great by '^keying” the insert into the backing. Fig. 8 shows, 
how an insert might be cut so that it would be mechanically held in the casting. 

(f) One of the newest methods is to electropickle the insert to be absolutely 
certain of removing all oxide, then move it (wet) into a plating bath and deposit 
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thereon a protective coating. This coating is usually iron because it is easy to 
weld onto, produces no zone of weakness as would copper, and also because iron 
has a high melting point. The electroplated insert is then placed in a mold and 
the molten metal is cast thereabout as already described. Excellent welds are 
obtained by this method. 

(g) In another method, a coating is placed on the side of the mold wall prior 
to casting, which coating is composed chiefly of ferroalloy of the desired parent 



Pig. 7—Bond improved by cutting serrations in the insert. 

Fig. 8—Method of keying insert into the backing material. 

Fig. 9—Composite die section made by welding insert. 

Pig. 10—Composite hacksaw strips made by electric resistance welding. 

Fig. 11—Multiple heat treatment in clamps to offset stresses. 

Fig. 12—Assembly or ingot made double the desired size so that stresses are partially offset. 
Pig. 13—Tensile Test of the welded condition of composite steel. 


metal plus certain chemicals so that controlled cladding in.) results when 

the molten metal is cast into the mold. This method can also be adapted so that 
cladding can be placed on previously cast or forged articles. 

Generally speaking, it may be said that the casting method is convenient for 
tonnage work; it permits of producing sections which are irregular in themselves 
or in which the inserts are irregular; and it is generally the least costly. 

The Cementation Process—This process utilizes cements which are in many 
cases complicated combinations in which the basic constituents are iron fiUngs, 
silicomanganese, ferrrosilicon, nickel and borax. Some of these cements are so 
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effective that It is merely necessary to squeeze the excess cement out and, after 
it has hardened, a good bond is evidenced. On large sections a heavy press is 
advisable, but on small tools (such as tool bits for lathes) the components may be 
squeezed and held until cold with a pair of tongs. The producers of these cements 
require that temperatures in the vicinity of 2300*’ be employed and they also recom¬ 
mend that the surfaces be machined prior to cementation. 

One of the latest refinements of this general process has been applied to pro¬ 
ducing nonmetallic substances with metallic claddings; for example, wallboard with 
a thin cladding of stainless steel is made by putting a special cement on the non¬ 
metallic surface, placing the stainless sheet thereon, then putting them through 
rolls to bond the two components together. 

Fusion Welding Processcs—Many articles which come within the definition of 
composite steels, as it has been used throughout this discussion, are and can be 
produced by the fusion welding processes. For a discussion of Facing Surfacing, 
see page 1172. 

(a) When the components are small enough in size the penetration of the 
welding heat may be sufficient to produce a strong Joint between the components. 
For example, in the making of composite die sections it may be desirable to weld 
a piece of steel 1x1 in. onto a section of mild steel l%x2^ in. as indicated in 
Fig. 9. The welds are made along the lines A-B and C-D and, with proper control 
of the arc, good fusion may be effected to a depth of % AC during each welding 
operation; thus the finished section will be completely fused throughout the entire 
weldable plane ABCD. When the strain on the joint is not to be excessive it 
may not be necessary that the entire plane be fused but this Is a matter of trial 
and error. 

(b) Electric resistance welding has been successfully adapted to the making of 
composite hack saw strips. Low voltage, high amperage current is conducted 
through rolls to the mild steel strip and the high speed steel strip, which are both 
held firmly together by the rolls as shown in Fig. 10. Likewise many other composite 
tools such as reamers, end mills and twist drills have been produced by resistance 
welding. Excellent welds may be effected in this manner but the method is generally 
confin^ to small sections—because of the abnormal cost on large sizes. 

(c) For applications in which a cheap steel faced with a corrosion resisting, 
heat resisting or other expensive alloy surface is desired such composite steels are 
often produced by “spot welding" one to another. The result is a large number 
of welded spots surrounded by nonwelded areas so that such material is not as 
safely formed as a composite sheet or plate having a homogeneous welded condition. 
If the strain on the weld is not to be excessive composite plates thus produced will 
be satisfactory and the cost may be less. 

The Assembly Process—This method involves the joining together of prefab¬ 
ricated bars or plates, then subsequently reworking the assembly to the desired 
finished form. For a complete description of this process see the article entitled 
“Stainless Clad Steels” on p. 1162. This method is advantageous in many cases 
because of its greater flexibility on small quantities as compared to any of the 
casting methods; also it is possible to control the relative proportions of the 
components more accurately. Generally speaking it is somewhat more costly than 
the casting process. 

The article on “Stainless Clad Steels", as its title implies, deals only with the 
corrosion and heat resisting products but the methods described, particularly that 
method involving the electropickling and electroplating of a protective coating onto 
the insert or inserts, are equally adaptable to other steels. 

Backings—Only recently has special consideration been given to the backing 
materials utilized in the production of composite steels. The problem is complicated 
by conflicting requirements, especially in cases where the insert is so placed that 
it tends to pull the bar out of shape. An important consideration is the desired 
physical characteristics of the backing material in the finished article; for example, 
a composite hacksaw steel should have as tough a backing component as possible 
without becoming too hard during the hardening of the blade; whereas, a composite 
stainless plate should usually have a soft back that may be readily formed. For 
any application involving heat treatment it would be ideal to have a backing wi^ 
the same coefficient of expansion as the alloy in order to eliminate warpage. From 
the producer's point of view it would be ideal if the two metals had equal rates 
of elqngation so that the composite product could be worked similarly to solid 
steels. Further, the value of the backing material must necessarily be considered. 
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because the additional cost of making composite steel has to be offset in some 
manner, else the selling price will be too high. 

(a) The most often used backing analysis is S.A.E. 1020, which is relatively 
inexpensive, is easily obtained, is readily formed even after hardening, and is com¬ 
paratively simple to weld. On the other hand, if the backing steel is preferred to 
be fairly tough then SAJE. 1020 is not the best type; its coefficient of expansion 
differs appreciably from that of those alloys customarily used for inserts, which 
means difficulty in any heating or cooling operation; its rate of elongation is more 
rapid than the usual insert alloys; and it has a tendency toward enlarged grains 
when the composite product must be annealed after working. In spite of these 
draw backs it has been and probably will continue to be the usual commercial 
backing for most applications. 

(b) In cases where the comparative coefficients of expansion are most impor¬ 
tant a sUicomolybdenum steel (carbon 0.10%, manganese 0.20%, silicon 1.50%, 
molybdenum 0.50%) has proven satisfactory. Also S.AJI. 2340 has given good 
results. These coefficients of expansion are more nearly equivalent to tool steels, 
particularly high speed steels, than any other relatively inexpensive steels so 
far tried. 

(c) For applications such as chipper knives when the knife must have a good 
tough backing component to absorb severe shocks, the following analysis has proven 
excellent: C 0.28-0.34; Mn 0.45-0.65; Si 0.35-0.55; S and P 0.020 Max.; Cr 0.85-0.95; 
V 0.20-0.25. 

(d) For applications such as hacksaw blades where it is desirable to produce 
some hardening effect in the backing steel the following analysis has proven satis¬ 
factory: C 0.42-0.50; Mn 0.50-0.65; Si 0.20-0.40; S and P 0.020 Max.; N1 1.25-1.45; 
and Cr 0.50-0.65. This results, after proper hardening, in a backing that has spring¬ 
iness and superior abrasion resistance. It is somewhat harder to weld properhr, 
but this can be circumvented by the proper choice and manipulation of method. 

These analyses should not be considered as hard and fast rules because the 
carbon content is most important and alloys of various combinations may be added 
to vary the physical properties. 

Heat Treatmcnt—The difficulties in the proper heat treatment of composite 
steels are dependent on where the insert or inserts are located, relative proportion 
of insert or inserts to backing component, relative analyses, and suitability of equip¬ 
ment. Considerable experience is usually necessary before fully satisfactory results 
are obtained, but fortunately a composite steel can usually be straightened some¬ 
what after hardening and tempering. 

(a) Design—-The significance of the location of the insert or inserts is only 
Important when the coefficients of expansion differ. If the tool steel and backing 
steel had the same expansion rate the warpage would be no worse than on a solid 
piece of either steel. When the insert is symmetrically placed within the mass of 
the composite cross section, there is no abnormal warpage because the deformational 
stresses offset one another; for example, a composite bar having a high carbon, 
high chromium alloy steel center uniformly surrounded with SA.E. 1020 will not 
pull out of shape during heat treatment. When the insert is along one edge or 
entirely covering one flat surface the composite steel tends to bow; when the insert 
is in one comer the bar tends to be pulled out of shape in two directions so that 
this form is the most difficult to heat treat. 

(h) Relative Proportions—The smaller the amount of tool steel as compared to 
the amount of backing the less the tendency will be toward warpage, which is 
obvious because the net deformational strength is directly proportional to the 
relative masses. 

(c) Relative Analyses—The greater difference in the thermal properties of the 
component metals the greater will be the warpage effect in heat treatment. Inas¬ 
much as the thermal properties are primarily determined by the analyses (also 
somewhat dependent on grain size) it is obvious the relative analyses are important, 

(d) Air Cooled —^Any composite steel composed of materials that can be cooled 
in air may be held straight in a press after it is removed from the furnace. In 
some cases, particularly where the insert is in one corner, a special die Is made 
up for the press with a groove cut in the die so that the bar is sure to be straight 
lengthwise as well as on the flat. 

Multiple Heat Treatment— composite sections may best be heat treated 
in pairs. About the maximum convenient size is %x6 in.; bars larger than this 
have too much distortional strength. The clamps would have to be so big to hold 
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them that handling would be inconvenient, and unless the clamps were carefully 
designed nonuniform heating might result. The intention of this multiple heat 
treating method is to so arrange the bars within the group that the stresses will 
offset one another. A typical example is shown in Fig. 11. 

Presetting Mef/iod—This method requires considerable experience to learn just 
how much and in what direction to deform the bar prior to heat treatment so 
that the stresses during treatment will cause it to return to reasonable straightness. 
This method is not recommended when the insert comprises 40-60% of the total 
mass; for reasons sometimes seemingly unexplainable, one bar may distort one way 
and the next may distort the opposite; however, the distortion is usually not so 
great in these cases that the bar cannot be straightened after hardening and 
tempering. 

The section should be so treated that, after tempering, the insert is convex. 
There need be no fear of straightening when the tool steel is under compression 
as the backing steel will elongate readily. 

Annealing and i^ormaZistng—The annealing or normalizing of composite steels 
should be considered from the producer’s as well as the user’s viewpoint. The 
simplest method of producing composite steels in which the insert mass is unsym- 
metrically arranged in the backing is to make the assembly or ingot double the 
ilnish form so that the stresses will at least partially offset one another; in this 
way they will have less trouble in the rolling and also less trouble in the annealing. 
Two typical forms are shown in Fig. 12. In annealing composite steels it is advisable 
to use the lowest temperatime possible to avoid abnormal grain growth in the 
backing steel. 

Testing—Composite steels, because of the presence of materials with dissimilar 
characteristics, present a peculiar and often difficult testing p:^oblem. Because of 
the numerous modifications in composite steels it is not practical to prescribe testing 
methods which will apply in all cases. The following comments are intended to be 
helpful in establishing and interpreting tests. 

The simplest method for testing the welded condition is the bend test. For 
material clad on one side, it is recommended that one piece be bent with the cladding 
on Uie outside and a second piece with the cladding on the inside of the bend. 
In all cases it is wise to bend the piece back again because an improperly welded 
composite steel may bend one way without showing a fracture at the weld. 

A more severe and reliable test of the welded condition may be made by pulling 
in a tensile testing machine a sample which has been prepared as shown in Fig. 13. 

Welded fiat tensile test specimens may be pulled satisfactorily and the results 
will usually be found reasonably accurate. In the case of round specimens which 
are machined from bar stock, the proportion of inserted material to backing material 
may be changed by the machining. Allowance should be made for this in evaluating 
the results. 

The reliability of the various hardness testing methods depends chiefiy upon 
the thickness of the piece to be tested. Samples A in. thick or greater may be safely 
tested by Rockwell hardness testing devices or by any of the testing machines 
involving the drop and rebound principle such as the scleroscope. Samples lighter 
than 0.0625 in. are best tested on the drop and rebound principle machines. Actually 
the surest means is to grind or otherwise remove all the steel except that on which 
the hardness is wanted, then test the remainder. 

In making cup tests on clad sheet and strip samples there will be some variation 
depending on the direction in which the cup is drawn; if the insert material is on 
the inside of the cup the draw tends to be better. The reason for this is that the 
soft backing material supports the harder insert material during the draw. Users 
who desire to determine the drawing properties should draw the material so that 
the stainless is on the same side as it will be in the finished product. Producers 
should indicate whether the cladding was on the inside or outside when reporting 
cup tests. 

General—There are two methods in common use for indicating the location 
and extent of the insert in a composite steel; Acid etching and heat coloring. A 
warm 50% nitric acid solution will bring out the insert in approximately 30 sec.; 
tlie acid may be washed off with warm water; and lacquer, oil, or vaseline may then 
be put on the etched plane to protect it from subsequent corrosion. Heat coloring 
is often used when the Insert is a tool steel or SA..E. grade which can be turned 
straw or light blue by exposing the end to a temperature which does not adversely 
affect the structure of any of the components; it is also well in this case to protect 
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the colored plane with lacquer, oil, or vaseline. This latter method renders the insert 
more readily visible but is not so fast as the acid etch method. 

When any machine work is done on a composite tool steel prior to heat treat¬ 
ment there is some hardening effect and thus a strain is set up. This strain is 
preferably relieved by normalizing before proceeding with the hardening. The 
warpage in the hardening and tempering may thus be reduced. This machine 
strain is not a serious factor on short sections (18 in. or less). 

It is in the fabrication of composite steels that much of the advantage of these 
materials is found. For example, a tool steel composite bar may be 25% tool steel, 
and the balance soft steel which can be machined more quickly. Clad plates may 
be bent or formed more readily than solid material of the same analysis. Composite 
steels in which the inserted material is symmetrically arranged may be cold drawn 
faster. 

The fusion welding of composite steels (this does not refer to the production 
of the composite steel itself) requires some special precautions: (a) Due to the 
tendency of the alloys in the Insert to migrate into the unalloyed steel it is well 
to utilize welding rod having higher alloy contents than the insert steel; this tends 
to replenish any loss due to migration, (b) In electric arc welding the amperage 
should be maintained as low as efficient because excessive heat tends to adn^ the 
backing and insert steels. In the case of high alloy composite steels the carbon 
in the tool steel might be so reduced as to impair its desirable properties; also 
the backing steel might be embrittled at that point by carbon enrichment, (c) Thick 
composite plates (% in. or more) should be bevelled away from the insert, then 
lay a small bead down along the abutting insert edges, turn the two over and fill 
in the back with whatever rod suits the conditions, (d) In the stainless clad steels 
it is well to add a stabilizing material such as titanium or columbium to the stainless 
analysis to avoid intergranular corrosion in subsequent welding; thus annealing can 
be eliminated after welding, (e) High grade shielded arc type electrodes or gas 
filler rods are recommended. 

A skilled operator with suitable equipment can soon learn to weld composite 
steels in a wholly satisfactory manner. 

For complete recommendations on sizes of rods, current intensities, and manip¬ 
ulation see page 220 on welding as well as other handbooks on fusion welding. 
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Stainless Oad Steels 

(Sheets and Plates) 

By L. C. GrimshaW^ 

Plates and sheets of mild steel faced with stainless steel have been produced 
commercially only within the last few years. The stainless steel layer usually con¬ 
stitutes 10-20% of the thickness of the plate or sheet, and either one or both sides 
may be coated. Such clad steels have been developed largely to reduce the cost of 
stainless plates, particularly for the many applications where only one side of the 
plate needs to be stainless. 

Strength of Bond—The bond between the mild steel and its stainless “cladding" 
must be strong enough to withstand stresses incident to fabrication into the fin¬ 
ished product. Stainless clad steels are produced that can be bent, spun into deep 
heads, and deep drawn without damage. Often the bond must be strong enough to 
withstand great stresses due to a difference of expansion between the stainless 
facing and the backing when heated and cooled repeatedly. 

Methods of Bonding—Two clean pieces of mild steel will readily weld together 
if hammered while heated. With less facility, and usually with the aid of a fiux, 
high carbon steel and mild steel can be similarly welded. Indeed, the first com¬ 
mercial use of laminated steel was probably such a combination used for turning 
plows, manufactured by John Lane in 1868. 

Nickel and mild steel, and copper and mild steel, can be welded together by 
heat and pressure alone. High alloy steels cannot be successfully welded to mild 
steel by this method without considerable modification. They were first successfully 
welded by the method of “casting on," a method relatively old, and often referred 
to in technical publications at the turn of the century. 

Stainless clad sheets and plates are successfully produced by the casting method. 
In one casting method, two cleaned stainless steel sheets are placed face to face 
with a separating material between them, and fusion welded together around their 
edges. These two sheets are then set upright in a mold, and mild steel is poured 
all around them. The composite ingot is hot rolled until it has received the desired 
amount of reduction, the edges of the rolled composite plate are trimmed off and it 
separates into two sheets, each clad on one face with stainless steel. 

Temperature control during casting is important. Since there is oxide on the 
surface of the stainless steel insert in the ingot, no true weld can be made until 
this oxide has been broken up by elongation into small Islands. 

On accoimt of the fusion weld required in their fabrication, it is important 
from an economic standpoint that the clad plates be made large in size. There is a 
limit to the amount of reduction that can be given by hot rolling before the sepa¬ 
rating material between the two stainless sheets fails to do its duty because of 
thinning out. The above method has been used to produce plates up to in. thick, 
but only of small size (1,500-2,000 lb.), and not thinner than 18 gage. 

A different method for producing stainless clad plates by casting is said to be 
in successful use in England. Grooves are cut in opposite sides of a mold, in a posi¬ 
tion such that a spacer plate slid down in these grooves divides the mold in a ratio 
of about 3:1. Mild steel is cast into the larger space. After a short time the spacer 
plate is withdrawn, and stainless steel is cast into the remaining space. After cool¬ 
ing, two such ingots are surface ground, and their stainless faces placed face to face 
with separating material between them. “Straps" of mild steel are then fusion 
welded all aroimd the sides to hold the two-high assembly together. The assembly 
is then heated and rolled, and separated into two clad plates by shearing off the 
edges. 

It is not known to the writer how economical the above method is, but it would 
appear subject to all the limitations of the first casting method described. 

A method, now in the early stages of development, appears to be especially 
suitable for the production of thick plates, in which the stainless steel may well be 
much less than 10% of the plate thickness. The stainless steel (u^ally 18-8) is 
deposited from electrodes onto the mild steel slab. This forms a good weld, and 
only enough hot rolling need be given to the slab to eliminate the cast structure 
of the stainless steel, to facilitate discovery and elimination of pin holes in the 
deposit, and to smooth the surface. 


^Superintendent Duo Metals Dlv., Latrobe Electric Steel Co., Latrobe. Pa. 

Prepared for the Subcommittee on Metallic Coatings, H. S. Rawdon, General Chairman. 
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In another method of bonding a thin sheet of iron is placed between the stain¬ 
less and the mild steel, fusion welded around the edges to prevent scaling, heated 
and hot rolled. The thin sheet of iron is said to have a beneficial cushioning effect, 
and after a great deal of elongation by rolling a satisfactory weld can be made. 
Oxides are troublesome, and the results too uncertain for this method to be com¬ 
mercial. No matter how carefully stainless steel is cleaned, it becomes covered with 
an invisible oxide film as soon as it is exposed to air, and the oxide thus formed 
must be broken up by elongation during rolling into small islands before a weld 
can be made. It is undoubtedly easier to weld stainless steel to iron as the carbon 
content of the iron becomes lower. A variation of the above method would be to 
decarburize the surface of the mild steel before attempting to make the weld, and 
leave out the thin piece of sheet iron. A zone of pure iron in the weld is a zone 
of weakness, and should be reduced as much as possible. 

A commercial method in growing use produces a good weld by removing the 
invisible oxide film on the stainless steel by anodic pickling in hydrochloric acid, 
and electrolytic iron is deposited upon a chemically clean surface. Iron plating is 
commenced while the stainless sheet is still wet with acid and free from oxide film. 
The iron plating is usually about 0.012 in. thick. Any kind of steel, so plated with 
electrolytic iron, will weld to mild steel if heated and rolled. Commercial produc¬ 
tion of stainless clad plates by this method is as follows: “Separating material” is 
placed between the juxtaposed faces of two sheets of stainless steel, and a water¬ 
tight fusion weld made aroimd the edges of the sheets. They are then pickled, the 
imit is iron plated, and placed between two thick plates of mild steel. This assembly 
is fusion welded together around the edges, both so as to hold it together as a 
unit during hot rolling and to exclude air that would scale the surfaces to be welded. 
It is heated and hot rolled. During the first pass a weld is made, and rolling is 
continued to produce plates of the desired size. The composite assembly behaves 
like mild steel, and may be cross rolled if necessary to increase the width. When 
the edges are trimmed off, the composite plate separates into two plates, each clad 
on one face with stainless steel. 

If the stainless steel is an austenitic one (the 18-8 variety) it will expand a 
great deal more than the mild steel when it is heated for rolling, and so must be 
left free to expand laterally between the mild steel plates. Such an assembly ready 
for heating, rolling, and welding, is shown in Pig. 1. The expansion space is not 
necessary for martensitic or ferritic stainless irons. 

During hot rolling, even with little reduction, an excellent, oxide free weld is 
made by this method. Diffusion soon eliminates the zone of electrolytic iron in 
the welded plate, this being less than 0.002 in. after 12:1 reduction of the two- 
high assembly. Diffusion is rapid while the plate is hot. Such plates may readily 
be spun into deep heads, or drawn. 

Stainless clad plates are also successfully produced by iron plating stainless 
steel in the above manner, and casting mild steel around it. The surface of the 
stainless steel is as free from oxide as in the assembly method, and it is more satis¬ 
factory to cast mild steel against the iron plating than against the stainless steel 
itself. 

In most of the above methods, whether by casting or assembling, it is common 
practice to prepare a “sandwich” with mild steel outside, stainless sheets inside, 
and separating material in the center, the “sandwich” being held together as a unit 
either by an excess of cast metal or by fusion welding the edges. The difference 
in the hot working properties and in expansion of the stainless and mild steel tends 
to produce curled plates. By rolling as a “sandwich,” curling is prevented. Hot 
rolling of single clad sheets is not done unless the finished sheet can be straightened 
cold. Hot straightening is impracticable, as the straightened sheet again curls when 
cooling, particularly if clad with 18-8 stainless ^el. 

The separating material used in two-high assemblies is commonly a mixture of 
aluminum oxide and lacquer, applied like paint, so as to spread thinly and evenly 
over the steel surface. The lacquer dries in a short time, leaving the fine oxide 
powder adhering to the steel. Any inert oxide can be used, but silicate of soda should 
not be substituted for lacquer unless all moisture is driven off at a high heat prior 
to assembling for rolling. 

Another commercial method of makii^ stainless clad plates is to bond a stain¬ 
less sheet to a mild steel plate by a special method of resistance welding. The ^ec- 
tric current passes, not through the thickness of the mild steel plate, but from one 
spot on the stainless sheet through the surface of the mild steel to another spot on 
the stainless sheet only a short distance away. This method bonds by means of 
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a great number of resistance welds, placed closely together all over the sheet. Such 
a sheet is never rolled except in forming rolls. The bond, though discontinuous, is 
strong enough to withstand the stresses incident to fabricating into spun heads and 
heat treatment. By this method composite plates of any convenient size are pro¬ 
vided, and thick plates are covered with a stainless steel protecting sheet of far less 
than 10% of the plate thickness. By this method many large tanks, cracking ves¬ 
sels, and chemical towers have 

been made. separating material 

Applications of Stainless 
Clad Steels—Stainless clad steel 
may be useful either because of 
lowered cost. Improvement of 
physical properties, or both. /- 
Lowered cost appears obvious, arc 
but is difficult to attain. The 
stainless sheets used for clad¬ 
ding must have at least one 1 .. stainless steel ) 

perfect surface, and be flat. The weld-a- expansion space 

mild steel plates must be flat l— Assembly ready for heating, rolling, and welding, 

if the assembly method is used. 

The fusion welding of an assembly is expensive, and stainless rod must be used 
for weld A (Fig. 1). If the casting method is used, there is a waste by trimming. 

Since clad plates are rolled in pairs one clad plate is always left over when only 
a single clad plate is desired. 

However, many clad sheets are used because of the physical properties obtained. 
If the weld is a good one, cooking vessels such as are used in the varnish, canning,* 
and soap industries are best made out of stainless clad steels. The inside of such 
vessels is required to be stainless, but a solid stainless steel vessel is subject to hot 
spots and low heat conductivity. The clad vessel combines the stainless surface with 
the excellent heat conductivity of mild steel. 

It is often desired to use the 12 or 28% chromium ferritic stainless irons, but 
they are difficult to fusion weld. Ferritic stainless iron used as cladding on ductile 
mild steel solves these problems, and such clad steels are finding increasing uses. 

Austenitic steels, such as 18-8, have a coefficient of expansion greater than that 
of mild steel, so for stainless clad plates used at elevated temperatures the bond 
must be good. The high quality of many commercial bonds is proved by the wide 
use of such material at elevated temperatures. If the fabrication of the vessel 
requires fusion welding, and intergranular corrosion is feared, an 18-8 that contains 
a stabilizing element is advisable, because a stabilizing heat treatment at 2000°F. 
is undesirable when applied to the mild steel backing, and would also probably warp 
the vessel. 
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Nickel and Nickel Alloy Clad Steel 

By W. G. Theisinger* and F. P. Huston** 

Nickel clad steels are composite materials made up of an open hearth steel 
base and a layer of pure nickel or an alloy of nickel-chromimn bonded to it on one 
or both surfaces. 

The composite plate is formed by pressure welding the clad material to the steel 
slab in a rolling mill at a temperature of about 220b®P. Thorough cleaning and pro¬ 
tection of the bonding surfaces during heating insures an intimate bond between 
the cladding and the base plate. A reduction ratio ranging from 8:1-16:1 Is generally 
used. A solid solution of nickel and iron is formed at the junction plane of the two 
metals. 

The ratio of the cladding material to the base plate is usually expressed as a 
percentage of the total thickness of the composite plate. For example, a % in. 
plate clad 10% one side only, consists of about 0.45 in. of steel and about 0.05 in. of 
pure nickel and a % in. plate, with 20% cladding, consists of about 0.10 in. of pure 
nickel and 0.40 in. of steel. The same order of thicknesses of cladding are produced 
for plates clad both sides. It is the usual practice when cladding both sides to use 
an equal thickness of either nickel or the nickel-chromium alloy, although different 
thicknesses may be applied. Plates clad one side with nickel and one side the nickel 
alloy may be obtained for special purposes. Nickel clad steels are regularly supplied 
with standard claddings of 5, 10, 15 and 20% with flange quality steel of 55,000 psi., 
minimum tensile strength, as the standard basis metal. 

The clad surface possesses the same chemical and physical properties as would 
a solid, hot rolled nickel plate. It is bonded uniformly to the steel and does not 
separate from it as a result of changes in temperature, pressure (vacuum), or 
deformation in forming. Nickel clad steel is suitable for any conditions for which 
pure nickel is suitable. The clad plate is produced in sizes and gages generally 
comparable to plates obtainable in carbon steel. 

Properties of Pure Nickel for Cladding—The modulus of elasticity of commer¬ 
cially pure nickel is 29,000,000-30,000,000, which is essentially the same as for steel, 
and its hot working range is likewise similar to that of steel. Its coeflacient of 
expansion is close to that of steel, and for all practical purposes they may be con¬ 
sidered identical. The melting point of nickel is 1455°C. ± 1 and that of steel which 
varies somewhat with the composition is somewhat below the melting point of pure 
iron, 1535°C. ± 3. 

The fact that the modulus of elasticity of nickel is the same as that of steel is 
of importance in a composite material such as nickel clad steel plate and insures 
an equal distribution of stress across the section of the plate with no sudden change 
at the interface between nickel and steel. 

Properties of Nickel Clad Steel—Results obtained on an 8 in. tensile test speci¬ 
men of ^ in. thick nickel clad steel with 10% cladding are as follows: 



Tensile 

Yield 

Elong., 

Reduction 


Strength, 

Point, 

% in. 

Area, 


psi. 

psi. 

8 in. 

% 

Clad . 

. 60,600 

40,400 

30.0 

57.2 

Plate . 

. 60,800 

40,200 

30.5 

59.0 


To determine the value of bond between the nickel and steel, a clad surface 
was placed at right angles with the striking face and with one blow of a power 
hammer a 1 in. cube, with one face clad 20%, was flattened cold to % in. thickness 
without rupturing the bond. To test the strength of the bond under sudden changes 
of temperature, a 10% clad plate (18x9xV^ in.) with stiffeners welded to the steel 
side was heated to 900*'F. and quenched in water at room temperature. No separa¬ 
tion of the nickel layer occurred after quenching 30 times. 

Utilization of Nickel-Clad Steel—Cold bending, flanging, forming, beveling, and 
the like, can be readily carried out on nickel clad steel. Generally, and especially 
when shearing and punching the nickel side should be up so as to prevent damaging 
the surface and to throw the burr on the steel side. 


* Welding and Metallurgical Engineer, Lukens Steel Co.. CoatesviUe, Pa. **Developinent and 
Research Div., International Nickel Co., New York. 

Prepared for the Subcommittee on Metallic Coatings. H. S. Rawdon, General Chairman. 
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AnncaZinflr—Annealed plate is required for severe cold working operations, such 
as in pressing heads and die work. To anneal, heat the plate to 1650*1750*^., 
hold at temperature from 1-3 min., and allow the plate to cool in the air. 

A fuel of low sulphur content (not over 0.5%) should be used to prevent em¬ 
brittlement of the nickel layer. A covering of lime on the nickel surface is helpful. 

Heafinp—When heating nickel clad steel, either for annealing or for hot work¬ 
ing, the plate is charged into the furnace which is at temperature. The atmosphere 
should be reducing and the flame should not strike the surface. 

Hot Working—The hot working of nickel clad steel entails no unusual difiQculties 
if the proper conditions for heating are maintained. No change need be made from 
usual steel practice as to temperatures, amount of work done on each heat, or the 
general methods used in performing the work. 

Joining—Joining nickel clad steel plates and heads to form pressure vessels and 
tanks may be done by gas or electric welding, or riveting and caulk welding. With 
all methods, the nickel surface should be made continuous by welding all junctions 
in the nickel side of the joint with nickel filler metal. In general, the corrosion 
resistance of such welds is not Inferior to that of the nickel surface. 

Metallic arc welding is 
the method generally used. 

The plates are beveled as 
shown in Fig. 1, and the 
vessel is assembled by 
‘•tacking” on the steel side. 

The weld on the steel side 
is then made with a cov¬ 
ered steel electrode, no 
change from standard prac¬ 
tice for welding plain steel 
is required. A narrow groove 
on the nickel side is then 
chipped to a depth at which 
the chip no longer shows 
parting. The width and 
depth of the groove vary 
with the thickness of the 
cladding layer but should 
be kept to a minimum. The width is usually Va in. and should never exceed % in., 
even in 1 in. plate. The welding on the nickel side is done with coated nickel elec¬ 
trodes. If two beads are required the slag should be completely removed from the 
surface of the first beqd before the second is deposited. Butt welding is most com¬ 
monly used but the lap, and the butt-and-strap joint are used also. 

Carbon arc welding, on account of the slow speed possible, is only occasionally 
used for welding nickel clad steel but yields strong, dense welds of high ductility. 

Acetylene welding gives satisfactory joints in nickel clad steel and no change 
from regular procedure is needed in welding the steel side. However, in welding 
the nickel side it is important to maintain a slightly reducing flame. The intense 
flame that yields entirely satisfactory welds in steel gives brittle and spongy welds 
in nickel. Bare nickel, gas welding wire is used, without flux. 

Nickel clad steel may be welded in all positions such as are encountered in erec¬ 
tion work by any of the methods mentioned. In vertical welding it is advisable that 
the weld be started at the bottom and worked toward the top, rather than in the 
reverse direction. 

Welds in nickel clad plate meet the requirements of the A.S.M.E. Boiler Code. 
Samples of plates welded as described above were stress relieved at 1150-1200°P. and 
gave the following results: 

Tensile Tests of Welds Bend Tests 


45 ’‘' 


\ 
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Fig. 1—Beveled butt joints 



Tensile 

Yield, 

Elong., 


Elong., 


Strength, 

Point, 

% in 


% in 


pel. 

pel. 

2 In. 


1 in. 

PuU MCtlOQ . 


40,700 

25.0 

Steel weld, outside surface... 

.. 31.0 

Reduced eectlon .... 

. 59,800 

40,300 

22.2 

Nickel weld, outside surface.. 

.. 37.0 
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Design—A continuous nickel surface should be maintained in the fabrication of 
pressure vessels and other equipment. Jackets are welded or riveted to clad vessels 
and any type of bottom outlet, either in solid nickel or nickel clad steel, may be 
attached. Forged, tapped welding flanges in solid nickel are used. Practically any 
formed shape obtainable in steel is obtainable also in the nickel clad material. The 
material responds readily to hot spinning, hot and cold pressing, and hand shaping 
in the production of various shapes. 

Nickel-Chromium Clad Steel—This alloy contains 78-80% nickel, 12-14% chro¬ 
mium, and 6-8% iron, combines a high degree of resistance to corrosion with high 
strength and good working properties. 

The manufacture of this nickel-chromium clad steel is similar to that of nickel 
clad steel. It can be fabricated with the same facility and the welding procedure 
is similar. In the welding of the clad surface of the plate, a covered electrode con¬ 
taining 80% nickel and 20% chromium is used. This insures deposited metal of 
approximately the same composition and cojTosion resistance as the cladding. 
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Lead Coatings 

By J. L. Bray* 

Lead, and lead-rich alloys, as protective coatings on steel possess the advantage 
of being (1) malleable, (2) resistant to corrosion by most acid fumes, (3) low 
priced, (4) i^adily available; but also the disadvantages of being (1) difficult to apply, 
(2) not resistant to abrasion, (3) subject to the formation of pin holes and (4> 
cathodic to iron. The difficulty of coating iron and steel with lead results from the 
fact that the two metals are immiscible. The success of any lead coating process 
must depend upon either ( 1 ) mechanical adhesion of the coating to the base or 
( 2 ) chemical adhesion through the medium of some other element such as tin, 
mercury, antimony or zinc. 

Low Alloy Coatings—The application of coatings of the lead alloys of very 
low alloy content usually consists in coating the pickled or cleaned surface with 
another metal or an easily reduced salt followed by immersion in molten lead or 
by the addition of a small amount of a suitable metal to the molten lead, which 
metal will promote adherence to the steel base on immersion in the molten lead bath. 

Lohman' devised a process for applying a coating of lead to steel involving clean¬ 
ing in sulphuric acid followed by dipping in a bath composed of HCl, HgCl, and 
NH«C1. After drying, the piece was dipped in molten lead at a temperature of 950°F. 
Although coatings of superior merit could be produced, the process was not com¬ 
mercially successful on account of the serious hazards resulting from the use of 
mercury. Another experimental process,^ involving the use of antimony as a binding 
agent, consisted essentially in (a) immersion of the cleaned piece in a solution of 
SbCl, until the surface turned black, (b) washing, (c) treatment with ZnCla, (d) 
immersion in molten lead and (e) cooling in oil. A process somewhat similar, 
employing phosphorus in the form of tin phosphide as a binding agent, has been 
commercialized to a considerable extent. In a recently announced process by Gar- 
butt and Butterfield,^® the article after cleaning with caustic and acid, is passed 
through an aqueous solution of ZnCla, then through a molten flux of NH 4 F and 
glycerol and into the molten lead bath. It has not been commercialized as yet in 
this country. 

Recently a process has been patented that involves the use of zinc as the 
bonding agent. The raw material is sheet steel or wire bearing a tight (thin) 
coating of zinc applied by hot dipping. After cleaning with a molten flux (NH4CI 
and ZnCla), the material is passed through a bath of molten lead-zinc alloy (645®F.), 
the zinc content of which must be kept at approximately 0.5% (the eutectic point). 
According to the most recent investigation,” zinc dissolves in lead in the solid state 
to the extent of 0.10% and the eutectic contains 0.5% zinc. In this eutectic, and 
in any slight excess of zinc (above 0.5%) in the lead, the zinc crystallizes in a 
needlelike form. The real binding agent of a lead-over-zinc coating is believed 
to be these needles of zinc which can attach themselves to the lead by solid solu¬ 
tion of zinc in lead and to the sheet which has been previously coated with zinc. 

High Alloy Coatings—The most familiar application of lead as a coating mate¬ 
rial for steel is teme plate (meaning “dull” as distinguished from a “bright tin” 
coating). The process of manufacture Is similar to that employed for tin plate, so 
for a more detailed discussion of teme plate, see the article on tinning of steel, 
page 1106. 

Pure Lead Coatings—^No completely successful method of coating steel with pure 
lead by dipping has been developed. Lead clad articles with pure lead as the pro¬ 
tective layer find many uses where apparatus for handling or storing corrosive liquids 
is concerned. They are usually made by flowing lead on a clean steel surface; by 
burning on a coating, which thus forms a continuous envelope over the entire sur¬ 
face; or by rolling on a layer of lead under considerable pressure. The surfaces 
are usually prepared by sand blasting. The bond is often a mechanical one. 

Pure lead can also be deposited by electrolysis and this is the most satisfactory 
method for obtaining thin coatings. For certain small, irregularly shaped or special 
articles, lead plating is an important process. The lead thus deposited is very pure 
and has the superior corrosion resistance of a pure metal. Lead can be deposited 
from a variety of solutions, but the only ones which have found commercial appli¬ 
cation are the fluosilicate, fluborate and perchlorate solutions. Electrolysis must 

^School of Ohemical and Metallurgical Engineering, Purdue University. Prepared for the Sub¬ 
committee on Metallic Coatings, H. S. Rawdon. General Chairman. 
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be carried out at fairly low current densities (5-20 amperes per sq. ft.) and much 
heavier coatings must be applied than is necessary in nickel, zinc and copper 
plating for the lead thus laid down is prone to ‘‘pinhole."' When heavy coatings of 
pure lead are required it is usually better and cheaper to cast these from pure lead 
than attempt to put them on electrolytically. 

Developments in coating steel with lead by the metal spraying process have 
been encouraging, lead being one of the metals which are easily applied by this 
method. See the article on sprayed metal coatings, page 1115. 

Copper Shcetsr—While copper, if properly cleaned, can be coated with pure lead,, 
an alloy containing a little tin is usually employed since the bond is better and the 
surface freer from pin holes. Such lead coated sheet copper shows a marked* 
resistance to corrosion and is used as a roofing material and for other building 
material. 

Utility of Lead Coatings—Lead in contact with iron and wet with an electrolyte 
functions as a cathode. Hence, a lead coating cannot protect iron electrolytically as. 
zinc can. The value of lead coatings results from the high resistance of metallic 
lead against most acids. All lead coatings are porous. However, these can be more 
or less completely sealed up in the case of sheet by slight rolling of the sheet after 
the coating has been applied. The results of weathering tests of long duration (10^ 
years) by the AjS.T.M. have strikingly demonstrated the relative merits of lead 
coatings in atmospheres of different characteristics. Lead coatings can be used to> 
best advantage in an industrial atmosphere where the air is polluted with sulphurous 
gases. Perforations (pores) in the coating are soon sealed by the products of corro¬ 
sion after which the corrosion is exceedingly slight. Companion specimens, however, 
in rural or marine atmospheres (A.S.T.M.) have immediately developed severe pin 
hole corrosion. Under conditions of high humidity, some blistering (separation of the* 
two layers) has been observed. 

A thin coating of lead assists in drawing and stamping operations on sheet 
steel by its lubricating action. It is for this reason that teme plate is so widely 
used in the fabrication of containers. The drawing of metals into tube, rod and 
wire form can be greatly expedited by using a thin surface layer of lead as in the 
drawing of some of the high alloy steels. 
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Copper Covered Steel Wire^ 

By L. C. Whitney* 

In many cases today, the engineering requirements on a material used demand 
a combination of properties that is not found in any single common metal or alloy. 
To develop these, composite materials are sometimes produced from metals whose 
combined characteristics meet the specifications. Copper covered steel wire, which 
is essentially a copper wire with a steel core, is an example of this. The copper 
exterior provides high electrical conductivity and good corrosion resistance, while 
the steel core allows the development of tensile strengths considerably above those 
attainable in hard drawn copper and bronze wires. 

To produce this material, a round steel billet with properly prepared surfaces 
is preheated in a mold and molten copper is poured around it. After solidification, 
the composite billet is hot rolled to a rod. The composite rods are then heat 
treated or annealed and drawn into wire of the desired size. 

The casting of molten copper around a heated steel billet with properly pre¬ 
pared surfaces produces a weld between the two metals. This weld withstands subse¬ 
quent heatings, hot rolling, and cold drawing and the finished wire may be bent, 
twisted, or deformed without causing a separation of the two metals. 

This composite wire is produced commercially in two grades which are based 
on thfe electrical conductivity of the material. They are the 30% and 40% grades, 
a designation which indicates the electrical conductivity as compared with that of 
a solid copper wire of the same cross sectional area. The electrical resistance meas¬ 
urements on each coil are maintained to the following limits: 



Max. Average Resistance 

Max. Resistance for 


for Entire Coll, 

Any Part of Coll, 

Rated Conductivity 

Ohms per clr. mll«foot at 68*P. 

Ohms per clr. mil>foot at 68*P. 

30% 

35.26 

39 18 

40% 

26.45 

28.59 


In addition to the two conductivity grades, there are two grades based on the 
tensile strength of the wire. These are designated as “high strength” and “extra 
high strength” grades. Detailed information on the properties of individual wire 
sizes is given in Table I. 


Table I 

Properties of Copper Covered Steel Wire 


f -Breaking Load, Lb.-^ 

Extra Weight* 

High Lb. Lb. 

High Strength Strength Per Per 

Dla., 40% 30% 30% 1000 Ft. Mile 

In. Cond. Cond. Cond. 


Resistance, 
Ohms Per 
1000 Ft. 
at 68'’F 
40% 30% 

Cond. Cond. 


Cross Section 
Clr. Sq. 

Mils In. 


.4600 

13.300 

14,960 


587.2 

3,100 

.1250 

.1666 

211.600 

.1662 

.4096 

10,540 

11,860 


465.7 

2,459 

.1576 

.2101 

167.800 

.1318 

.3648 

8,361 

9.407 


369.3 

1,950 

.1988 

.2650 

133.100 

.1045 

.3240 

6,797 

7,791 


292.9 

1,546 

.2506 

.3341 

105.500 

.08289 

.2803 

' 5,916 

6.705 


232.2 

1.226 

.3160 

.4213 

83.690 

.06573 

.2576 

5,056 

5,682 

6,412 

184.2 

972.5 

.3985 

.5313 

66.370 

.06213 

.2204 

4,258 

4,754 

6,519 

146.1 

771.2 

.5025 

.6699 

53,630 

.04134 

.2043 

3,541 

3,934 

4,672 

115.8 

611.6 

.6337 

.8447 

41.740 

.03278 

.1819 

2,938 

3,250 

3,913 

91.86 

485.0 

.7990 

1 065 

33.100 

.02600 

.1620 

2.433 

2,680 

3,247 

72.85 

384.6 

1.008 

1.343 

26.250 

.02062 

.1443 

2,011 

2,207 

2.681 

67.77 

305.0 

1.270 

1.694 

20.830 

.01635 

.1285 

1,660 

1,815 

2,204 

45.81 

241.9 

1.602 

2 136 

16.510 

.01297 

.1144 

1,368 

1,491 

.... 

36.33 

191.8 

2.020 

2.693 

13.000 

.01028 

.1019 

1,130 

1,231 

*. • • 

28.81 

152.1 

2.547 

3.396 

10.380 

.008155 

.09074 

896.3 

• • • • 

.... 

22.85 

120.6 

3.212 

•... 

8,234 

.006467 

.08081 

710.8 


.... 

18.12 

95.68 

4.051 

.... 

6.530 

.005129 


■There is a slight difference between the weights of 30% and 40% conductivity wire. These 
figures represent the average for both materials. 


*Chlef Metallurgist, Copperweld Steel Co., Qlassport, Pa. Prepared for the Subcommittee on 
Metallic Coatings, H. 8. Rawdon, General Chairman. 

‘Copper covered steel wire Is sold under the trade name Copperweld. 
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To insure a uniform coating of copper of the desired thickness on the wire, all 
colls are tested with a magnetic testing device which measures accurately the copper 
thickness at any given point. By means of such equipment, it is possible to guar¬ 
antee a minimum copper thickness at any point around the circumference of the 
wire of 10% of the wire radius on the 30% grade and 12.5% on the 40% grade. 

Physical and electrical constants and specifications on copper covered wire are 
as follows: 

Average weight of wire—8.15 g. per cu. cm. at 68®P. (equivalent values are 3JM3 
lb. per inch-foot and 0.002775 lb. per cir. mil-1000 ft.). 

CoefBcient of linear expansion—.0000072®P. 

Temperature coefficient of electrical resistance for wire—.0021 per •P. 

Modulus of elasticity—24,000,000. 
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Facing or Surfacing by Welding* 

Facing or surfacing is a process of welding onto wearing parts (either old or 
new) a facing, edge, or point of a hard metal that is resistant to abrasion. Hard 
facing is a surfacing operation that has proved to be an easy and economical means 
of keeping equipment in good operating condition, without losing time for repair 
or replacement of worn parts. There are also soft surfacing operations, such as 
for example, applying bronze bearing metal. 

Hard Facing—Hard facing was originally applied only on metal working dies, 
oil well drilling tools, and certain types of excavating equipment, but other applica¬ 
tions were soon found in almost every field, so hard facing is now an important 
factor in the welding industry. 

The major cost reducing features of hard facing may briefly be summed up 
as follows: 1. Longer life of equipment; 2. Fewer replacements with resultant sav¬ 
ings in labor charges and lost production time; 3. Utilization of cheaper base metal 
for wearing parts; 4. Salvaging or reclaiming of worn parts; 5. Savings in power 
consumption; and 6. General increase in operating efOiciency. 

No single grade of hard facing material is satisfactory and most economical 
for all applications. For the requirements of hardness, toughness, shock resistance, 
corrosion resistance, and other qualities, various hard facing alloys of widely dif¬ 
ferent compositions have been developed. These may be divided broadly into five 
groups. 

Group f—Alloy steels consisting of an iron base with less than 20% of alloying 
constituents are included in this group. Alloying constituents consist mainly of 
chromium, tungsten, manganese, silicon and carbon. These alloys are relatively 
low in cost and while not as hard as higher priced hard facing metals, they possess 
greater toughness and shock resistance. However, they have greater wear resistance 
than low carbon steels and some compare favorably with Hadfleld's high manganese 
steel in this respect. Certain low priced and short lived alloys, such as low alloy 
cast irons, may be listed in this group, but they find only minor application as hard 
facing materials. 

Group 2—This group consists of iron-base alloys with more than 20% of alloying 
constituents. Various amoiuits of chromium, tungsten, manganese, silicon, carbon, 
and sometimes cobalt, nickel and other elements are contained in these alloys. 
Naturally these hard metals are higher priced than those of lower alloy included 
in Group 1. However, they are harder, possess greater abrasion resistance and give 
longer service. As a rule they are not as shock resistant or tough as Group 1, but 
are particularly adapted for use as the final wear resisting surface, after the worn 
part is built up with high strength welding rod. Due to longer life of these metals, 
they frequently are more economical than cheaper metals. 

Group 3—Nonferrous alloys of cobalt, chromium and tungsten make up this 
group. They are available in several different grades, all highly resistant to wear 
and corrosion, but having a spread in strength and toughness which makes them 
suitable for a wide range of hard facing applications. Because of their higher 
melting points these alloys have the property of red hardness, that is, they retain 
their original hardness practically unimpaired at elevated temperatures. 

Group 4—The fourth group consists of the so-called diamond substitutes, the 
hardest and most wear resistant of all hard facing materials. Some of these are 
almost pure fused tungsten carbides, containing only fractional percentages of 
alloying constituents. Others contain 90-95% tungsten carbides, the remainder 
being cobalt, nickel, iron or similar elements. Other materials may contain boron 
compounds or tantalum carbide. 

The alloys are added to impart toughness and impact strength to the tungsten 
carbides, the hardness of which, however, is slightly reduced as a result. 

These diamond substitutes are furnished in the form of small castings, which 
are welded and imbedded into the cutting and wearing surfaces of oil well drilling 
bits and similar tools. Tungsten carbide inserts are not melted or damaged to any 
appreciable extent in the usual method of applying them by the oxy-acetylene 
process. The process of applying tungsten carbide shapes to wearing surfaces is 


*Compi]ed and arranged by C. W. Obert, Sr., Union Carbide and Carbon Corp., from the 
pamphlet published by the International Acetylene Association entitled *'Hard Facing by the Oxy- 
Acetylene Process’*. Reviewed and supplemented by several individuals in the electric arc welding 
Industry. 

H. 8. Rawdon, General Chairman of the A.8.M. Subcommittee on Metallic Coatings. 
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known as “hard setting." After hard setting, the wearing surface usually is hard 
faced. This combination affords an excellent abrasion resisting surface with maxi¬ 
mum cutting qualities at edges. 

Group 5—Crushed tungsten carbides of various screen sizes comprise the fifth 
and last group. These are furnished packed in steel tubes of various diameters, 
fused to steel strips, or bonded with steel in the form of a composite rod. Both 
tubes and strips come in short lengths, which are applied like ordinary welding 
rods. Crushed tungsten carbides are also supplied loose, in granular or powdered 
form, to be sprinkled directly onto the wearifig surface and melted into it. These 
types are more costly than the best of the hard facing alloys but this is more 
than offset by their much longer life on applications where wearing surfaces of 
composite nature are to be preferred. 

Selection of Hard Facing Alloys—-In order to select the correct hard facing 
material for any particular application, the user should first determine those fac¬ 
tors which cause the deterioration of the wearing part. In general, the Attack 
on the part will involve one or more of the following: Sliding or rolling friction, 
shock and impact, heat, and corrosion. Other factors, such as smoothness of the 
deposit desired, or, in handling sand, rock and gravel, the ability of the hard faced 
part to form an efBcient digging tool, also affect the choice. The cost factor should 
also be considered, as a general rule, when two materials are equally suited, the 
material giving the longer life although more expensive will more than justify 
its greater first cost. 

When the factors have been determined, the following tdfcle should serve as a 
fair guide in the selection of the proper material. The numbers refer to the five 
groups of materials described above. 


Table I 

Relative Characteristics of Hard Facing Deposits 


Group Number In 

Characteristic of Deposit Order of Preference 


Cold hardness . 4 5 2 3 1 

Red hardness . 4 5 3 2 1 

Resistance to Impact . 1 2 3 5 4 

Corrosion resistance . 3 2 1 4 5 

Smoothness of deposit . 3 1254 

Ability to take high finish . 3 2 1 45 

Ability to penetrate (earth boring or penetrating toolsK.... 4 5 3 2 1 

Thinness of deposited layer welding. 3 2 1 5 4 


Hard Facing Procedure—Although hard facing materials can be applied by any 
of the standard fusion welding methods, there are several factors which govern 
the choice of method for any particular application, such as: 1. Material to be 
faced; 2. Kind of hard facing material selected; 3. Size, shape and thickness of 
base material and deposited facing material; 4. Initial cost of equipment and 
facing material for each process; 5, Smoothness of deposits; 6. Overall cost; and 
7. Quality and appearance of deposits. 

Gas Welding—The oxy-acetylene blowpipe or torch allows close control over 
the operation and produces a smooth deposit. Particles of scale and foreign matter 
are easily eliminated by this method, and edges and comers may be readily formed. 
This is particularly important where it is later necessary to grind the hard facing 
to close tolerances. Other advantages are the elimination of any loss of expensive 
alloys by vaporization or spattering, close control of the oxidizing or reducing con¬ 
ditions of the atmosphere surrounding the molten metal, and more accurate con¬ 
trol over the degree of penetration of hard facing alloy in the base metal. The 
latter is of Importance especially with respect to the application of certain classes 
of hard facing materials, some of which should be puddled in, while others are 
flowed onto the base material at a “sweating” heat. The oxy-acetylene process 
offers the facilities for producing either condition at the will of the operator. 

Metallic Arc Welding—In metallic arc welding, a metallic alloy rod constitutes 
both electrode and hard facing material. The electrode is usually flux coated instead 
of bare. The function of the coating is to stabilize the arc. control the melting rate 
of the electrode, protect the molten metal from contamination by atmospheric 
elements and in some cases add alloys to the deposit. While not as flexible as 
the gas welding process the resultant deposits are equal in quality. 
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With electric arc welding, experience has shown that In most cases, when 
the area to be surfaced is large, the most practical and efOicient method of det>osl- 
tlon is through the use of a weaving bead type of deposit, as distinguished from the 
stiaight bead type. This requires the deposition of a bead from in. in width. 
A deposit of this type can be laid down of a uniform thickness and leave a smooth 
and regular surface. 

Narrow beads are readily applied to comers and edges and for building up 
points. As it is natural that the edges of such deposits tend to be rounded, it is 
obvious that this can be offset by the use of double beads, or backing-up strips or 
jigs of graphite, carbon paste or copper. 

Beading is sometimes used when covering large areas and under such condi¬ 
tions the beads should be staggered over the entire area and then tied in together. 
This method of deposition will give an even distribution of heat and will minimize 
the strain in cooling. For such applications preheating is generally unnecessary 
unless the surfaces to be covered are round, curved, concave or convex, in which 
case it is desirable to preheat. The thickness of the deposit depends, with electric 
arc welding, upon the heat used and the amount of build-up behind the crater. 
Normally this will range from ^-5/32 in. In some cases heavier deposit layers can 
be built up if the work can be placed on a slant of about 15 from the horizontal. On 
the other hand, thinner deposits can be laid down by moving the electrode over 
the work more rapidly. 

The metallic arc welding process is particularly suitable for hard facing at 
low cost, thick bas# metals where exceptionally thin smooth deposits are not re¬ 
quired. Distortion is also reduced when hard facing large steel castings and similar 
heavy parts by this process since the heat from the arc is well localized. 

Atomic Hydrogen Arc Weldinp—In the atomic hydrogen arc welding process 
an alternating current arc between two tungsten electrodes in a stream of hydrogen 
gas furnishes the source of heat. The arc is surrounded by an envelope of hydrogen 
gas which protects the electrodes and work from oxidation. The arc is defined by 
a thin brilliant line which forms a loop under the influence of its own magnetic 
field and the streaming gas. 

This process gives high quality of deposits plus all of the other advantages 
outlined for hard facing using the gas process. In addition, since the atomic hydro¬ 
gen arc has a higher temperature and the heat is concentrated over a smaller area 
a higher deposition rate may be obtained. The initial cost for atomic hydrogen equip¬ 
ment is often more than offset by the speed and results obtained on many hard 
facing applications. 

Materials Which Can Be Hard Faced—^The following classification affords a 
ready means of determining what metals or alloys can or cannot be hard faced. 

Medium and Low Carbon Steels —^All carbon steels up to 0.50% carbon can be 
hard faced with perfect results in practically all instances. Such steels, especially 
in the 0.40-0.50% carbon range, are not only satisfactory from the viewpoint of 
the welding, but also have sufficient strength to stand up well under severe operat¬ 
ing conditions. 

High Carbon Steels —Steels containing above 0.50% carbon can be hard faced 
if reasonable precautions are taken to prevent the steel from cracking. It is often 
desirable to preheat such high carbon steels before hard surfacing. In most cases, 
heat treatment is necessary to remove hardness and brittleness from the base metal 
both before and after hard facing. 

Low Alloy Steels —^Hard facing alloys can be applied to low alloy steels in much 
the same manner as to plain carbon steels. Such material should be in the annealed 
condition before welding. In a few cases, depending upon the composition of the 
base metal, heat treatment is required after welding. 

High Speed Steels—The hard facing of high speed steels is not generally rec¬ 
ommended, because shrinkage cracks and strain checks render the hard faced 
piece valueless in a good many instances, regardless of heat treatment. 

Stainless SteelsStBiniess steels, including the high chromium steels and the 18-8 
chromium-nickel steels can readily be hard faced if proper preheating and cooling 
procedures are followed. However, a knowledge of the physical properties of the 
particular type of stainless steel is necessary, otherwise difficulty may be experi¬ 
enced due to excessive strains, brittleness, or lessened corrosion resistance. 

Manganese Steel (9^-14% Mn)—This class of steels can be surfaced to ad¬ 
vantage by use of a rod that gives an austenitic, work hardening deposit. Man- 
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ganese steel should always be hard faced by the electric arc welding process, 
with care being taken to avoid overheating. 

Gray Cast iro?i—Cast iron can be hard faced easily, but the method of appli¬ 
cation is somewhat different from that for steel due to the lower melting point of 
the cast iron and the crust formation on the surface of the iron. Care should be 
taken not to develop localized overheating of the iron. 

White Cast /ron—White or chilled iron can be easily hard faced in small parts; 
on larger parts heat treatment is sometimes necessary and a careful study of the 
design and location of chills is necessary, since* preheating may soften some of the 
chilled areas. 

Alloy Cast Irons —^The same procedure can be used as for hard facing gray cast 
iron. 

Monel Afcfal—Monel metal is easily hard faced. 

Brass and Bronze—These copper-base alloys are difficult to hard face because 
of their low melting point. In rare instances, however, heavy sections which have 
been preheated to a red heat can be hard faced. 

Copper and Copper Alloys —Because of its low melting point and high heat 
conductivity, copper is hard faced only with difficulty. Preheating is absolutely 
necessary. 

Preparation of Work—All loose scale, dirt, rust, or other foreign substances 
should be removed from the areas to be hard faced, preferably by grinding or ma¬ 
chining. If these facilities are not Available, the surface may be cleaned with a 
file or wire brush, but this method often leaves scale or other foreign material which 
must later be floated out during the hard facing operation. 

Where the hard facing material is to be applied to a groove, corner or recess, 
it is preferable to have all corners well rounded, otherwise overheating of the base 
metal may result. If but a small section of a part is to be hard faced, a suitable 
shallow recess or indentation to receive the hard facing metal may be prepared 
either mechanically or with the blowpipe or torch. 

Preheating—The same general rules apply to preheating before hard facing 
as apply to most welding operations. Parts are always preheated in cases where 
the application of the hard facing alloy would otherwise cause them to warp or 
check, or where time and cost can be saved by preheating. Steels having over 
0.40% carbon should usually be preheated. The optimum temperature of preheating 
is dependent upon the size and composition of the part, but usually it is between 
700-1200 °P. For certain classes of electric arc welding a preheat of from 350-450®P. 
is desirable. 

It is generally unsatisfactory to hard face steels which are in a hardened state. 
If it is necessary or desirable to reharden the base material after the hard facing 
has been applied, it should be quenched in oil (water quenching is seldom used 
because it tends to crack many hard facing materials). 

Fluxes—In the gas or atomic hydrogen welding process, fluxes are not or¬ 
dinarily essential except in special instances. Sometimes a flux is of assistance 
where a second layer of hard facing is necessary, or to help remove scale and 
oxide from the base metal. This is especially true with cast iron. The principal 
advantage of a flux is that it floats on the molten puddle of deposited material, 
smoothing its surface and retarding the cooling action as well as protecting the 
metal from oxidation. In addition, a denser, harder deposit of superior microstruc¬ 
ture is produced if a flux is used. No flux is required in shielded electric arc weld¬ 
ing in addition to that processed on the electrode itself. 

Thickness of Hard Facing Deposit—^In the vast majority of cases, hard facing 
deposits range from ^-V 4 , in. in thickness. The average is approximately % in., 
but the proper thickness depends entirely upon the speciflc application. However, 
parts requiring a deposit thicker than % in. are usually rebuilt, before hard facing, 
with one of the alloys of Group 1, or with the material of which the base metal 
is composed, to within in. of the finished size. The final hard facing deposit 
is applied to a thickness allowing sufficient metal for grinding to finish size. 

Hard Facing Steel—Group f. Iron Base—Less than 20% Alloy—In applying hard 
facing welding rods of Group 1 to steel, a flame containing a slight excess of acety¬ 
lene should be used, since a neutral flame may cause boiling and sometimes pro¬ 
duces an unsatisfactory result. Penetration of the hard facing alloy in the base 
metal should be from 0-A in., depending on the type of rod used. Some of these 
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materials are work hardening, and light peening is recommended, especially on large 
areas, both to harden the surface and to eliminate the danger of shrinkage cracks. 

The hardness of deposited hard facing metals of this class depends largely in 
the case of gas welding upon the amount of acetylene used in the flame and upon 
the rate of cooling; a small excess of acetylene is usually necessary to prevent the rod 
from boiling. A much greater excess can be used if an exceptionally hard deposit 
is desired. In general, it may be said that the greater the excess of acetylene and 
the slower the rate of cooling the harder the deposit will be. A quenched deposit is 
not as hard as, but is tougher than, slowly cooled metal. 

With electric arc welding, electrodes are available which will give a medium 
carbon alloy steel facing. With most of such electrodes the rod should be positive 
and the work negative. The welding current should be adjusted to give flat beads 
such as are generally produced with high currents, and the deposit should be made 
with a weaving motion where possible. For this class of work welding should be 
done in a flat position only. 

Group 2. Iron Base—20^50% Alloy—It is generally recommended that alloys of 
this group be applied to steel by thorough amalgamation. In the case of gas welding, 
a neutral or slightly carburizing flame is generally used. To assure successful hard 
facing, melting of the base metal should actually take place; sweating is not advis¬ 
able. Since the hardness and other physical properties of these alloys remain prac¬ 
tically unchanged within a carbon content range of from 2-4%, penetration of the 
base metal has no marked effect on the quality of the deposit. 

With electric arc welding electrodes are available that will produce a high 
carbon steel facing that is hard and cannot be machined unless annealed. For 
most of such electrodes the rod should be positive and the work negative. Wide or 
narrow beads can be deposited as desired. Each bead should be brushed thoroughly 
before depositing the next, and, in some cases, peening the completed bead will 
harden the deposit. Quenching in cool water will increase the surface hardening 
of some types of this group. For best results the work should be in as nearly a flat 
position as possible. 

Group 3. Nonferrous Cobalt-Chromium-Tungsten Alloys—The nonferrous 
alloys should be applied, when possible, without penetration into the steel base 
metal. In this manner, it is possible to avoid dilution with iron of the base metal 
and thus preserve the red hardness and abrasion resisting properties of the alloys. 
With gas welding, the flame for hard facing with the nonferrous alloys must contain 
an excess of acetylene and should be adjusted so that the flare or outer cone denot¬ 
ing an excess of acetylene extends double the length of the inner cone. This amount 
of excess acetylene will make the surface of the steel base metal “sweat,” allowing 
free spread of the hard facing metal without any stirring or agitation of the puddle 
by the rod. 

A small area of the surface to be hard faced should be brought to a sweating 
temperature, and the end of the rod brought into the flame and allowed to melt 
and spread evenly over the sweating area. The hard facing material, when applied 
at the proper temperature, wets the base metal and spreads readily ahead in the 
flame as the flame brings the base metal to the sweating heat just ahead of the pud¬ 
dle. The rod should not be stirred or puddled. Additional alloy is spread in the 
desired direction by means of the welding flame. 

It is usually possible and preferable to build up the coating to the desired 
thickness in one operation. As a general rule, no flux is necessary when the non- 
ferrous alloys are applied to clean steel. 

The alloys in this group can be applied by the metallic arc process either bare 
or flux coated, preferably coated. Reverse polarity is always used, making the rod 
positive and the work negative. 

Group 4, Tungsten Carbide Inserts —^Tungsten carbide inserts are now in almost 
universal use for hard setting oil well drilling tools. In general, the procedure in¬ 
volves, first, cutting grooves in the steel base metal by means of either an oxy- 
acetylene cutting blowpipe or a grinding wheel. The size and spacing of the inserts 
will vary with the type of drilling tool. The steel in one groove should be melted 
with an excess acetylene flame. One insert should then be picked up with the 
heated end of a high strength steel welding rod and partially submerged in the 
molten puddle. Finally the insert should be completely covered over with the steel 
welding rod. This operation is repeated until the desired number of inserts have 
been set. Maximum wear resistance is obtained when a final coating of hard facing 
alloys of Group 5 is deposited over the inserts. 
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Group 5. Crushed Tungsten Carbide with Steel Binder —^These materials consist 
essentially of two types—composite and tube; both are applied In much the same 
manner. The operation should be performed with the oxy-acetylene process, using 
a flame containing a small excess of acetylene. The application should be made with¬ 
out penetrating as deeply into the base metal as in ordinary steel welding. A certain 
amount of stirring with the rod is necessary to obtain the most even distribution 
of the deposited metal. These rods do not flow as freely as most ordinary welding 
rods, due to the presence of the refractory tungsten carbide particles which are not 
melted during the application. It is best to avoid keeping the deposit molten for 
too long a period. The welding tip should be large enough to produce a flame 
which will supply the required amount of heat with the pressme low enough to 
avoid blowing the molten metal. 

Hard Facing Cast Iron —Group 1. Iron Base—Less than 20% Alloy—In applying 
materials of this group to cast iron, a small area at a time should be heated with 
the blowpipe, and the surface crust broken with the end of the rod. A little pud¬ 
dling is usually necessary and a good flux is often helpful. Because of the low 
melting point of cast iron, considerable care should be taken when working up thin 
surfaces, edges, and comers. Other than this, hard facing cast iron with the mate¬ 
rials of Group 1 is similar to hard facing steel. 

Group 2. Iron Base — 20-50% Alloy —^These alloys are applied to cast iron in 
essentially the same manner as they are applied to steel. 

Group 3. Nonferrous Cdhalt-Chromium-Tungsten Alloys—These alloys when 
gas welding is used should be applied to cast iron with a little less acetylene in the 
flame than is used for steel. Since they do not flow as readily on cast iron as on 
steel, it is usually necessary to break the surface crust with the end of the rod. 
A cast iron welding flux is often .helpful. It is usually best to weld in a thin 
coating first and then go over it again and build up to the desired thickness. 
These alloys have approximately the same melting point as cast iron, and care 
must be taken not to melt the base metal too deeply. If the cast iron is thin, it 
will prove advantageous to back it up with wet asbestos or carbon paste to avoid 
melting it. 

Groups 4 and 5. Tungsten Carbide Inserts and Rods—These hard facing mate¬ 
rials are rarely, if ever, applied to cast iron in practice. In those few instances where 
they are, the technique follows generally along the same lines as the procedure for 
their application to steel. 

Cooling Procedure—Most satisfactory results are obtained after hard facing 
by the oxy-acetylene process if the part is cooled slowly to avoid setting up stresses 
in the deposited metal. A little more care is necessary than is employed when the 
base metal and welding rod are of the same composition. If no further heat treat¬ 
ment is necessary, the hard faced piece may be cooled under the blowpipe or torch* 
or can be cooled in dry lime, sand or other packing material. If, however, the piece 
is to be heat treated to improve the strength of the base metal, and to produce a 
finer and stronger grain structure, the hard faced piece should be heated and then 
either quenched in oil (seldom water) or normalized by cooling in air. 

Finishing the Hard Faced Deposit— Groups 1 and 2, Iron Base Alloys—These 
hard facing materials may be shaped to a certain degree while they are in their 
plastic temperature range. When a deposit of one of these alloys is heated with the 
blowpipe to within 200-300®F. of its melting point, it may be scraped off in thin layers 
with an implement, such as an old file, \mtil the deposit has been brought down to 
the required size and shape. Ordinarily, alloys of Groups 1 and 2 are difiBcult to 
machine. If they cannot be brought down to their finish dimensions exactly by 
“hot filing,** as this procedure is known, grinding is necessary. 

Group 3. Nonferrous Alloys—Most grades of the nonferrous hard facing mate¬ 
rials are too hard to be machined or filed, but they can easily be finished by grind¬ 
ing. The wheel speed when grinding these alloys should not be less than 2,800 nor 
more than 4,200 surface f.p.m. Higher speeds or wheels that are too hard may 
cause grinding checks. 

Groups 4 and 5. Tungsten Carbide Inserts and Rods—The best results in grind¬ 
ing parts hard faced with these materials will be obtained by using wheels designed 
for this particular work. Grinding wheel manufacturers should be consulted and 
their recommendations followed as to proper grade, grain and bond. All wheels 
should be kept sharp by frequent dressing to avoid glazing and checking of the hard 
faced surfaces. 
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Bond Between Hard Faeinf Material and Base Metal—The bond obtained be¬ 
tween the hard facing material and the base metal is as strong and sometimes even 
stronger than the hard facing deposit itself. Naturally, those alloys which are pud¬ 
dled into the base metal form a good strong bond. Those alloys which are merely 
sweated to the base metal, actually form a bond which is stronger than the hard 
facing metal itself. If properly applied hard facing metals do not break away from 
the base metal at the bond. 

On many hard facing applications, surface cracks are not detrimental since they 
usually run only through the deposited metal and stop at the base metal. If surface 
cracks are present and undesirable, they can sometimes be repaired by heating the 
metal adjacent to the crack to a red heat, then melting down into the bottom of 
the crack and allowing it to close in slowly, meanwhile adding a few more drops from 
the welding rod. The heat should be drawn slowly away from the hot spot into the 
body of the base metal to prevent quick cooling and subsequent cracking and the 
part should be cooled slowly in lime, sand, or mica. 

Drawing-Out Rod—When rods smaller than % in. dia. are required for appli¬ 
cation to small parts, it is possible and often desirable to “draw-out” % or A in. dia. 
hard facing welding rod to roughly % or ^ in. dia. This procedure applies primarily 
to those hard facing alloys of Group 3. Some operators prefer this practice while 
others prefer to bi^ the smaller diameter rods ready for use. Depending on indi¬ 
vidual shop conditions, including local costs for material and labor, one method or 
the other may be the more economical. 

The actual drawing-out operation consists of melting one end of the large 
diameter rod with the usual excess acetylene flame. The first drop of molten rod is 
laid on a cold plate of carbon, graphite, iron or steel. With the welding flame 
playing steadily on the end of the rod and melting it, the rod is drawn away from 
the initial drop at a steady rate, leaving a thinner* rod deposited on the plate. Angle 
iron or a grooved plate is generally preferred to a flat plate, since these give more 
imiform shape to the “drawn-out” rod. At the completion of the “drawing-out” 
operation the newly formed small rod is ready for use. 

Jigs for Hard Facing—^Many hard facing operations, both in production and 
repair, are facilitated by devices for holding the work and special jigs. Some oper¬ 
ations which otherwise might not be practical, can be rapidly and efficiently 
accomplished through the use of auxiliary appliances. Profits derived from an 
operation are often greatly increased by the savings in labor, time and handling 
thus made possible. Several typical examples of jigs will suggest ways of facilitating 
the hard facing operation. 

Several coal companies have found it much easier and faster to hard face 
undercutter bits when they are set up on a jig. Either a “merry-go-round” jig or a 
moving table may be employed to good advantage in this application. At one coal 
company which uses the former method, 450 bits are hard faced by one operator 
in an hour. 

A well designed jig and nose plate help tremendously in obtaining properly 
shaped plowshares. With the aid of these accessories, a plowshare may be hard 
faced and its nose shaped in one operation. A further aid in plowshare work is the 
use of a jig designed to swivel as well as turn the share completely over. A share 
clamped in such a jig can be readily adjusted so that the area on which the welding 
operator is working is always level. Rotating jigs or chucks set at a convenient angle 
are a great aid in hard facing steam valves, dies, automotive valves and valve seat 
inserts and other small parts. Even simple rests on which the work can be placed 
are often helpful in allowing the welder to work in a comfortable position. Most 
jigs are home made affairs, adapted specifically to the jobs in question, and a little 
ingenuity on the part of the operator will aid him in turning out work more quickly 
and accurately with greater economy and convenience. 
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Rolls for the Metal Industry* 


Rolls are used in the metal industry for reducing the cross section of plastic 
metal or changing its shape or both. As a rule, two rolls are used, running in oppo¬ 
site directions as shown in Fig. 1; the metal to be rolled, which will hereafter be 
called the bar, no matter what shape it has, passes between the rolls and is there¬ 
fore reduced in cross section. In cross rolling. Fig. 2, such as used in the making of 


seamless tubing and straightening rounds, 
the rolls rotate in the same direction and 
set a piece of metal in rotation as it passes 
between them longitudinally. 

Boll Parts-—A complete roll with roll 
body, neck, and wobbler is shown in Fig. 3. 
The roll body or roll face is the working part 
in contact with the bar to be rolled. The 
roll neck is that part which lies in the bear¬ 
ing or journal box. The wobbler is that part 
which receives the torque from the outside 
source of power. Instead of wobblers, some 
rolls are equipped with imiversal joints. Fig. 
4 , which make contact on surfaces rather 



Pig. 1—^Illustration of rolling. 
Fig. 2—Cross rolling. 


than lines or points and thereby minimize wear. 


Roll Types and Arrangement in Roll 
ingots into blooms. 



Pig. 3—Complete roll with roll body, 
neck, and wobbler. 


Housing—“Blooming mill” rolls convert 

“Roughing” rolls are used in the 
early stages of reducing billets and 
blooms into various shapes. 

“Intermediate” rolls, also known as 
“second roughing,” “pony roughing” or 
“strand” rolls work on the bar after it 
comes from the roughing rolls. 

“Leader” rolls are those preceding 
the finishing stand. 

••Finishing” rolls or “planishing” rolls 
in the case of fiat products are used to 
give the bar its final shape. 

If only two rolls are used in a mill, 
the latter is called a two-high mill. If 
three rolls are used, (usually on top of 
each other) the mill is called three- 
high, and so on. Not all rolls are in con¬ 
tact with the material to be deformed. 
Some rolls act as stiffening or support¬ 
ing rolls for smaller rolls which are in 
contact with the work. The latter are 


Pig. 4—Universal Joints for rolls. called working rolls while the former 

are called backing rolls. Fig. 5 shows 
the arrangement of rolls on three-high, four-high, and cluster mills. 


Roll Requirements—lYear resistance is the first requirement for rolls since rapid 
wear of rolls impairs the surface or enlarges the section beyond the tolerance which 
can be used. Wear is caused by the relative motion between the bar and the roll 
surface. In all rolling there is relative motion between rolls and bar while roll and 
bar are pressed against each other at enormous pressures, which, in severe cases, 
reach several hundred thousand psi. Hardness is regarded as being a general guide 
to wear resistance, although it is not an infallible index. The roll hardness is 
usually determined by the Shore scleroscope because of the portability and fair 
reproducibility of results with this instrument. Hardness, and consequently wear 
resistance, of a roll is limited by the strength requirements since ductility and shock 
resistance decrease as the hardness increases. 


^Prepared by the A.S.M. Subcommittee on Rolls. The membership of the subcommittee was as 
foUows: S. O. Spalding, Chairman; F. H. AUison, Jr., W. P. Ooss, E. H. Berges, A. L. Davis, W. 
Trlnks, O. J. Buckner, J. R. Adams, J. T. Haight, Harry Jenter, V. M. Surerus, and P. O. T. 
Daniels. 
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Strength is necessary for the rolls to withstand fracture from bending, torsional, 
and shearing stresses to which they are subjected in operation. SufiBclent strength 
for any application depends upon the chemical composition of the roll, the heat 
treatment, and the freedom from 
strains and internal defects. Initial 
strains are present to some extent in 
every roll. Size, thermal treatment, 
and casting conditions play an impor¬ 
tant part in these strains. Under serv¬ 
ice conditions, rolls which have high 
internal strains may rupture easily by 
uneven or rapid heating on the mill. 

This is particularly true of chilled iron 
rolls for sheet mills. Strength is neces¬ 
sary to resist spalling which frequently 
originates below the surface and pro¬ 
gresses outward until the part breaks 
loose. Thus subsurface strength and 
hardness are required to keep spalling at a minimum. 

Bite is necessary for grabbing the metal and starting it through the roll. It 
depends partly upon the roughness of the roll surface. Bite is particularly impor¬ 
tant in taking large reductions, and in many blooming or roughing mills the surface 
roughness is artificially increased by ragging or knurling. This is done by cutting 
longitudinal grooves or welding ridges on the roll surface. Ragging must be applied 
with care or it will show in the finished bar. Where reductions are smaU as in the 
leader and finishing pass, a smoother roll can be used. 

Surface perfection (quality) of the roll is necessary to obtain a good bar. In 
cold rolling where surface finish of the product is of great importance the roll sur¬ 
face must be ground to a high finish and be exceptionally free from defects. Only 
the highest hardness will preserve such a surface for a sufficiently long commercial 
operation. In hot rolling, the roll surface is subjected to fire cracking by alternate 
contact with the hot bar and the cooling water. Fire cracking is greater in the early 
passes where the hotter metal and larger reductions prevail. Both fire cracking and 
spalling which ruin the surface of the rolls are associated with roll strength. 

The surface must be metallurgically correct. If the bar material has too great 
an affinity for the roll metal, it sticks to it and “loads*’ the roll. The solution to 
this problem is not always easy. Change of roll material helps in some cases; inser¬ 
tion of a lubricant between roll and bar helps in others; insertion of another metal 
between roll and bar has become necessary in a few cases. 

Rigidity in a roll is essential to reduce the deflection or roll spring across the 
roll length. This is particularly important in rolling flat products such as plate, 
sheet, or strip. If the rolls spring, the edge of the section is wavy and thinner than 
the center. For a given diameter a steel roll is more rigid than a cast iron roll, but * 
the hardness of the steel roll has no effect on its rigidity since deflections depend 
solely on the modulus of elasticity which is the same for hard steel and for soft 
steel. Leader and finishing rolls are made relatively short for the purpose of reduc¬ 
ing roll spring and giving true finished dimensions. Crowning the roll will produce 
a flat section by making the diameter slightly larger at the center than at the ends, 
but crowning is a limited remedy since a given crown can be correct for only one 
thickness, hardness, and width of section. 

Roll Size and Design—The size of a roll is specified by the diameter and the 
length in the order named, such as 24 x 48 in. Rolls for shapes are often designated 
by the nominal roll or pitch diameter, which equals the distance between the cen¬ 
ters of the mill driving pinions. The diameter of the rolls is usually smaller than 
the pitch diameter because there must be room for the passing of the bar between 
them. Occasionally the roll diameter is larger than the pitch diameter when the 
rolls are new. Plain rolls, used for plates and strips, may sometimes be designated 
by the length of the roll body. Rolls of the smallest possible diameter are used as 
far as it is consistent with strength, bite, and rigidity because rolls of relatively 
larger diameter tend to spread the bar, cause greater roll pressure or separating 
force and use more .power for a given reduction. Rolls are made as long as is con¬ 
sistent with safety against breaking by bending. The deeper grooves of grooved 
rolls are placed as far as possible from the center in a location where the bending 
moment is smaller. 






1182 


ROLLS FOR THE METAL INDUSTRY 


For grooved rolls, a three to one ratio of body length to diameter is small while 
a four to one ratio is large. Smaller ratios, such as one and a half to one are used 
for leaders and finishers where deflection must be a minimum. 

Fairly sharp limitations exist as to the largest size section that can be rolled 
on any mill because above a certain section the rolls do not bite, or bre^^k in bending, 
the wobblers twist off, the necks overheat, or the mill is stalled. 

The sudden change of diameter from roll body to roll neck intensifies the bend¬ 
ing and torsion stress at this location. The neck diameter should not be smaller 
than a certain safe fraction to the body diameter, which with plain bearings will 
average about the following: 


Type of MiU 


Ratio 


Neck Diameter 
Body Diameter 


Blooming mills . 0.50-0.55 

Sheet mills and tin mills. 0.76-0.80 

Strip mill, backing rolls. 0.55-0.65 

Strip mill, working rolls. 0.60-0 65 

Merchant bar mill. 0.60-0.67 

Plate mill, middle roll. 0.60-0.70 

Plate mill, top and bottom rolls. 0.65-0.72 

Structural mill . 0.57-0.65 

Continuous bar mill. 0.70 

Universal mill, vertical rolls. 0.57 

Cold rolling brass, heavy reduction. 0.775 

Cold rolling brass, finishing reduction . 0.72-0.75 


Misuse>~Rolls can easily be broken or damaged by misuse. In hot rolling, the 
entering bar may be too cold or unevenly heated. Fire cracking usually occurs if 
the mill is stopped while the hot metal is between the rolls. The bar may run 
between the collars instead of entering the groove whereby the roll pressure becomes 
excessive. Strips or bars may by accident wrap around the roll, forming collars and 
Inducing excessive stresses in the rolls. Lubrication may stop in cold rolling. Other 
events may occur on the mills which overstress the rolls and contribute to failure 
some time after the event. Among them are local heating, too rapid heating, too 
rapid cooling, bruises, and nonuniform cooling. 

Forged Steel Rolls—There are special types of forged rolls made for specific 
applications but by far the greatest number are used for the cold rolling of metals 
and are of a generally standardized composition and finish. The average composi¬ 
tion is as follows: C 0.85, Si 0.30, Mn 0.30, Cr 2.00, and Ni, V, or Mo may be added 
either singly or in combination. 

Manufacture—Forged steel rolls are made from acid open hearth or electric fur¬ 
nace steel cast in ingot molds of suitable size and shape to afford the required 
reduction in forging to produce the necessary structure and grain refinement. After 
forging, the roll is put through suitable normalizing and annealing processes, after 
which it is rough machined to size and heat treated. The roll is then machined for 
hardening and hardened by heating to proper temperature and quenched in water 
or brine with special fixtures and devices to insure extreme hardness on the worMng 
face and prevent or retard hardening of necks, shoulders, fillets, and so forth. After 
hardening the roll is tempered to relieve strains and to obtain the desired hardness. 

The roll is given a preliminary test for hardness. The customary test for hard¬ 
ness of rolls is the scleroscope. The next step is machining and grinding to finished 
dimensions and desired surface finish. Forged steel rolls are capable of a high sur¬ 
face finish. For special purposes a so-called “mirror finish” may be put on the rolls. 

Application—This type of roll is used for cold rolling and for the finishing of 
thin metal where a high grade finish is desired. The hardness is varied with the 
service for which the roll Is intended. For extreme hardness and fine finishing thin 
metals a hardness of greater than 95 scleroscope is usually used. For soft and thicker 
metal such as running down or semifinishing, a hardness of 80-90 scleroscope may 
be used. For heavy roughing and special purpose, hardnesses less than 80 sclero¬ 
scope are used. 

When forged rolls are used as backlng-up rolls in 4-hlgh mills, the scleroscopic 
hardness is dependent on sizes of roll and character of mill. For the small strip or 
band mill, the hardness should be 75-90 scleroscope. For the larger diameter forged 
backing-up rolls used in either hot or cold strip mills, the hardness should be within 
55-80 in order to insure the maximum service possibilities. Forged rolls are applied 
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as backing-up rolls when high pressures are used and high strength required. Forged 
steel rolls of various hardnesses are used for many auxiliary purposes around mills, 
such as leveller rolls, pinch rolls, coiling rolls, and carrier rolls. 

The extremely hard rolls must be handled with great care and precautions taken 
in use to prevent them from being subjected to rapid changes in temperature. 
Before rolls are put into service they should be preheated to approximately rolling 
temperature preferably by means of heated water or low pressure steam in the 
bore. Preheating of rolls by means of a gas flame is dangerous and should never 
be* used unless rolls are rotating. Rolls should never be warmed up by running them 
in contact with each other. Idling the rolls in contact with each other for any 
reason is dangerous. This practice may cause minute surface fractures that ulti¬ 
mately result in a spall. When not rolling, the rolls should be separated from each 
other and the cooling water immediately turned off whether they are rotating or 
not. Rapid and excessive heating of roll Journals from defective bearings or 
improper lubrication, causing rapid local expansion or subsequent rapid contracUoii, 
will result in a broken or spalled roll or fire cracked Journal. 

Bruises on the faces of rolls frequently bring about spalling. Bruises often result 
from the ends of the strip being harder than the rest of the strip, from badly 
sheared ends, turned over or broken edges, pinches due to improper roll shape, or 
mill setup, nonuniform thickness of strip or sheets, passage of foreign material such 
as micrometers, or small spalls from backing-up rolls. Whenever a roll is bruised 
it should be ground until no trace of the spall remains after polishing and etching 
with a solution of ethyl alcohol containing 7% of nitric acid. 

Forged steel rolls can be readily damaged by improper grinding. For roughing 
down and rough grinding coarse free-cutting wheels are essential. Fineness of grit 
for finish grinding and polishing depends on the finish required. The selection of 
the proper bond and hardness and adoption of correct roll and wheel speeds is 
necessary or injury to the face of the rolls will result. The grinding wheel manu¬ 
facturer should be consulted when selecting the proper wheels for the condition that 
obtains in a shop. • 

Hardened steel rolls should be stored in a dry room kept at a reasonably con¬ 
stant temperature. They should be well slushed to prevent rusting. They are best 
supported on their Journals. The forged steel roll makers customarily furnish 
instructions and precautions for the care and use of their rolls. 

Cast Bolls—Cast rolls may be divided into two classes, (1) Cast iron rolls and 
(2) Cast steel rolls. 

Cast Iron Rolls —Cast iron rolls in American practice are subdivided into three 
classifications: (a) chilled iron rolls with a definite chill; (b) chilled iron rolls with 
an Indefinite chill; and (c) sand, iron rolls. 

(a) Definite chilled iron rolls (scleroscope hardness range 55-90) are those rolls 
having a definitely formed clear homogeneous chilled white iron surface of the body 
of the roll with a fairly sharp line of demarcation between the chilled surface and 
the gray iron central portion of the body. The depth of chill is measured as the 
distance between the finished diameter of the body and the depth at which the 
first graphitic specks appear. Below this there is an area consisting of a mixture 
of white and gray iron known as mottle, which gradually becomes more gray and 
more graphitic until it merges with the grey iron structure of the main part of the 
roll. The mottled area should be equal or somewhat less than that of the primary 
chill. 

The definite chilled rolls are again subdivided into plain carbon and alloy rolls, 
the former having a hardness range from 55-72 scleroscope and were the standard 
rolls in use for both hot and cold rolling until the introduction of the alloy chilled 
roll. The average composition of carbon chilled rolls is as follows: 



O 

SI, min. 

Mn, max. 

P, max. 

S. max. 

Soft . 

. 3.00 

0.75 

0.26 

0.50 

0.125 

Hard . 


0.50 

0.20 

0.50 

0.150 


The alloy definite chilled rolls have a hardness range from 60-90 scleroscope as 
controlled by the carbon and alloy content. Their composition is essentially that of 
the carbon roll to which are added one or more special alloys. The maximum per¬ 
centage of individual alloys used are: molybdenum 1.25, chromium 1.00, nickel 
tungsten 1.5, vanadium 0.25. There are many varying combinations to effect the 
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properties desired. This type of roll is mostly used in rolling flat work, both hot 
and cold, particularly in the harder grades. Often the softer, machinable grades 
are used for small shapes and rod mill work. 

(h) Indefinite chilled iron rolls are the American **grain*’ rolls (scleroscope 
hardness 40-90). They have an outer chilled face on the body but have no deflnltely 
formed chilled structure. Finely divided graphite is present at the surface which 
gradually increases in size with a corresponding decrease in hardness as the distance 
from the surface increases. This diminution of properties is gradual and these rolls 
present good wear and flnishlng qualities to considerable depths. The harder grades 
are used for hot and cold flat finishing work and the milder grades for deep sections, 
even with small rolls. The basis of the ihanufacture of indefinite qhilled rolls is low 
phosphorus pig iron, together with at least 0.75% chromium and up to 2.50%. Other 
alloys such as nickel and molybdenum are usually added, singly or In combination, 
to develop specific properties of hardness and toughness such as are shown In the 
above definite chilled rolls. 

(c) Sand Iron Rolls (scleroscope hardness 35-45) are those cast in sand molds 
in contrast to (a) and (b), which have the body cast in chilled molds. The metal in 
the grooves of the body is refined or densifled by the use of cast Iron rings set 
in the sand mold. Sand iron rolls are mostly used for intermediate and finishing 
stands on shape work but they are comparatively soft and their use Is only Justified 
in standard practice when there is insufficient tonnage available to warrant the use 
of the better and more expensive rolls which are available in the trade. 

Afanufacture—In the manufacture of definite chilled iron rolls, warm blast char«r 
coal pig iron and worn out chilled iron rolls are used. Low phosphorus pig iron apiSL 
worn out “grain** rolls are the basis of the indefinite chilled rolls. Both types are 
usually melted in a reverberatory or air furnace, similar to that used for the melting 
of iron for malleable castings (see “Malleable Iron,** page 641). 

When the furnace charge has melted and the bath formed made sufficiently 
hot a preliminary test is taken and 8ast in a sand mold, one side of which is a 
cast iron block to act as a chiller. The test is cooled, broken, and the fracture 
observed for the depth of chill. The chill on this test corresponds proportionally to 
that which will be found on the roll itself. A chemical analysis is usually made to 
check the physical readings and often a second test block is made to also check 
the first readings and stability of the bath. Should the readings show the depth 
to be either slightly shallower or deeper than that required, it may be Increased 
by the use of sulphur, chromium, or low silicon white pig iron, or decreased with 
an addition of ferrosilicon, ferromanganese or high silicon graphitic pig iron. When 
the depth of chill and the temperature is Judged to be correct the furnace is tapped 
into a lip ladle, which is then skimmed to clear the surface of accumulated dirt 
and slag. The metal is further held in the ladle until it has cooled to the proper 
temperature before casting. The mold for the roll casting is erected in a perpen¬ 
dicular position. The design of the mold is such that when the metal is poured a 
rapid centrifugal motion or “swirl” is produced as the metal rises in the mold, thus 
keeping the surface of the body clean. The heavy cast iron cylinder which com¬ 
prises the body of the mold conducts heat rapidly from the molten metal, causing 
the formation of a hard white, or chilled iron surface layer on the body of the roll. 
The depth of this chill is controlled by the composition of the iron and it is varied 
to suit the requirements of the roll. The roll casting is allowed to remain in the 
mold for a period of 12 hr. to 6 days, depending upon its size. Some special alloy 
castings are taken out of the mold while still quite hot and transferred to an anneal¬ 
ing furnace in order to control the cooling rate, or to be reheated to produce certain 
physical properties. 

Application—Cast iron rolls have a wide range 8t application as they have a 
superior wearing and finishing quality over other types of rolls of equivalent hard¬ 
ness. *rhey are almost universally used for hot rolling of flat work, such as two-high 
mills for sheet and tin rolling. 

Opinions vary with reference to the application of cast iron, as well as alloy 
types of rolls, to various mills, due to the differences in mill practices and the vary¬ 
ing qualities of finish required. *rhe harder alloy cast steel rolls have an equivalent 
hardness to the softer cast iron rolls and their superior strength often demands 
their use. The harder, richly alloyed, definite chilled rolls approach in hardnesses 
to forged and harden^ steel rolls and are competitiye with them in the cold fin- 
tahlng of fiat work. 
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Grade 

_!_ 

Hardness, 

Scleroscope 

Application 

Definite chill .. 
(carbon or 
chiU) 

molybdenum 

55-72 

Sheet and tin mill hot and cold rolls, 2- and 3-hlgh 
plate mill rolls. Jobbing mill rolls, wet and dry 
work rolls, 4-hlgh hot strip mills. Intermediate and 
finishing stands, rod, merchant, sheet, bar, skelp 
mills. 

Definite chill .. 
(alloy Iron) 

• 


50-90 

Hot and cold nonferrous sheet and strip, 2- and 3- 
high 01ate mill rolls, universal mill rolls, work 
rolls, 4-hlgh hot strip mills, cold rolls, finishing 
nonferrous and steel sheet. 

Indefinite chill 
(grain alloy) 


45-70 

Mild Hard 

Light duty roughing for small merchant, bar mills. 

Medium Hard 

Intermediate rolls for merchant and bar and large 
structural mills. 

Hard Grade 

Finishing rolls for merchant, bar and structural 
mills, also for fiat finishing on sheet bar and 
skelp mills; sizing, high mill, reeler and welding 
rolls for tube mills. 

Indefinite chill 
(nickel alloy) 


65-90 

Finishing stands, sheet bar, skelp, strip and merchant 
mills. Work rolls, 4-high hot strip mills. Finishing 
nonferrous sheet and strip. 

No chUl ....... 

(sand Iron) 


3S-4S 

Mild duty small mill roughing to large structural fin¬ 
ishing. 


Cast Steel Rolls—^The differentiation between cast iron and cast steel rolls cannot 
be made strictly on the basis of carbon content. In American practice the divi¬ 
sion between the two classes is made on the basis that iron rolls are of such compo¬ 
sitions as will show apparent free graphite in the unchilled portions and steel rolls 
do not show graphite. 

Composition—A small number of rolls are made from carbon steel, particularly 
for blooming and billet mills. The carbon range is usually 0.40-0.80% for roughing, 
and 0.85-1.25% for finishing rolls. 

Alloy steel rolls have almost entirely superseded the carbon rolls. The majority 
of this type will be foimd within the following percentage range of analyses: Carbon 
0.40-2.60, sulphur up to 0.12 usually 0.06% max., phos. up to 0.12 usually 0.06% max., 
manganese up to 1.25, chromium up to 1,50, nickel up to 1.50, and molybdenum up 
to 0.60. Lower carbon content gives greater strength while higher carbon affords 
increased hardness and wear resistance. 

There are a gmall number of rolls made of higher alloy content than above 
indicated, but these are usually special purpose rolls. 

In exceptionally large rolls where casting and heat treatment problems are 
Intensified, or where hard surface and softer strong centers are desired, the roll may 
be made of an arbor for the center and necks, on which is shrunk a harder sleeve. 
These are known as “sleeve” rolls. Instead of scrapping solid back-up rolls which 
have become worn out or for any reason are not fit for mill use, they may be turned 
down and used for an arbor of a sleeved roll providing the metal is in good condi¬ 
tion and sound. 

Production—Steel rolls are generally cast from acid open hearth metal, although 
basic open hearth and electric furnace steel is sometimes used. The steel is cast 
in a dry sand mold in which suitable metal chills may be placed for more rapid 
solidification in certain portions of the roll. The mold is cast in a vertical position 
and the metal enters the bottom neck at an angle to the circumference so as to set 
up a swirling motion. This swirl carries any loosened sand or dirt to the center of 
the roll and results in a clean surface. A fairly large head and cope neck is neces¬ 
sary to feed the casting and avoid shrink holes. The cope neck is generally less 
strong than the drag neck, due both to the greater segregation at the upper portions 
of the casting and to the removal of more of the condensed surface metal in the 
enlarged area to reach finished size. After casting, the gates and head are removed 
from the rolls; it is then annealed or otherwise heat treated, and turned or groimd 
to finished size. 

Heat Treatment—Depending upon the service required, the hardness, and the 
composition, cast steel rolls are generally given one of the following heat treatments: 

Single AnneaJinor—Heat above the critical point for grain refinement and 
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Double AnnedUng’^HeBX well above the critical point for homogenizing and 
grain refinement, followed by heating only slightly above the critical point for fur¬ 
ther grain refinement. 

JVomaZieiTip—Cool in air after double annealing to increase strength in special 
cases. 

Rolls are graded by carbon range and general application as follows: 


Oarbon Ranga, % Application 


0.50-0.65 .Where strength is the prime and only requirement. 

0.70-0.85 .Blooming mills, jobbing mill, plate mill and sheet 

mill roughers; muck mills. 

0.90*1.05 .Blooming mills, continuous bar mill roughers, back- 

Ing-up rolls. « 

1.10- 1.S5 .Blooming mills where breakage is not great; piercing 

mills: billet, bar, rail and structural mill roughers. 

1.35*1.56 .Rail mill intermediate stands: structural, continuous 

billet and continuous bar mills. 

1.60-1.80 .Continuous bar and billet mill intermediate stands; 

3-high min middle rolls. 

1.85-2.05 .Rail and structural middle rolls; and finishing mills 

where housing design is too limited for iron rolls. 

3.10- 3.60 .Finishing rolls to meet unusual conditions. 


The above applications are not a rigid classification due to the wide variation of 
conditions from mill to mill. Adjustments in carbon and alloy content are gen> 
eially made to suit individual conditions. 
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Materials and the Manufacture of Bolts, Screws, and Nuts’" 

Bolts and Bolt Steels—The bolts that are most frequently used together with 
the steels from which they are made are listed in Table I. 

Table I 

Bolts, Screws, Nuts and the Steels From Which They Are Made 


Steels for Bolts, Screws and Nuts, 
Classification (8.A.B. steels except where indicated) 


Aircraft Bolts. 2330 

Cap Screws. 10^ Wi20 1036 ^ X1020 

1120 T1336 Y1335 3136 

Carriage Bolts.1010 1020 A* 1120 1036 

Connecting Rod Bolts. 3135 

Lag Screws. 1010 1020 1120 A* 

Machine Bolts.X1015 1^ 11^ 1035 2330 

3135 A> 

Machine Screws. 1010 

Plow Bolts.1010 1^ A» 1120 

Rim & Hub Bolts.1010 1020 1035 

xuretf .1010 1020 

Set Screws^. ^ ni2 1035 2330 3135 

Shackle Bolts. 10^ 1020 X1314 X1315 

Step Bolts. 1010 

Stove Bolts. 1010 

Track Bolts.^ 1040 

Nuts .1112 B» C* 


^Set screws made from plain carbon steels are usually case hardened. 

2C 0.14-0.20; Mn 0.60-0.90; P 0.045 max; S 0.05 max; Si 0.075-0.15. 

>0 0.08-0.15; Mn 0.30-0.90; P 0.045 max; S 0.15 mux 
^C 0.10-0.20; Mn 0.60-0.90; P 0.045 max; S 0.15 max. 

in special 5 point range; Mn 0.70-0.90; P 0.04 max; S 0.04 max; Si 0.20-0.30; Mo 0.15-0.26. 


The underlined steels are furnished by the manufacturer unless otherwise speci¬ 
fied. Where two or more steels are underlined for the same product, the selection of 
the steel is optional. Where no steel has been underlined there is no accepted 
practice. 

Steels Used in the Bolt Industry (S.A.E. Steels) 

Steel 1010 —Steel 1010 is used for some commercial bolts made by the cold head¬ 
ing process where strength Is not the governing factor. 

The minimum tensile strength is 50,000 psi.t The tensile strength of bolts made 
from this steel varies with the size of the material, the process of manufacture, 
and the heat treatment. This steel is commonly used where case hardened bolts 
are required. 

Steel 1112Steel 1112 is used for the same purposes and reasons as 1010, but the 
bolts made from this steel are made by the screw machine process. Products milled 
from cold drawn bars of this steel will have an approximate yield point of 70,000 
and an ultimate of 80,000 psi. When normalized, the approximate tensile strength 
is 60,000 psi. When cold drawn, the yield point of this steel is relatively close to its 
tensile strength. 

Open hearth steel of practically this analysis is used for nuts made by the 
cold punch process (Table I). 

Steel f020—This steel is generally used for cold headed bolts where a higher 
tensile strength is required than that of bolts made from steel 1010. Tensile 
strengths will be found to vary greatly between bolts of the upper and lower car¬ 
bon limits of the analysis. 


*Thls article was prepared by the Subcommittee on Bolts, Screws, and Nuts. The memberdilp 
^ of the subcommittee was as follows: H. B. Pulsifer, chairman; C. L. Harvey, and C. S. Zwabl. 

tThe physical properties quoted in this practice are all based on machined tensile specimens. 
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The usual tensile strength of the heat treated bolt is 80,000 and the yield point 
60,000 psi. 

This steel is frequently used cold drawn for the manufacture of screw machine 
products. When cold drawn, it has a tensile strength of approximately 75,000 and 
a yield point of 60,000 psi. 

A steel of practically this analysis, but with high sulphur, is used for the pro¬ 
duction of nuts made by the hot and cold punched processes (Table I). Where an 
open hearth steel is preferred to a Bessemer product, this steel replaces 1112. 

Steel 1035—This steel is used for cold headed bolts where a higher tensile 
strength is required. 

Bolts made from this steel are used for severe service conditions. After suit¬ 
able heat treatment, the minimum tensile strength is 100,000 psi., combined with 
good ductility (minimum of 12% elongation in 2 in. and 45% reduction of area). The 
Brinell hardness range of 196-269 is found to be satisfactory for most classes of 
work. This is the lowest carbon steel satisfactorily double heat treated to close limits. 

This steel is also used for screw machine products. 

Steels 2330 and 3135—Products made from these steels are used to resist fatigue 
and shock and where a minimum of 125,000 lb. tensile strength after heat treatment 
is required. 

After suitable heat treatment, the average physical properties obtained with 
these steels are as follows: 

Yield point 110,000 psi.; tensile strength 140,000 psi.; elongation 16% in 2 in.; 
reduction of area 55%. 

Brinell hardness ranges of 228-269, 241-286, and 269-321 are usually specified, 
depending upon requirements. 

Special Materials—Tor special purposes, bolts are made from stainless, noncorro¬ 
sive, and nonferrous metals. 


Manufacturing Processes 

Cold Heading—Cold heading is a process of upsetting by which the steel is made 
to flow into various shapes while it is cold. 

The solid die type and the open die type are the two cold heading machines 
in which upsetting is accomplished. As a rule, the solid die type is used where the 
product is of short length and also with medium length products which require a 
high grade flnish with close tolerance limits. The open die type is usually employed 
for long lengths of work which cannot be handled successfully in the solid die 
machine. Both types of machines are designed to operate with one or more head¬ 
ing strokes. The niunber of strokes required depends upon the shape of head and 
the amount of metal to be upset. Most types of machines are adapted for feeding 
wire up to % in. diameter from the coils. 

Cold upsetting is limited by the design of head, because only a certain amount 
of metal will flow into certain shapes. Shapes with corners and squares are hard 
to All out. 

All the steels listed in this article, except 1112, 1120, X1314, and X1315 are 
satisfactorily used for cold heading bolts. 

Hot Heading—The operation of hot heading is similar to cold heading except 
that the steel is upset while it is hot. 

Trimming—When the round or button shaped head has been upset in the cold 
heading operation, but some other shaped head, such as hexagon or square, is 
desired, it is secured by a trimming operation. This trimming operation consists of 
forcing the upset button head through a die of the required shape. 

Burnishing—In order to obtain a smoother flnish on the side of a head, the 
trimming operation is sometimes followed by a burnishing operation. This consists 
of forcing the head of the bolt through a die of the same shape as the trinuning 
die, but of slightly smaller size. 

Shaving and Pointing —^If the top and bottom of the heads have not been prop¬ 
erly shaped in the heading operation, they can be finished in a shaving operation 
which consists of cutting the top and bottom of the heads to desired form. This 
is particularly true of cap screw blanks. 
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Pointing or chamfering the end of the body of bolts or screws is accomplished 
by holding the blank in a suitable fixture and machining the end to the desired 
form. This operation prepares the blank for threading and gives the proper finish 
to the threaded end of the bolt as well as facilitating easy entrance into a tapped 
hole. 

r/ireadinfif—Cutting threads is accomplished by holding the bolt in a suitable 
fixture and presenting it to a die head which contains chasers. The chasers cut 
the threads on the bolt. When the desired length of thread is cut, the die head 
opens and releases the bolt. 

Roll threading is accomplished by rotating the blank between fiat or circular 
dies, upon the faces of which angular grooves have been cut which correspond to 
the proper form and lead of the thread to be rolled. These dies form the thread 
by displacing stock from below the pitch diameter of the thread and filling out the 
crest of the thread with the displaced metal. 

Heat Treatment-—For the heat treatment of screws, bolts and nuts made from 
carbon steels consult the article or the Composition and Heat Treatment of Carbon 
Steels in this Handbook. 

Products made from 2330 steel are quenched in oil from 1475-1525®P., and prod¬ 
ucts made from 3135 steel are quenched in oil from 1500-1550°P. and tempered 
according to the requirements of the finished bolts. 
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Composition, Heat Treatment, and Care of Sling and 

Crane Chain* 


Scope—This article is intended to cover the heat treatment and care of open 
link mild steel chain (having a carbon content of not over 0.15%) and wrought 
iron crane or dredge chain. It does not cover stud link anchor chain, or chains over 
2 in. in size which must in general be given special consideration. The portion of the 
article referring to periodic heat treatment refers only to mild steel and wrought 
iron chain, and not to cast steel, high carbon or alloy heat treated chain or low 
carbon steel or low carbon chain which has been carburized or cyanide hardened. 
It does not cover corrosion resistant steel or acid resisting bronze or Monel metal 
chain. 

Introduction—The reliability of chain depends upon the quality of the welded 
links and the metal from which they are made. It is of paramount importance to 
ascertain if the chain is of ample size to sustain the safe working load. The quality 
of the metal should be carefully and thoroughly tested by the chain manufacturer, 
both for chemical and physical properties; a metallographic examination is also 
considered desirable. 

Wrought iron for dredge chain usually has the following approximate chemical 
composition: Carbon under 0.05%; and manganese 0.06% max. 

The average physical properties of wrought iron for chain are as follows: Ten¬ 
sile strength 46,000 psl.; yield point 23,000 psi.; elongation in 8 in. 26%; and reduction 
of area 40%. 

Other tests that are often performed on wrought iron for chain are: Cold 
bend, quench bend, and drift tests. In addition, a cold feathering test may be 
.applied by flaring the end of the bar under a hammer. This test Is an aid in 
Judging the workmanship put into the welded fagot. The results of these tests 
should show a high degree of ductility, and a fibrous, silky fracture free from bright 
spots. 

Because mild steel requires different welding temperatures and methods than 
wrought iron, a satisfactory weld may not be obtained if the two materials are 
mixed in rerolling or reheating processes. To determine If an admixture of wrought 
iron and steel has been used, metallographic examination should be resorted to. 

Low carbon steels are largely used for small chain other than sling chain, but 
in large sizes there are welding dijEculties which are not encountered with wrought 
iron. Most chain above IH in., therefore, is made of wrought iron. 

Normalizing, Testing, and Inspecting After Welding 

NomiaZfzfnp—After the welding operation has been properly performed, the 
welded or adjacent portion will not need a normalizing treatment to refine the 
structiure, but in the case of large chain, such as ship anchor chains, portions of 
the link adjacent to the welds have been heated to or near the welding temperature, 
and if not hot worked, a weak, coarse, crystalline structure is developed which 
requires a normalizing treatment for refinement. 

To normalize, the chain is placed in the annealing furnace, usually of the 
car bottom type, and heated until the complete charge, top, center, and bottom 
is at a temperature of 1750®P. The charge is held at this temperature for 10-15 
min., or imtil the heat has completely penetrated the work. The car, if the car 
bottom type has been used, is then drawn out and the chain allowed to cool in 
the air. In other furnace types, the furnace doors may be opened or the chain 
removed from the furnace and allowed to cool on the shop floor. 

Proof Test and Inspection —After cooling, the chain is proof tested. The test 
consists of fastening one end of the chain to the head of the testing machine and 
the other end to the anchor crosshead. The proof load for proof coil (steel) 
chain is usually 50% of the breaking load. For high grade wrought iron crane chain 


•This article was prepared by the Subcommittee on the Heat Treatment and Care of Sling and 
Crane Chain. The membership of the subcommittee was as follows: A. V. dePorest, Chairman; 
P. E. McKinney, C. O. Lutts and L. W. Hopkins. (Revised In 1938 by c. O. Lutts and L. W. 
Hopkins.) 
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the proof load is usually established at 33-38% of the breaking load. The Justlll* 
cation for lower proof for wrought iron chain lies in the fact that it is often used 
in places where it is called upon to absorb high impact loads. It therefore should 
not be elongated in the proof test beyond that point necessary to detect defective 
welds or materials. Each link is then carefully inspected for flaws or other defects. 
Link measurements are made to determine if the chain has stretched beyond the 
specified dimensions. All chain suffers permanent elongation after the proof test. 

After subjecting the chain to a proof test, •it may be annealed and the yield 
point thereby lowered. This step makes overloading more evident and to that 
extent increases the factor of safety. Because of the increased cost this operation 
is usually dispensed with, so the problem should be referred to the manufacturer 
before this particular annealing operation is specified. 

Care and Use of Chain—Overloading is probably the most serious service abuse 
to which chain is subjected. A new chain may be impaired by overloading the 
flrst few times it is used. The elasticity of the chain metal is sufficient to take 
care of the safe working load. If the chain has not been overloaded, or stressed 
beyond the yield point, the chain will regain normal shape as soon as it is relieved 
of its load. When stressed beyond the yield point by an overload the metal does 
not go back to its normal condition or shape after the load is removed. When 
the yield point of the metal is once passed by an overload, the chain is never as 
strong under impact as before it had been stretched. If the chain is carefully meas¬ 
ured at frequent Intervals, any elongation that is not the result of wear is sure proof 
of overload. 

Improper application of the chain sets up stresses that are far in excess of 
those caused by the weight of the load lifted, and which may be the cause of 
sudden failure. These increased stresses may be caused by any of the following: 

1. Sudden application of the load, shocks, and sudden Jolts. 

2. Twisting of chain, kinks in chain, and crossing of chain. 

3. Bending of links around sharp corners. 

4. Excessive angles beyond that for which the sling is designed between the branches or legs 
of a double sling chain. 

Table I 

Safe Load in Pounds for Sling Chains Under Different Loading Conditions 



Nominal Dia. of 



Chain Stock 
in in. 

Single Leg Sling 
Capacity in lb. 

Double Leg Sling 
Capacity in lb. 

Double Leg Sling 
Capacity in lb. 

Double Leg Sling 
Capacity In lb. 

Va 

1,060 

1,060 

1,480 

1,850 

A 

1,655 

1,655 

2.320 

2,900 

\ 

2,385 

2,385 

3,340 

4,170 

A 

3,250 

3,250 

4,550 

5.680 

Va 

4,240 

4,240 

6,940 

7,420 


6,370 

5,370 

7.520 

9,400 

% 

6,630 

6,630 

9,270 

11,600 

% 

9,540 

9,540 

13,300 

16,700 

■Vs 

12.960 

12,960 

18,100 

22,700 

1 

16,960 

16,950 

23,750 

29,600 


20,040 

20.040 

27,000 

35.020 

IVd 

24,750 

24,750 

34,600 

43,300 

1% 

29,910 

29,910 

41,800 

52,300 

IMi 

35.600 

35,600 

49,800 

62.250 

1% 

41,800 

41,800 

58,500 

73,200 

IV 4 

48,450 

48,450 

67,800 

84,800 

1% 

66.300 

55,300 

77,800 

96,800 

2 

63,300 

63,300 

88,600 

111.000 


Failure Caused by Repeated Loading—Chain may break without lowing elonga¬ 
tion U loaded below the yield point a sufficient number of times. Failure may take 
place by ordinary fatigue, but is much more likely to occur by the following 
mechanism: Through the repeated peening action of the chain links against each 
other and their being dropped and hit against stone or metal, the surface of the 
soft iron is given a work hardened skin. Under impact loads, usually difficult to 
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avoid, this skin is broken and the crack constitutes a notch which localizes stress 
and weakens the chain under conditions of further impact or repeated load. This 
hard skin may be removed and the impact strength of the chain maintained by 
periodic annealing. How often this is desirable depends on the particular service 
Involved. 

Angle of Sling Chains—The angle between the legs of the branches of a double 
sling chain should always be taken into consideration, especially when handling 


Table II 

Reduced Diameter of Link Stock in Chain Slings 
Original Safety Factor = 7 


-^Reduced Safety Factors- 

6 5 4 3 


Chain Size, In. --Reduced Dia., in.- 


V4 

0.23 

0.21 

0.19 

0.16 

% 

0.35 

0.32 

0.38 

0.25 


0.47 

0.42 

0.38 

0.33 

% 

0.58 

0.52 

0.47 

0.42 

% 

0.70 

0.63 

0.57 

0.49 

% 

0.81 

0.74 

0.66 

0.57 

1 

0.93 

0.84 

0.75 

0.66 

IH 

1.04 

0.95 

0.85 

0.73 

IVa 

1.17 

1.05 

0.95 

0.82 

1% 

1.28 

1.16 

1.04 

0.90 


1.39 

1.26 

1.13 

0.98 

1% 

1.50 

1.37 

1.22 

1.06 

1^4 

1.63 

1.47 

1.32 

1.15 

1% 

1.73 

1.58 

1.42 

1.23 

a 

1.86 

1.68 

1.51 

1.31 


Links to be measured at point of greatest wear. 



Example: 

A % in. chain is worn to about 0.40 in. in dla. 
The remaining safety factor, full load, is (from table) 
about 4.5. 


heavy loads. As this angle increases, the angle between the legs and the work 
decreases. This reduces greatly the safe working load of the chain, because as 
the angle between the two legs of the chain increases the tension in each leg is 
also increased. The safe load in pounds for double sling chains, using different 
angles between the legs, is given in Table I. 

Factor of Safety-~Chaln is always manufactured with a factor of safety suffi¬ 
cient to take care of a reasonable amount of abuse, but even this is of little avail 
with the careless handling which is given some chain. 

The cold working caused from overloading will increase the breaking load, 
but decreases the ductility and resistance to shock, thereby reducing the factor of 
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safety. Chain links are reduced in diameter, due to dirt, grit, fuid abrasives 
grinding between the links when the load is applied. As the diameter is reduced, 
the factor of safety is lowered. In Table II is given the factor of' safety for 
reduced chain links caused by wear. 

If properly carried out, annealing will automatically Increase the factor of 
safety, except where the link is reduced in diameter by wear. Annealing should not 
be done periodically as a “cure all,” but carried out in conjimction with careful 
inspection. Inspection and measurements of- the chain will give notice of any 
abuse. Wear, however, will cause elongation of the chain, so it is necessary to 
distinguish between this effect and the elongation caused from overload. 

Annealing can restore ductility only in the metal of the reduced cross section 
and does not restore the chain to its original condition because the effects of the 
permanent deformation to the links are unchanged. No chain should be used on 
heavy work after it has been badly overloaded and has thereby become deformed. 
The tensile strength may not be impaired but the deformation of the original 
links considerably reduces the reserve of shock resistance in the links. 

Chains that run over sheaves, such as hoist chains, should not be heat treated, 
except by the manufacturer, because these chains are very carefully proof loaded 
and gaged to sheave dimensions before being put into service. 

COMPOSITION AND HEAT TREATMENT OF SLING AND CRANE CHAIN 

General—This article covers the process to be followed for the annealing of sling 
and crane chain. 

Process—The process of annealing chain consists of loading the furnace, heating, 
and cooling the chain. 

Loading the Furnace—Place the chain in uniform layers on the furnace bottom 
so as to expose maximum surface area. To prevent scale from forming, a hood 
should be placed over the chain and the edges of the hood sealed with sand. The 
openings of the hood are sealed with fire clay. 

Table III 

Annealing Treatment for Iron and Steel Sling and Crane Chains 


Dia. of Chain 

Link. In. 

Iron Chain 
Annealing 
Temp., •P.i 

Steel Chain 
Annealing 
Temp., ‘P.* 

Time of Holding 
at Temp., hr. 

Cool In 

V 4 to V 2 

1360-1375 

1600-1650 

% 

Air 

% to 1% 

1350-1375 

1600-1650 

% 

Air 

V/% and above 

1350-1375 

1600-1650 

2 

Air 


Un case of doubt as to whether the chain to be treated Is Iron or steel, a temperature of 
1350-1375**F. should be used. This practice will thoroughly relieve any strain or work hardening 
from iron chain without excessive scaling or softening of chain. This low temperature will 
theoretically produce some grain growth or recrystallization in steel chain, but it has been deter¬ 
mined by experience that this has a negligible effect on the chain and is to be preferred to exces¬ 
sive scaling. 


Heating—Heat to the temperatures given in Table in and hold at temperature 
for the time specified. The heat should thoroughly penetrate the work, and the 
top, center, and bottom of the charge should reach approximately the ssttne 
temperature. 

A sufficient number of thermocouples should be used to assure uniform tem¬ 
perature throughout the charge. A pyrometric record of the heating operation 
should be delivered with the annealed chain. 

Cooling—After the chain has been held at the annealing temperature for suffi¬ 
cient time, the charge is pulled onto the cooling platform, or onto the floor. The 
chain should be spread in single layers, with ample space between each chain, so 
as to cool rapidly and uniformly to room temperature. 

After annealing it is desirable that the chain be proof tested and reinspected 
for weld defects and defective links. The annealing treatment serves the purpose 
of burning off dirt and grease adhering to the chain, and thus facilitates infection. 
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Frecanttons to Be Used with Chain 
Dcmt overload a chain. 

Don’t apply a load to a chain suddenly. 

Don’t fasten chain over sharp comers or edges. 

Don’t cross a chain, twist it or put a kink in it. 

Don’t take diances; if a chain does not look safe, or does not pass inspection, scrc^) it. 
Don’t use a chain at small angles to the work. 

Don’t force a chain or hook into a place by hammering. 

Don’t carry a load on the point of the hook. 

Don’t Insert the point of the hook into a link. 

Don’t let the load rest on the chain. 

Don’t drag a chain from under the load. 

Don’t roll over jobs with chain, use ropes. 

Don’t think a chain is good because it is new; a new chain can be ruined by a single 
overload. 

Don’t trust a chain with stretched or stiff links. 

Dcm’t allow heavy weights to fall on chain. 

Don’t allow chain to be exposed to extremely cold weather for any length of time. 
Don’t apply sudden loads to extremely cold chain. 

Don’t carry an unbalanced load. 

Don’t, under any circumstances, use chains that are excessively pitted or corroded. 
Don’t forget constant and careful inspection. 

Reference 

A.8.T.M. Specification A56-30 for Iron and Steel Chain, Book of Standards, 1930, pt. I, p. 469. 
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Wire Rope or Cable* 

Introduction-—Wire Rope is one of the most reliable structural materials avail¬ 
able. It has the decided safety feature of indicating by surface inspection when it 
should be replaced. The wear and broken wires disclosed by such inspection, where 
corrosion is not present, will reasonably indicate the remaining strength. Slings 
made from wire rope, employing proper fittings, furnish the safest method for 
handling i^aterial.' 

There are six qualities of wire rope in comYnercial use as follows: 


Approximate 

Grades Carbon Content 


Iron . 0.05-^. 15% 

Traction steel. 0.20-0.50% 

Cast steel . 0.30-0.60% 

Extra strong cast or mild plow steel. 0.55-0.70% 

Plow steel . 0.65-0 80% 

Improved plow steel. 0.70-0.85% 


There are four standard constructions of wire rope; namely, 6x7, 6x19, 6x37, 
and 8x19. The figures mean that the rope is composed of 6 strands of 7 wires 
each, 6 strands of 19 wires, et cetera. There are, however, many variations in strand 
construction and the number of wires per strand may vary from 7-61 or even 
more should conditions require them. 

To attain the different physical properties required in the various construc¬ 
tions, the individual wires of which a wire rope is composed are specially heat 
treated and cold drawn after the heat treatment, which produces the necessary 
toughness and strength. Any attempt, therefore, to eliminate the effect of service 
overstraining by annealing or any form of heat treatment, such as is given to 
chain, would obviously destroy the original properties of the wire obtained by the 
cold drawing. Such a heat treatment would ruin wire rope. 

Qualities of Wire Rope 

Iron Rope—Iron Rope is low in strength and soft as compared to steel rope, 
so consequently will stand little abrasion. It is pliable and tough, but its field is 
limited to uses where the abrasion is slight and the drums and sheaves are large. 
It is usually recommended for use on drum types of passenger elevators, for com¬ 
pensation and governor ropes, or for transmission of power by wire rope. It is not 
adapted to general hoisting or guy ropes. It is generally only furnished in the 6x7 
and 6x19 standard construction. 

Traction Steel Rope—This rope was developed particularly to meet the require¬ 
ments of traction elevators on which it was necessary to have a high fatigue 
resistance, coupled with pliability and a softness so that the rope would not cut the 
sheaves. Traction steel rope therefore is not as strong as the Cast Steel Grade 
of rope. 

Cast Steel Wire Rope—Although twice the strength of iron rope, cast steel wire 
rope is, comparatively speaking, a low strength steel hoisting rope and is only suit¬ 
able for what is termed moderate duty. It is used on freight elevators where the 
operating tension is relatively low, as track cables on short span cableways, as hoist 
ropes on slow speed shallow mine installations that are equipped with large drums 
and sheaves, or as haulage rope under very favorable operating conditions. If the 
duty be heavy, the stronger and tougher grades of steel should be lased. 

Extra Strong Cast or Mild Plow Steel Rope—This rope is a stronger grade of cast 
steel and is substituted for cast steel rope where a slight increase In the factor of 
safety is desirable. In practically all cases the higher strength ropes prove more 
economical for general service. 

Plow Steel Rope—Plow steel rope is made of high strength wire considerably 
stronger than either the cast steel or extra strong cast steel grades. This rope is 
well suited for the average hoisting conditions where loads are not excessive, where 


^Prepared by Dr. R. C. Boynton and A. J. Morgan, John A. Roobllng'a Sona Co., Trenton, N. J., 
for the Subcommittee on Wire Rope and Cable. The membership of the subcommittee was at fol¬ 
lows: B. B. Baehman, Chairman; H. C. Myers, R. Styrl, and Dr. H. C.,Boynton. 

iThe terms ‘'Cable** and "Wire Rope’* are generally considered to be synonymous. However, 
when the term "Cable" is substituted for "Wire Rope", it is usually preceded by a descriptive 
adjective which places it in a more or less definite class; such as, a ’Track Cable" on a cableway, 
or "Bridge Cable" as used in suspension bridges. 
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the sheaves are of normal diameter, and where the abrasion is not too severe. 
Plow Steel Rope has a general use such as on derricks, mine and coal hoists, cable* 
wa 3 ^ cranes, conveyors and logging ropes. 

Improved Plow SteeZ~~This grade of rope is generally given a trade name by 
the manufacturers. It is a high strength rope recommended in place of the plow 
steel grade where the abrasion is severe or the rope is subjected to severe shocks, 
vibrations, or fatigue stresses. This rope is particularly adapted for severe mine 
duty, for logging lines, scraper dredge and rigging ropes, heavy crangs, ballast 
unloader ropes and excavating machinery. 

Constructions of Wire Rope 

Standard Coarse Laid Rope—The 6x7 wire rope construction is called ‘‘Standard 
Coarse Laid Rope*'. It is made of 6 strands of 7 wires each closed aroimd a hemp 
center. It is much stiffer than standard hoisting rope and requires larger sheaves. 
This rope is used for heavy haulages with large equipment, wire rope transmissions, 
tramways, well drillings and sand lines. 

Table I 

Properties of Standard Steel Hoisting Rope (6x19) 


Dla.,ln. Approximate Strength In Tons of 2.000 lb. 

Extra Strong ' 

Approximate Approx. Weight. Cast Cast or Mild Plow Improved 
Circumference. In. lb. per ft. Steel Plow Steel Steel Plow Steel 


2% 

8% 

12.10 

212.0 

234.0 

256.0 

294.0 


7% 

10.00 

176.0 

195.0 

214.0 

246.0 

av4 

m 

8.10 

144.0 

160.0 

176 0 

202.0 

avt 

6% 

7.23 

128.0 

143.0 

157.0 

181.0 

a 

6y4 

O.40 

114.0 

127.0 

140.0 

161.0 

VM 

6% 

8.63 

100.0 

112.0 

123 0 

142.0 


m 

4.90 

88.0 

98.0 

108.0 

124.0 

m 

6Vt 

4.23 

76.0 

85.0 

94.0 

108.0 


4% 

3.60 

65.0 

72.5 

80.5 

92.5 

1% 

4% 

3.03 

85 0 

61.5 

68.0 

78.5 

tV4 

3% 

2.50 

46 0 

51.0 

56.5 

65.0 

1 % 

3^ 

2.03 

37.0 

41.5 

46.0 

53 0 

1 

3^ 

1.60 

29.5 

33.0 

36.5 

42.0 

% 

av4 

1.23 

22.8 

25.4 

28.0 

32.2 

% 

a% 

0.90 

16 8 

18.7 

20.6 

23.7 

% 

a 

0.63 

11.8 

13.1 

14.4 

16.6 

A 

1% 

0.51 

9.6 

10.6 

11.7 

13.5 


1% 

0.40 

7.7 

8.5 

9.4 

10 8 

it 

1% 

0.31 

6.0 

6.6 

7.3 

8.4 

% 

1% 

0.23 

4.5 

5.0 

5.5 

6.3 

ft 

1 

0.16 

• 3 2 

3 5 

3 9 

4 5 

% 

% 

0.10 

2.1 

2.3 

2.5 

2.9 


Standard 6x19 Construction or Standard Hoisting Rope* —^Thls rope is made 
of 6 strands, each of which is formed by twisting 19 wires together. The strands 
are finally closed around a hemp center. It is generally accepted that rope made 
with strands having not less than 16 and not more than 25 wires each belong to 
this general 6x19 class. This rope construction is more generally used for hoist¬ 
ing and other rope uses than all other constructions and is usually considered to 
be a fiexible rope. 

Table I gives the important sizes and properties for a Standard Hoisting rope 
of 6x19 construction made from Improved Plow Steel. The two constructions most 
generally furnished under the 6x19 Improved Plow Steel are the 6x19 Seale con¬ 
struction and the 6x19 Modified Seale or Filler w^e construction, as illustrated in 
Figs, la and lb. 

6x37 Rope Construction^TMs rope consists of 6 strands, each of 37 wires. When 
each strand of the rope has not less than 29 or more than 46 wires composing it, 
the construction is generally considered ip this class. This rope construction is 
generally termed as “Extra Flexible Hoisting Rope" and is usually recommended 
in place of “Standard Hoisting Rope” when the sheaves are found to be too small 
for the latter. The wires in this rope are necessarily much finer than those used 
in the standard hoisting* rope with 19 wires to the strand and consequently are not 
as suitable to withstand severe abrasion. 


*The 6x12 eonitniotion If probably used more often than the otherf, to much eo that it le 
called ^'Standard’*. 
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8x19 Rope ConsfrucfiOTtr—This construction is composed of 8 strands of 19 
wires each closed around a hemp center. It is generally used where sheaves of 
small diameter must be employed and the abrasion is light. This rope construction 
is generally considered to be an “Extra Flexible Hoisting Rope’’ and sometimes may 
be considered to be interchangeable with 6x37 rope construction. The m e tallic 
area of the 8 strand rope is not so great as the 6 strand rope, but under severe 
bending conditions the decrease in strength is largely offset by the greater pliabil¬ 
ity. This rope distorts from 
its circular cross section 
more readily than a 6 
strand rope so conditions 
of service which cause 
crushing require a 6 strand 
in preference to an 8 
strand rope. 

Proper Working Loads 
—It is never advisable for 
the working load of wire 
rope, particularly nmning ropes, to exceed one-fifth of the breaking strength. *17118 
means that the factor of safety should be not less than five. To determine proper 
working load, divide the breaking strength by the proper factor of safety. For 
example, a 1 in. diameter 6x19 Improved Plow Steel Rope has a breaking strength 
of 42 tons (Table I), and with a factor of safety of five, the proper working load 
would not be over 8.4 tons. 

Factors of safety in excess of five, varying up to eight and even more, are often 
required for safe and economical operation. The proper factor of safety for a 
wire rope should be determined by careful and thorough consideration of all perti¬ 
nent data. Such data should include all loads; acceleration; deceleration; rope 
speed; rope attachments; the number, size and arrangement of all sheaves and 
drums; existing conditions causing corrosion and abrasion; length of rope in serv¬ 
ice; economical rope life and the degree of danger to life and property. 

Proper Sizes of Sheaves and Drums—To ootain most economical wire rope serv¬ 
ice, sheaves and drums should b^ carefully examined for proper size, free running, 
and proper groove diameters. It is advisable to design the sheave and drum equip¬ 
ment so that the tread diameters are approximately as follows; 

Recommended Average Diameters lor Sheaves and Drums 
For 6x7 Rope, 72 times rope diameter 
For 6 x 19 Rope, 45 times rope diameter 

For 6 X 37 Rope, 27 times rope diameter 

For 8 X 19 Rope, 31 times rope diameter 

For economical service, various conditions allow, and often require, changes 
from these diameters. For example, on larger hoisting installations, sheaves for 
use with a 6x7 rope are sometimes set at 96 times the rope diameter and, for a 
6x19 rope, sometimes as high as 90 times the rope diameter. 

It is also true that for certain classes of service, ratios smaller than these are 
possible and economical, although larger diameters give increased life, but it is 
advisable never to allow the sheave and drum diameters to be set below the 
following: 

Minimum Diameters for Sheaves and Drums 
For 6x7 Rope, 42 times rope diameter 

For 6 X 19 Rope, 30 times rope diameter 

For 6 X 37 Rope, 18 times rope diameter 

For 8 X 19 Rope, 21 times rope diameter 

Rope and cable subjected to intense sheave or drum pressures or operating 
under conditions of severe heat are often manufactured with metallic centers 
Instead of the usual hemp core. This center may be in the form of a strand or 
an independent wire rope. If such a center be used, the rope strength given in 
Table I may be increased by 7V^% and the rope weight by 10%. 

Storage—Particular care should be taken in storing wire rope to avoid dam¬ 
age. The rope should be stored in a dry place. It should not be allowed to become 
so hot as to injure the hemp center. To prevent destructive corrosive action on 
the steel, the storage place should be free from chemicals or gas from same. 



Fig. la—Seale construction (6x19) Fig. lb—Modified Seale 

construction (6x19) 
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Handling-*-Oare should be taken in handling so that the rope is neither twisted 
nor untwisted. Kinks of any nature or the pulling down of loops to small 
diameters ^ould be avoided. The wires are damaged beyond the elastic limit at 
such points and in subsequent service will break rapidly, producing a condition 
which is erroneously termed a bad spot in the wire rope. A spot like this is due 
to a kink placed in the rope either prior to or during its service. 

Cutting-—Before the actual cutting operation, proper servings* should always be 
placed on each side of the point where the rope is to be cut. Such a procedure is 
absolutely necessary in order to prevent the unlaying or the rotating of the strands. 
It is advisable to use a minimum of three servings on each side of the cut. The 
proper method for applying servings is shown in Fig. 2. 



Fig. 2—Applying servings on a wire rope. 


I. Wind the serving wire on the rope by hand, keeping the colls together and considerable ten¬ 
sion on the wire. 2. Twist the ends of the wire together counterclockwise by hand so that the 
twisted portion of the wires is near the middle of the serving. 3. Using **Carew'* cutters, tighten 
the twist Just enough to take up the alack. Do not try to tighten the serving by twisting. 4. Tighten 
the serving by prying the twist away from the axis of the rope with the cutters. 6. Tighten the 
twist again as in (3). Repeat (4) and (5) as often as is necessary to make the serving tight. Cut 
off the ends of the wires and pound the twist flat against the rope. 6. The appearance of the 
flnished serving. 

AttachmentsH-There are several ways in which the rope ends may be secured. 
The desirable one, and the one which develops 100% of the rope strength, is a 
socket connection. The proper method of attaching sockets is shown in Fig. 3. 

In preparing the wire for socketing^ the hemp center is entirely removed and 
the “brush** of separated wires is never dipped over three-quarters of its length 
in the acid so no trouble from corrosion occurs, moreover a slight film of hydro¬ 
chloric acid acts as a flux to assist the amalgamation of the zinc to the **brush’’. 

A thimble spliced in one end of the rope is often used for an attachment. Its 
efficiency varies from 75-90% of the rope strength, depending upon the rope size. 


*Servlng8 are sometimes called **8eizings/’ and are soft wire fastenings secured around the 
rope to maintain its manufactured condition. 
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The thimble connection is also used with wire rope clips. This attachment has 
about the same efficiency as the splice. It is essential, however, in order that 
maximum efficiency be obtained that the clips be applied one rope lay apart, 
tightened securely and the U-bolts of the clips always placed on the dead end of 
the rope. The use of improperly designed clips or improper clip attachments 
results in strengths as low as 60% of the ultimate strength or less. The thimble 
is also used with 3-bolt clamps and this efficiency, when the clamps are properly 
designed, runs about the same or in excess of that obtamed by use of clips. 
Clips and clamps should be tightened after ’about an hour's run and at the 
regular inspection intervals after that. It is essential in all of these connections 
employing the thimble that a proper design of wire rope thimble be used. It 
should be one which has a sufficient size of eye and also one which furnishes the 
proper support to the rope. 

Lubrication—The subject of wire rope lubrication is one which should be 
given careful consideration. Light applications of a comparatively thin oil are 
usually sufficient for elevator ropes which are not exposed to the elements; 
while the conditions to be met in a mine shaft require a much heavier lubricant 
and a protector against the severe inroads of corrosion. 

It is not possible for the manufacturers to place sufficient lubrication within 
a rope to last throughout its entire life. It is essential that a wire rope be lubri¬ 
cated internally as well as externally to reduce internal friction and protection 
against corrosion. When corrosion starts inside a wire rope its injurious effect 
can seldom be seen and cannot be arrested before the service and the safety of 
the wire rope are affected. The lubricant used should preferably be one recom¬ 
mended by the rope manufacturer. 



Pig. 3—Socketing wire rope. 

1. Measure from end of rope a length equal to basket of socket. Serve at this point with not 
less than three wraps. Cut out hemp center—open strands. 2. Separate wires in strands, straighten 
by means of iron pipe, cleanse with kerosene oil, wipe dry. 3. Dip wires into one-half muriatic 
acid, one-half water (use no stronger solution). Keep wires in long enough to be thoroughly 
cleansed—wipe dry, serve end that socket may slip over all of wires. 4. After placing on socket, 
cut serving wire at top—have all wires evenly distributed and even with top, of basket—place fire 
clay around bottom of socket. 5. Pour in molten pure zinc—do not use babbitt, g. Remove aU 
servings except one nearest socket. After cboling it is ready for service. 

The correct lubricant should be one which when applied hot will penetrate 
thorough]^ into the rope and on cooling congeal sufficiently so that it will not 
drip off, but rather form a plastic coating on the wire. The lubricant should 
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also be free from ingredients which would be injurious to the rope. Improper 
lubricants which harden on the surface will result in more damage than benefit, 
because they keep subsequent lubricants out and let in and keep in moisture. 
This condition accelerates corrosion. 

In the American Engineering Standards Committee Paper, dated Feb. 24, 
1927, is a set of rules for the selection of wire rope lubricants. 

Sheave and Drum Grooves—Improper sheave or drum grooves undoubtedly 
result in more damage to wire rope than does any other single factor, so conse¬ 
quently cause irregular and uncertain rope service. It is essential that the grooves 
be of sufficient size for operating with new ropes when installed. The grooves 
are generally worn down by service; the degree of wear being dependent upon 
the radial pressure and the material of which the sheave is made. The grooves 
wear to the diameter of the worn rope operated over them and consequently 
become small for the new rope. This causes the new rope to receive extra 
abrasion and distortion which is very detrimental. Sheaves and drums should 
be inspected before the installation of the new rope and where the groove diam¬ 
eters have worn to limits in excess of those given below, the sheaves should be 
replaced or remachined so that the groove diameter will correspond to the 
following limits: 

For ropes V 4 ~ A In* dla.. Inclusive, groove dia. should be A In. greater than rope dia. 

For ropes A hi. dia.. Inclusive, groove dia. should be A In. greater than rope dia. 

For ropes in. dia., inclusive, groove dia. should be A in. greater than rope dia. 

For ropes 1%-2V4 in. dia., inclusive, groove dia. should be ^ in. greater than rope dia 

For ropes in. dia., inclusive, groove dia. should be A in. greater than rope dia. 

Removal of Ropes from Service—It is first necessary to determine the factor 
of safety to which a rope may safely deteriorate. The importance of this will 
be appreciated since ropes in some places would not endanger life or property 
should they break. Breakage in other places would be highly dangerous, so the 
minimum factor of safety must be set for such installations. In general, ropes 
which have the outside wires reduced 50% of their diameter by abrasion are 
likely to break rapidly. With some ropes many wires start breaking before 
this amount of abrasion is reached. It is, therefore, the number and the distribu¬ 
tion of the broken wires together with the amount of abrasion which would 
Indicate the remaining strength of the wire rope. The proper way to count a 
rope for broken wires is to count the number of such broken wires by strands 
per rope lay. By rope lay is meant that length of rope in which a strand makes 
one complete revolution about the rope axis. The worst rope lay counted should 
be the one on which to base the estimate of remaining strength or on which to 
base the decision as to whether or not the rope should be removed from service. 
The rapidity with which broken wires develop indicates the degree of fatigue 
and where the broken wires develop rapidly the rope should be carefully watched, 
since it will, undoubtedly, have to be removed soon thereafter. 

An estimate of remaining strength or decision as to the safety of the rope 
cannot safely be made where corrosion is a factor, due to acid mine waters and 
* corroding gases. When corrosion occurs in a wire rope it is impossible to estimate 
remaining strength or state that the rope is safe without an actual ultimate strength 
test of the rope. Should this test prove satisfactory there is no definite assurance 
that the balance of the rope is equally as good as the piece tested. 

Long life for wire rope depends upon: 

Proper quality of wire used; 

Right construction for installation at hand; 

Large sheaves, with proper grooves; 

Correct lubricants, applied hot for internal and external lubrication; 

Prevention of corrosion; 

Careful supervision to prevent “kinking” or “looping” in Installation, and 
overloading in service; 

Keeping count of broken wires, looking out for fatigue. 

Wire rope is one of the most reliable of structural materials, but it should 
be realized that a wire rope is essentially a machine, in that it is composed of 
many parts functioning as a unit with the individual wires acting as bearing 
surfaces, and as such is subjected to pressure and wear. It will be readily apparent 
that the ultimate service will depend primarily upon its maintenance and care. 
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Hot Plastic Working of Nonferrous Metals 

By Dr. C. H. Mathewson* 

Hot working is usually defined as working above the recrystallization tempera¬ 
ture, so as to insure recrystallization and recovery or retention of normal properties 
in spite of the plastic deformation. 

A satisfactory scientific foundation for the generality of hot working operations 
requires the development of complete information in the following directions: (a) 
Stress-strain curves at temperatures throughout the potential hot working range 
and with a rate of application of stress comparable to that desired in the intended 
hot working operation, (b) From such curves an evaluation of the energy require¬ 
ments for economical operation and of the toughness or ability of the metal to with¬ 
stand the process. Thus, the temperature selected for hot working should prevent 
any great increase in yield point of the metal during working, that is, should yield 
a flat stress-strain curve and there should be adequate elongation before fracture, 
(c) The effect of prior structural condition of the alloy and in particular of natural 
impurities, (d) The requirement of special properties in the metal imposed by the 
special mechanical characteristics of any given process, such as drawing, extrusion, 
forging, rolling, swaging. Thus, in drawing, the metal must have strength to support 
the plastic alteration through the die, while in swaging the metal is itself supported 
during deformation and may be worked at its minimum both of plasticity and 
strength. 

The literature of metal technology shows no systematic or satisfactory accumula¬ 
tion of data on these points or development of other criteria for judging the hot 
working quality of metal. The performance of a metal in such operations is usually 
estimated in a rough, provisional manner by reference to its softening temperature 
after cold work, with an increment allowed for the higher temperature necessary 
to permit virtually instantaneous softening in a rapid deformational process. Data 
on ordinary static tensile strength and ductility at elevated temperatures are now 
available’ ^ for many of the ordinary commercial alloys, and are of certain value in 
indicating proper working temperatures. The details of performance are then settled 
purely by the method of trial and error. Similarly, the effect of impurities and the 
requirements of special processes must be established by a suitable empirical testing 
procedure. There is a general tendency to credit a high value of reduction of area 
in the hot tension test, accompanied by moderate tensile strength, as especially 
indicative of useful plasticity. For example, in the tests reported by Price® copper 
has a percentage reduction of area exceeding 90 in the temperature range 930 to 
1830®P., with tensile strength falling gradually from about 9,000 to about 1,200 psi. 
In the table at the end of this article, 1550® is given as an optimum hot rolling 
temperature for copper to maintain softness, but the metal may be satisfactorily 
hot rolled at all temperatures indicated above, though with some difficulty.at the 
highest temperatures on account of its extremely low strength in this region. 

Certain established practices have arisen, perhaps with little attention from the 
scientific point of view, and rather definite statements may be made, as in the 
article on Hot and Cold Working of Copper Alloys in this Handbook concerning 
the adaptability of industrial alloys to the various hot working operations of extru¬ 
sion, stamping, pressing, rolling, and piercing. Much information of this character 
may be fotind in the various articles on metal technology in this Handbook. 

For rapid deformations as in stamping or forging the requirements of (a) may 
be realized in a drop hammer test in which the decrease in height of a cylindrical 
sample is plotted against the energy of the blow. Commonly, various approxima¬ 
tions are accepted, such as compression for a given blow plotted against tempera¬ 
ture, or composition,*'•'from which suitable' temperatures, or compositions, may 
be selected when attention is also directed to the manner in which the specimen 
stood the plastic alteration (absence of edge-cracking). 

When the constitution of an alloy changes with temperature. Impact tests on 
notched bars may show with particular clarity the existence of favorable and unfav¬ 
orable temperature ranges of toughness. Thus the width of the brittle range in brass 
in the vicinity of 900®F. and its change with composition, as well as the effects of 
lead and tin are brought into prominence by the Izod test.”* ** 

However, there are good indications of this weakness in the ordinary tension 
test for elongation or reduction of area* and the writer is not aware that any test 

•Professor of Metallurgy, Yale University, New Haven, Conn. 
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revealing hot shortness, or far reaching plasticity and toughness, can be used as 
more than a general guide to direct experimentation with the particular equipment 
in which the given alloy must be deformed. 

The empiricism necessary in this work is well stated by Morris:*® 

“For instance we wish to extrude a metal M. We know that we can extrude 
another metal Q at temperature T. We make a drop hammer test of metals M and Q 
and find that in order to obtain the same reduction in height as we find in metal 
Q at temperature T, we must heat metal M to temperature T'. T' is therefore the 
temperature at which we first try to extrude the metal M, with fair assurance that 
we shall be able at least to force the metal through the die. Much the same kind 
of reasoning can be applied to hot rolling. The tendency to crack in extrusion and 
rolling, however, must be ascertained largely through experience.” 

Concerning the effect of impurities, embrittlement due to segregation of a weak 
constituent in grain boundaries (that is. lead in alpha brass) and the great rise In 
resistance to deformation generally produced by solid solution even of small amotmts 
of alloying elements (principally responsible for the contrast in properties between 
commercial and extremely pure metals) have been studied more in relation to cold 



Q 400 800 1200 
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Expressed in Pen Cent 

Pig. 1—Shear strengthening of single crys¬ 
tals of cadmium, according to Schmid and 
Boas.^> 



Pig. 


Shear Displacement in Relation to 
Distance Between Shear Elements^ 
Expressed in Pen Cent 

2—Shear strengthening curves of metal 


crystals, according to Schmid and Boas.'^ 


working than hot working but have brought certain well recognized limitations into 
commercial practice. For example, lead above a few thousandths of a per cent pre¬ 
vents the commercial hot working of alpha brass, but with Muntz metal, due 
probably to a more favorable distribution attending the structural adjustment of 
alpha and beta with temperature in the hot working range,® lead in considerable 
quantity does not prevent the majority of hot working processes. Similarly, tin 
bronzes which contain the (a -f- 5) eutectoid show marked brittleness in the Izod 
test and cannot be successfully hot worked, while tin in solid solution yields good 
hot working bronzes.** 

Annealing or recrystallization temperatures as ordinarily determined do not 
properly define the softening points of metal while in a process of rapid deformation. 
The effect of temperature and rate of loading on hardening is particularly marked 
in this region of temperature as may be seen from Pig. 1. The solid curves show 
strengthening in single crystals of cadmium under a load applied at the rate of 
140 psi. per minute and the dotted curves, strengthening under a load applied at 
a rate 100 times greater. It thus appears that in a region of low temperature where 
there is virtually no spontaneous recovery towards initial properties and in a region 
of high temperature where the recovery is substantially complete during the test, 
changing the temperature or the rate of loading has little effect on the strain hard¬ 
ening. In an intermediate region of temperature, which undoubtedly corresponds 
to the temperature at which ordinary softening and recrystallization begin in severely 
strain hardened polycrystalline material, much or little recovery may occur depending 
upon the rate of loading; and the final strain hardening of the metal varies accord¬ 
ing to these conditions. In the present case, the crystal after a shear of 400% at the 
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higher rate has a resistance to further shear of about 850 psi. and after the same 
amount of shear at the slower rate, a resistance of about % this value. 

Resolved stress, shearing deformation curves for room temperature loading have 
been obtained for the majority of common metals as shown in Pig. 2. As the slope 
of such curves is governed by the amount of recovery during the test, it appears 
that the tendency of the metals to recover from the strain hardening influence 
during deformation at ordinary temperature decreases in the order:* (1) Cadmium, 
Tin (2) Zinc (3) Magnesium (4) Gold, Aluminum, Silver (5) Copper (6) Nickel. 
Recovery in these single crystals does not signify recrystallization, which, however, 
may be expected to accompany the recovery process at high (hot working) tempera¬ 
tures when, with increasing deformation, crumpling or nonuniform distortion of the 
crystal becomes too severe to permit a reversion to the unstrained condition without 
complete reorganization of the grain structure. This condition is rapidly attained 
in polycrystalline material, which recrystallizes even after a small amount of 
deformation. Such inequalities of deformation exert only a secondary influence on 
the amount of strain hardening and at a temperature of full recovery the occurrence 
of recrystallization does not appear to add materially to the softness attainable in 
the simple recovery process. Prom the above point of view, it is evident that the 
metals of Pig. 2 exhibit a decreasing tendency to soften or recrystallize after cold 
work in the order stated; that cadmium and tin would recrystallize at ordinary 
temperature, zinc and magnesium at not greatly elevated temperatures, and the 
others at successively higher temperatures. The effective temperature of hot working 
would also increase in this order but in a commercial operation would have to be 
determined by trial. 

The following table gives temperatures of recrystallization after severe cold 
deformation, and favorable hot rolling temperatures of the ordinary commercially 
pure nonferrous metals. 

Effective Softening Temp., 

After Severe Cold Deformation Best Approx. Hot Rolling 

(Approx. Complete Softening Temperature, ®P. 


Metal _After I hr.)_ __(For Softness)* 


Lead . Approx, room temp. Somewhat above room temp. 

Tin .. Approx, room temp. Somewhat above room temp. 

Zinc. 200« 350 

Magnesium . Between 200 and 400= 650*® 

Aluminum . 625” 950** 

Copper . 700*® 1550*® 

Nickel . 1400 (max.)®* 2200®" 


■This means In general the highest temperature for satisfactory operation. Special requlre- 
ments of mechanical properties are met by rolling at lower temperatures._ 


*A good bibliography of this general subject will be found In the footnote references to the 
section on **Hot Forming,*' p. 91 of Praktische Metallkunde, pt. II, by O. Sachs, Springer, Berlin, 
1934. 

*®R. L. Templln and D. A. Paul, The Mechanical Properties of Aluminum and Magnesium Alloys 
at Elevated Temperatures, A.S.T.M. Symposium on Effect of Temperature on Metals, 1931, p. 290. 
»H. A. Anderson. Zinc Alloys for High and Low Temperature Service, p. 271. 

*E. R. Darby, Properties of Bearing Metals at Normal and Elevated Temperatures, p. 316. 

®W. B. Price, Properties of Copper and Some of Its Important Industrial Alloys at Elevated 
Temperatures, p. 340. 

®N. B. Pilling and R. Worthington, Effect of Temperature on Some Properties of Iron>Chromlum> 
Nickel Alloys, p. 495. 

*C. A. Crawford and R. Worthington, Nickel and Nickel Alloys, p. 557. 

®K. Hanser, Untersuchungen ttber die Warmverarbeitbarkelt des Messlngs, Z. Metallkunde, 
1926, V. 18, p. 247. 

®W. L. Kent, The Behavior of Metals and Alloys During Hot-Forging, J. Inst. Met., 1928, 
V. 39, p. 209. 

*®A. Morris, Plasticity of Copper-Zinc Alloys at Elevated Temperatures, Trans., Inst. Metals Dlv., 
A.I.M.E.. 1931, V. 93, p. 336. 

**D. Bunting, The Brittle Ranges in Brass as Shown by the Izod Impact Test, J. Inst. Met., 

1924, V. 31. p. 47. 

*=D. Bunting, The Influence of Lead and Tin on the Brittle Ranges of Brass, J. Inst. Met., 

1925, V. 33, p. 97. 

**B. Schmid and W. Boas, Kristallplastizit&t, Springer, Berlin, 1935, p. 169. 

>«B. Schmid and W. Boas, Krlstallplastizitttt, Springer, Berlin, 1935, p. 131. 

*®C. H. Mathewson, C. S. Trewin and W. H’. Flnkeldey, Some Properties and Applications of 
Rolled Zinc Strip and Drawn Zinc Rod, Trans., A.I.M.E., 1920, v. 64, p. 305. 

*«From A.S.M. Metals Handbook, 1939, p. 1567. 

”J. D. Edwards, F. C. Frary, Zay Jeffries, The Aluminum Industry [v. 2], Aluminum Products 
and their fabrication, p. 350. 

**J. D. Edwards. F. C. Frary, Zay Jeffries, The Aluminum Industry [v. 2], Aluminum products 
and Their Fabrication, p. 341. Also The Technology of Aluminum and Its Light Alloys, A. v. Zeer- 
leder, Fock, New York, 1936, p. 140. 

*®From A.S.M. Metals Handbook, 1939, p. 1393. 

®®D. H. Browne and J. F. Thompson, Physical Properties of Nickel, Trans.. A.I.M.B.. 1920. 
V. 64, p. 413. 

®*W. B. Price and P. Davidson, Discussion of Paper by D. H. Browne and J. F. Thompson. 
Physical Properties of Nickel. Trans., A.I.M.E., 1920, v. 64, p. 414. (Softening temperature as low 
as 600*F. for very pure metal.) 

^Refertncet Z~7 are all from the A.5.7.Jlf. SympoHum on Effect of Temperature on Metals, 1931. 
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Soldering (Soft Solders)* 

Scope—-The use and application of alloys such as lead-tin, lead-tin-cadmiu m , 
and others are discussed in this article. Attention is given to varieties of metals 
which can be soldered, types of fluxes and methods of application. 

Definition—^The alloys mentioned are generally referred to as soft solders, thus 
distinguishing them from hard solders (brazing solders and silver solders), which 
are described on page 1210. The term soft solders in this discussion is restricted 
to alloys that are fusible at temperatures below 700®P., whereas the hard solders 
are fusible at or above 1300®P. Unfortunately there appear to be no satisfactory 
solders, with high ductility and strength, that melt between 700 and 1300®P. One 
of the distinctions between a soldered Joint and a welded Joint is that in the former, 
the metals to be joined are not heated to their melting points. Consequently one 
of the requisites for a solder is that its melting point must be lower than that of 
the metals being Joined. 

Materials Soldered—Solders are employed for joining cast or fabricated metals 
of various compositions. Principally these are: Iron, copper, nickel, lead, tin, zinc, 
and many of their alloys. Materials such as glass and porcelain may be Joined by 
soldering after their surfaces have been coated with metal or metallized by metal 
spraying or other suitable processes. 

A.S.T.M. Standard Solders—^The following compositions of lead-tin alloys have 
been designated as standard in A.S.T.M. Standard Specifications for Solder Metal, 
B 32-21 (A.S.T.M. Standards, 1933, pt. I, Metals, p. 817): 


Grade No Tin, % 

Lead 

Approx., % 

Antimony 

Max., 

Copper 
Max., % 

Zinc and 
Aluminum, 

% 

Other 
Impurities 
Max., % 

Class A 

0 

63 00 

37.00 

0.12 

0 08 

None 

0.10 

1 

50.00 

50.00 

0.12 

0 08 

None 

0.10 

2 

45.00 

55.00 

0.12 

0 08 

None 

0.10 

3 

40.00 

60.00 

0.12 

0.08 

None 

0.10 

4 

37 50 

62.50 

0.12 

0 08 

None 

0.10 

5 

33.00 

67.00 

0.12 

0 08 

None 

0.10 

Cldss B 

1 

49.25 

50.00 

0.75 

0 15 

None 

0.10 

2 

43.50 

55.00 

1.50 

0.15 

None 

0.10 

3 

38.00 

60.00 

2.00 

0 15 

None 

0.10 

4 

35.50 

62.50 

2.00 

0.15 

None 

0.10 

6 

31.00 

67.00 

2.00 

0.15 

None 

0.10 

The 

permissible variation plus or 

minus in the 

percentage of 

tin shall not be 

over 1% of 

the tin 

contents specified in Section 4. 






The above compositions have been approved as standard by the American 
Standards Association. The S.A.E. Specifications No. 1, 2 and 3 practically conform 
to these standards. Other soldering alloys are given in Table I. 

Sweating Solders—Sweating solders usually vary between 37.5:62.5 and 50:50 
tin-lead. The popular composition is 40:60 and 45:55. This is a trade designation 
which means the per cent tin by weight is placed first and the lead second. 

Fundamentals—While it may not be essential for a solder to alloy with the 
metal surfaces where applied, it appears desirable for it to do so. For good solder¬ 
ing work these rules must be followed: 

(1) The metal surfaces to be soldered must be clean and free from foreign matter 
and objectionable grease. 

(2) The metal surfaces while soldering must attain a temperature above the solidus point 
of the solder. 

(3) The flux should be molten at temperatures below the solidus point of the solder so 
that It can avoid being entrapped in the solder in the joint. 

(4) All traces of corrosive fluxes should be removed with particular care after the joints 
have been made. 

Preparation—Generally, the first step in tinning or soldering is a cleaning of 
the metals to be coated or Joined. The operation may be mechanical as by scraping, 

•This article was prepared by a subcommittee, the membership of which was: G. O. Rlers, 
Acting Chairman; W. A. Cowan, B. B. Schumacher, and W. H. Swanger. 

This article was not revised for this edition. 
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fUlxig, or rubbing with sand or emery paper. Usually the preliminary cleaning is 
accomplished by chemical action with pickling solutions of acid or alkali. Fre¬ 
quently, metal paxts to be Joined by soldering are made from tinned sheet or wire 
in order to facilitate soldering. It is often desirable to apply a coating of pure 
tin or solder metal to the surfaces of metal parts to be joined subsequently by 
soldering. 

For practical purposes, it is generally necessary to use a flux^hen soft soldering. 
The chief functions of fluxes are to prevent oxidation of the surfaces or to dissolve 
such oxides that may be present on these surfaces while they are being heated 
to the soldering temperature. They should also be fluid at the temperature of 
molten solder and be so applied that by gravity, capillarity or other forces the 
solder can displace the flux at the Joint made. Mild fluxes such as tallow, stearin, 
and rosin particularly prevent oxidation but are not eflective in removing oxides 
already present. Zinc chloride, with or without the addition of ammonium chloride, 
acts both as an oxidation preventive and a scavenger. Zinc chloride has a melting 
point of 669^F. and its eutectic mixture with ammonium chloride (71% ZnCU, 
29% NH 4 CI) has a melting point of 354°F., fortunately just below the melting point 

Table I 

Additional Alloys for Soldering and Other Uses 


-Per cent-- Melting Range—^ 

Anti- in •P. 


Tin 

Lead 

mony 

Cadmium 

Liquidus 

Solidus 

Uses and Comments 

6 

95 



595 

555 

For coating and joining metals. For 
“high** temperatures. 


90-80 



580-545 

500-361 

For coating and joining metals. For 







“high” temperatures. 

15-35 

85-65 



565-490 

361 

Low grade solder. For filling dents In 







automobile bodies. 

37.5 

60 

2.6 


435 

367 

Wiping solder for joining lead pipes and 







cable sheaths. 

38-40 

62-80 



462-460 

361 

Wiping soldo# for joining lead pipes and 







cable sheaths. For automobile radiator 
cores and heating units. 

45 

55 



437 

361 

For automobile ra(2iator cores and roof¬ 







ing seams. 

60 

50 



421 

361 

For general purposes. Most popular of all. 

60 

40 



376 

361 

“Fine solder.” For general purposes but 







particularly where the temperature re¬ 
quirements are critical. 

95 


5 


464 

450 

For electrical work and copper tubing 







joints. 

23 

68 


9 

455 

294 

Wiping solder. 

50 

32 


18 

293 

293 

For fusibility, safety devices, and mount¬ 







ing micro specimens. 

19 

31 


(50 Bl) 

201 

201 

For fusibility, safety devices, mounting 
micro specimens, and fire prevention 
devices. 

For fusibility, safety devices, and mount¬ 

13 

27 


10 <50 Bi) 

158 

158 







ing micro specimens. 




95 (5 Ag) 

734 

639 

For “high” temperatures. 




50 (50 Zn) 

619 

508 

44 tC 41 




82.5 (17.5 Zn) 

508 

508 

66 It 41 


The above solders and their uses are mentioned as typical. The classifications are Informative 
and not complete or restrictive. 


of the eutectic alloy, 62% tin, 38% lead. Therefore the zinc chloride-ammonium 
chloride eutectic mixture is desirable for use with the lead-tin eutectic solder (62% 
tin, 38% lead) when the latter is to be applied at a temperature Just above its meltlxig 
point. The ordinary flux solution Is zinc chloride made by dissolving zinc in muriatic 
(hydrochloric) acid. A popular paste flux contains about 75% petroleum Jelly, 20% 
zinc chloride, and 5% ammonium chloride with a small amount of water as an 
emulsifying agent. It is manufactured and sold by several companies. 

Methods of Application—Most common metals and their alloys can be readily 
Joined with solder. The method of application of solder to the metals to be Joined 
varies according to the character of the metals, their position, the size of the parts 
to be Joined, the speed with which the operation must be completed, and the shape, 
tensile strength and appearance, required by the finished work. In every case, the 
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surfaces to be soldered must be brought to the melting temperature of the solder. 
The necessary heat is secured: 

1. By repeatedly pouring the molten solder over the surfaces to be joined as in the 
wiping method; 2. By the use of the soldering iron or soldering copper; 3. By the use of 
blowtorch or electric arc; 4. By solder bath; 5. By sweating; 6. By spraying; and 
7. By fusion of applied paste composed of atomized solder mixed with flux. 

1. Wiping Jlfcfhods—For Joining sections of lead pipe, or of lead pipe with 
brass, bronze, or co^er fittings with solder, or the Joixiing of lead covered electri¬ 
cal cables using ar lead sleeve, the wiping method is used. This method requires 
a high degree of skill and practice. The solder in a semiliquid state is poured 
slowly, and carefully distributed over and beyond the top and sides of the Joint, 
which is being prepared, in order to furnish adequate heat for producing a good 
Joint. Being in a fairly fluid condition, some of the solder drops off the Joint onto 
the cloth which the workman holds under the Joint. This dropped solder is 
pressed up against the bottom of the joint and the whole mass of hot solder is 
manipulated until every part of the joint is raised to a proper or ‘"sweating" tem¬ 
perature, which insures a perfectly tight contact all-aroimd. When this heat Is 
attained, the pasty solder is shaped and rounded with the wiping pad, and all excess 
solder is wiped off as the joint slowly cools and the solder hardens. 

Where the location prevents the use of a tool or mechanical device for Joining 
lead pipes when soldering, the wiping method is used. The same method is employed 
in soldering joints to telephone cable sheathing for uniting a covering or sleeve 
which encloses connections of conductor wires. These joints must be capable of 
convenient reopening. 

When Joints are large, of a convenient shape, and are made by pouring from 
ladles, excellent adherence and soundness can be obtained by repeated pouring until 
sufficient heat is applied to properly form the Joint. The excess solder in semi- 
solid form is wiped off upon subsequent cooling. 

In wiping joints stearin in stick form is sometimes used for fluxing. Plumbers 
get some flux (tallow or lard oil) from the wiping cloth. 

The wiping solders used in this country for making joints in pipes or for cable 
sheathing contain predominately 58-63% lead, the balance tin, although some us'ers 
prefer the addition of up to 2% antimony (in filling joints in automobile bodies, 
an alloy is used somewhat as a wiping solder and usually contains about 30% tin 
and 70% lead). These alloys have an extended solidification range of about 140®F. 
and contain a considerable quantity of eutectic. The combination of these two factors 
makes possible the wiping of joints.^ The use of cadmium substituted for some tin 
in the alloy has been thoroughly discussed in an article by Schumacher and Basch.* 

2. Use of a Soldering T 00 I--A soldering tool is sometimes referred to as a solder¬ 
ing copper and sometimes as a soldering iron. It is usually copper, even when 
called an "iron". Before it can be used efficiently the iron must be "tinned" or 
coated with solder and maintained in a clean condition. 

The tool is used in soldering sheet metals together where the sheets are either 
lapped or locked together and present a surface over which the soldering tool 
may be drawn. 

The tool is heated to a temperature sufficient to quickly melt the solder, and 
is drawn along the edges to be joined at such a rate that the momentary high 
temperature of the edges together with the quickly molten state of the solder allows 
the formation of a tight waterproof seal. The soldering iron is also used In other 
work where there is a fire hazard and the use of a flame or molten solder poured 
over the surfaces is prohibitive. 

Galvanized iron sheets and cdpper sheets used for roofing are generally soldered 
by means of the iron, Teme plate and tin plate are often similarly soldered. 

3. Use of a Blowtorch-^WheTe the metals to be joined or soldered are not 
large enough in diameter or rigid enough to permit the use of the wiping method 
or are not flat surfaces in position for the use of soldering copper, soldering is 
accomplished by playing the flames of a gasoline, kerosene, or alcohol blowtorch 
directly on the surfaces and then applying the solder cold in bar or wire form of 
appropriately small cross section. The heated surfaces melt the solder, excels 
solder being removed by wiping off before complete solidification. This method is 
in common usage by electrical workers in soldering wire joints and sweating on lugs. 
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4. The Solder Bath—Where the parts to be soldered are too numerous or too 
small for the use of the methods previously described the soldering is done by 
means of a molten bath. 

The soldering of automobile radiators is a good illustration of this procedure. 
The radiator parts (cores) assembled into frames and therein tightly clamped have 
their ends dipped into a solder bath which is just deep enough to give the required 
depth to the joint. For making up the bath the solder may be purchased in the 
form of slabs weighing from 15-35 lb. Popular compositions foy the bath are 50:60 
and 40:60 tin-lead respectively, although more, and also less, tin-rich alloys are 
used by some manufacturers. 

The soldering of tin cans is another good example. The cans are carried 
through the bath by a chain belt over a track which causes the cans to revolve. 
The track holds the cans at an angle of 45^^ so that the solder in the bath touches 
about % in. of the bottom and side of the can thus making the joint. In a modem 
machine 300 cans per minute may be soldered in a single stream or procession. 

5. Soldering by Sweating—The sweating process has been found best where a 
large number of metal objects are to be soldered with great rapidity and when 
they are of uniform size allowing the use of automatic machinery. Round tin cans, in 
addition to bath soldering, are also often sweat soldered and provide a good example 
of the method. The cans, mechanically assembled by forming and then crimping 
on heads and bottoms are carried on a moving chain belt over tracks which causes 
them to revolve while passing imder a series of gas jets. The heated cans then pass 
imder tubes which feed the correct amount of wire solder per can to the proper 
locations on the cans. The solder immediately melts on the heated cans and flows 
or sweats into the crimped joints, making securely soldered and air tight seams. 

Other Methods —In soldering many specialties the usual soldering methods are 
often modified or combined and special tools devised to fit special conditions. How¬ 
ever, no new principles are involved in any of these special shop practices. 

Working Heat and Fluxing—-A pot of solder should never be raised much beyond 
the necessary working temperature. On big work, where much heat is required to 
bring the metals to the proper temperature for efiBcient soldering, it is better practice 
to use a large pot carrying a large charge of solder at about the usual soldering 
temperature rather than to use a small pot and raise the temperature of the soldfer 
unusually high. 

As the temperature of the molten solder is raised, the metal exposed to the 
action of oxygen in the air is oxidized unless protected by a hard soldering flux 
such as powdered borax, charcoal, and soda. When the molten solder is overheated 
in the air more tin than lead is lost proportionately because of somewhat preferen¬ 
tial oxidation. If it is necessary to heat the solder excessively for any reason (as 
when a pot of solder has to be carried a relatively long distance), the metal should 
be covered with a hard soldering flux, as before mentioned. Stirring and skimming 
a pot of overheated solder are not recommended because of excessive loss by oxida¬ 
tion. 

Upon solidification of a considerable quantity of 50:50 or similar solder, the 
primary crystals of lead sink to the bottom of the melting pot due to their greater 
density and permit the lead-tin eutectic to segregate toward the surface. To insure 
uniformity of composition of the solder, the alloy must be thoroughly stirred after 
melting and the temperature maintained above the complete liquefaction point 
(liquidus temperature) of the alloy. 

In the consideration of fluxes attention should be directed to the kind of metals 
to be joined and their massiveness. Ordinarily it takes more heat to solder iron 
or steel than is required for soldering lead. Whenever a soldering iron Is used, 
the heating is localized and the heat may be conducted away rapidly, consequently 
the iron must be exceptionally hot when the article is not preheated. In such 
cases, the use of rosin as a flux would be unsatisfactory since this material car¬ 
bonizes at the higher temperatures thereby preventing rather than aiding soldering. 
When soldering large pieces of metal together, it is nearly always desirable to pre-tin 
parts individually before assemblage for soldering. This facilitates the soldering 
and makes stronger joints. Preheating is sometimes desirable. Before soldering 
cast iron the use of a cold pickling bath of 5% hydrofluoric acid is recommended.* 

Pastes or powders composed of pulverized tin or solder mixed with flux are on 
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the market and used to some extent. Tubular solder wire with a core consisting 
of rosin or other flux is quite popular. Adequate amounts of solder should be used 
in joints but economy demands no more than enough. To attain this end more 
expensive solders containing more j;in are sometimes used because they flow better 
and less is required. To aid the consumer in the economical use of solder, soldering 
materials in suitable forms and of suitable dimensions are marketed by manufac¬ 
turers. Some of the forms obtainable are tinner's bar, triangular bar, meter bar, 
Ingot, wire in spools or in segments, drops, capping bar, slabs, powder, and tape, 
or ribbon. 

The time required in making a good soldered Joint may be extremely short. 
While prolonging of the period of time in which the solder is molten in a joint 
may increase the amount of alloying, the effect is generally not considered benefi¬ 
cial. When soldering copper, it is advisable to use a temperature below 752*F. 
In order to prevent the formation of the brittle copper-tin compound CtuSn which, 
when present, tends to reduce the strength of a joint. 

Mechanical Properties—Nightingale's tests^ show 0.003 in. for a desirable thick¬ 
ness of a solder film on copper and 0.005 in. on steel. Crow* previously indicated 
that the thinner the solder film the stronger the jomt. 

The bureau of Standards® investigated seams for copper roofing. It was decided 
that lap seams should be at least % in. wide. For such a seam the maximum safe 
load was placed at approximately 350 lb. per in.* of seam area. The corresponding 
load for in. pre-tinned fiat lock seams was 375 lb. per in.* of seam area. A 50:50 
solder was used for the tests. 

For automobile radiator cores of the honeycomb type 40% tin, 60% lead solders 
have been favored because of their supposedly greater vibration-fatigue resistance. 
Data for endurance limits are not available. 

Tests have shown that tin-lead alloys containing only 3-8% tin have better 
strength at 302®F. than the richer tin alloys. 

A 5:95 tin-lead alloy has found some popularity for use in joints maintained 
at elevated temperatures. 

Owing to the fact that solder is frequently used to join metals stronger than 
itself it is often good policy to reenforce seams by crimping, interlocking, riveting, 
or bolting before soldering.® Thus a joint can be made stronger by relieving the 
solder of the load, and making the major function of the solder that of hermeti¬ 
cally sealing the seam. 

Miscellaneous Notes—Aluminum may be soldered with lead-tin alloys or better 
with tin-rich alloys that contain considerable zinc. One method is to rub the 
aluminum surface beneath molten solder thereby piercing the oxide film and per¬ 
mitting alloying of the solder with the aluminum*- Brazing or welding is often 
preferred to soldering of aluminum. 

When soldering stainless steel, ample time should be allowed for the flux to 
act properly before applying the solder. 

For soldering zinc or galvanized iron, the presence of antimony in the solder 
is undesirable, because antimony forms an infusible compound with zinc, thereby 
spoiling the flow of the solder. 
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Brazing and Related Joining Methods* 

Introduction—-Brazing is a term that is usually applied to a process for Joining 
metals with alloys of copper and zinc which m^lt at temperatures appreciably below 
the melting points of the metals to be Joined. The common brazing or spelter 
solders are composed of approximately equal parts of copper and zinc and melt at 
temperatures from 1600-1650^F., depending upon the relative proportion of the 
two metals. Many of the fundamental principles involved in the use of these alloys 
are similar to those governing the use of silver solders which have a lower range 
of melting points and bronze welding rods which have a higher range. The scope 
of this article has, therefore, been extended to include alloys having melting points 
ranging from approximately 1200*2250^F. 

Preparation of the Joint—Clean and properly fitted Joints are prerequisite to 
satisfactory bonding. All surface scale or oxides should be removed either by chemi¬ 
cal or mechanical means^ Oil, grease, and dirt of any description interfere with 
good work. 

The allowable clearance between the surfaces to be Joined will vary according 
to the alloy used, type of Joint, method of heating and the metals Joined. With 
free fiowing brazing alloys such as silver solders, closely fitted Joints with* maximum 
clearance of a few thousandths of an inch will give the best results. When bronze 
welding rods are used it is common practice to make a “V” Joint and fill the Joint 
with successive layers of the brazing alloy. 

Fluxes—The teuiperatures required for brazing cause a rapid oxidation of the 
surfaces of the joint if exposed to the air during the heating. A thin film of oxide 
will prevent proper bonding and the surfaces should be protected with a salt or 
combination of salts that will help to prevent oxidation and dissolve or fiux any 
oxides that may form. 

Common borax is a thin fluid at 1400^F. and at this temperature unites quickly 
with the oxides of most metals. 

It contains approximately 47% water of crystallization, which is driven off when 
heated, thus causmg the fiux to “bubble”. Fused borax is, therefore, preferred by 
some workmen and if used as a paste, it should be mixed with alcohol because the 
fused borax quickly takes up the water and becomes common crystalline borax again. 

Boric acid is sometimes used alone as a fiux but generally in combination with 
borax or other salts. It is not as active as borax for dissolving oxides of metals but 
has the property of spreading over the surface at a relatively low temperature and 
thus protects the surface from oxidizing. Combinations of borax and boric acid 
are extensively used, particularly with brazing alloys at temperatures above 1500®F. 

The alkali bifiuorides in combination with borax and boric acid are used as 
fluxes when joining metals having refractory oxides such as chromium in stainless 
steels. The potassium salts are more effective than the sodium and by varying 
the proportions of the salts enumerated in this and preceding paragraphs a wide 
range of fluxes can be produced to meet the different conditions encountered in 
brazing work. 

There are many satisfactorily prepared fluxes available, some bf which may con¬ 
tain phosphates or halogen salts, but regardless of the particular composition 
selected it is most important that it be applied in such a manner as to insure that 
all oxide films will be removed. Moreover, the flux should be a thin liquid at the 
brazing temperature in order to prevent inclusions which will subsequently give 
trouble. Both the surfaces of the Joint and the brazing alloy should be protected 
with flux if the best results are to be obtained. 

The flux may be used dry, in paste form, or by means of hot saturated solu¬ 
tions. When used in paste or hot solutions, it is advisable to brush the flux over 
the surfaces because a more uniform coating can be obtained and there is less 
chance for bare spots that will oxidize during the heating. When the brazing 
alloys are in granular form it is common practice to mix the flux with the alloy 
before spreading along the joint. Strip, wire, and rods can be coated before using or 
by dipping the end into a small can of flux paste Just before applying to the Joint, 
or by heating the rods and sprinkling the dry flux on them. 


*This article was prepared by a subcommittee the membership of which was as follows: R. H. 
Leach. Chairman; J. R. Freeman. Jr., and Bamuel Epstein. 
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Methods of Heating—The four principal methods of supplying the heat neces¬ 
sary for brazing are: Dipping the parts into a bath of the molten alloy, called dip 
brazing; heating by torches; furnaces; and by electrical resistance devices of various 
types. 

In dip brazing the alloy is melted in a refractory container and covered with 
fluK to prevent oxidation. The parts to be brazed are assembled in a suitable Jig 
to hold them In position and dipped into the molten alloy. The size of the bath 
of the metal must be in proper proportion to the work. Heating may be done by 
any of the methods used with pot furnaces. 

Another type of dip brazing which can be used is the salt bath type of furnace 
in which the articles to be brazed are immersed in the bath of molten salt, the parts 
having been previously assembled and'the solder applied to the Joint before im¬ 
mersing in the bath. 

Different types of torches are used Including air-gas, oxygen-gas, and oxy- 
acetylene. The high temperature of the oxy-acetylene ffame allows rapid heating 
which is an advantage. A neutral or slightly reducing fle.me should be used in most 
cases, although for some types of bronze welding a slightly oxidizing flame is 
recommended. 

Furnaces are used quite extensively for certain types of brazing. The brazing 
alloy is applied either along the Joint or by inserts and the assembled parts intro¬ 
duced into the furnace. Furnaces with nonoxidizing atmospheres are preferable but 
if the Joint is properly protected with flux, good work can be done in ordinary fur¬ 
naces. The furnace should be large enough to allow the heating to be done rapidly 
and the temperature of the furnace should be considerably above the melting point 
of the brazing alloy. 

The electrical resistance method is used on small parts or in those cases where 
a thin sheet of the brazing alloy can be inserted in the joint. It has the advantage 
of localizing the heat and works quickly. 

Types of Brazing AUoys—The selection of the best brazing alloy depends upon 
many different factors. As the alloy must melt at a temperature below the melting 
points of the metals to be Joined, the melting points of brazing alloys give a basis 
for three broad classiflcations: 

Glass I. Silver solders^AUoys having melting points ranging from 1200-1600*F. 

Class 11. Brass and nickel-silver braslng alloys—Alloys having melting points ranging from 
1800-1700T. 

Class III. Copper alloy welding rods have melting points ranging from 1600-2250'*F. 

A general description of these three groups of alloys follows: 

Table I 

SUver Solders from A.S.T.M. Specification 


Grade 
• No. 

Silver, 

% 

Copper, 

% 

Zinc, 

% 

Cadmium, Impurities, 

% % Max. 

Melting Point, 
•F. *0. 

Flow Point, 
•F. *0. 

Color 

1 

10 

52 

38 

a 

0.15 

1510 

820 

1600 

870 

Yellow 

2 

20 

45 

35 

a 

0.15 

1430 

775 

1500 

815 

Yellow 

3 

20 

45 

SO 

5 

0.15 

1430 

775 

1500 

815 

Yellow 

4 

46 

30 

25 

nil 

0.15 

1250 

675 

1370 

745 

Nearly white 

5 

50 

34 

16 

nil 

0.15 

1280 

695 

1425 

775 

Nearly white 

6 

85 

20 

15 

nU 

0.15 

1280 

695 

1325 

720 

White 

7 

70 

20 

10 

nU 

0.15 

1335 

725 

1390 

755 

White 

8 

80 

16 

4 

nil 

0.15 

1360 

740 

1460 

796 

White 

•The addition not 

to exceed 0.50% 

of cadmium to 

assist 

in fabricating 

Grades 

1 and 2 shall 


not be considered as harmful impurity. 

Solders of Grades 1, 2((and 3 are suitable for brazing purposes which require a solder that 
flows more readily than the ordinary copper-zinc brazing solders. Grades 4 and 5 flow freely at a 
still lower temperature and are recommended for use where strong Joints are required and in such 
cases where heating to a sufficiently high temperature to flow Grades 1, 2, or 3 would be injurious 
to the article being soldered. Grades 6, 7, and 8 are higher grade silver solders and are recom¬ 
mended for special cases where a high degree of maUeabillty and ductility is required. 


Silver SoZderd—Ternary alloys of silver, copper, and zinc in varying proportions 
have been used for many years as brazing alloys and are commonly called silver 
solders. The addition of silver to binary copper-zinc alloys lowers the melting 
point and a series of alloys can be mdde that will flow freely at temperatures from 
1250-1600*’F. In general, alloys having lower melting points contain relatively less 
zinc and high silver. Table I gives a list of the A.S.T.M. standard silver solders 
with the approximate melting points, flow points, and colors of grades. 
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Cadmium and tin are sometimes added to the ternary silver-copper-zinc alloys. 
Nickel, manganese, and chromium are also used but the standard alloys given in 
the A,S.TM. specifications have been found to meet most of the requirements. 

Silver solders are extensively used on practically all nonferrous metals and alloys 
and on steels and iron because of their strength, low melting points, free fiowing 
properties, and resistance to corrosion. The strongest joints are made with small 
clearances, not over three or four thousandths of an inch for best results. Joints 
will stand severe shock and vibrations. 

Borax or combinations of borax and boric acid are satisfactory fiuxes except 
in the case of stainless steels when the addition of one of the alkali bifiuorldes or 
a halogen salt will prove beneficial. Fluxes that are fluid below 1400®P. are less 
likely to give trouble from inclusions, and particularly with the low melting point 
silver solders a great deal of the advantages in their use are lost if excessive super¬ 
heat is required to keep the flux sufficiently fluid. By proper design and fitting 
of the Joint, such a small amount of silver solder is required that although the 
cost of the silver solder may seem high, as compared to base metal solders, it has 
been found by experience that the cost of the finished joint will compare favorably 
with the base metal alloys in many cases. 

The silver-copper-phosphorus eutectic melts at 1190®P. and a self-fluxing alloy* 
containing about 2.5% less phosphorus than the eutectic is used for brazing copper, 
brass and other nonferrous alloys. This alloy flows freely at a temperature of 
1300®P., which is a most desirable property. Properly fitted joints have high tensile 
strength and are malleable. It can be rolled into thin gage sheet and drawn into 
fine wire. With brass and other alloys only a small amoimt of flux is required. 
Borax can be used as a flux but special fiuxes which are more fluid than borax 
at 1300®P. are preferable. 

In general, the use of silver soMers should be considered where the higher 
temperatures required for other brazing alloys might cause excessive grain growth 
or damage to the metals to be joined and where strong ductile joints are necessary. 
They can be obtained in all sizes of wire and gages of sheet thus making it possible 
to obtain and apply them in the most convenient and economical form for use. 
They are also supplied in filings of different sizes. 

Table Tl 

Special Silver Solders 


Grade Silver, Copper, Zinc, Cadmium, Lead, Melt Point, Flow Point, 

No. % % % % % Phojj -P. •P. 


1 6.00 . . Remainder - ... 640 740 

2 5.00 . 16.60 78.40 .. 480 600 

3 5.50 . .... _ Remainder _ 579 » 715 

41 2.50 0 25 _ 97 25 - 568 668 

5> 50.00 15 50 16.50 18.00 ... .... 1160 1175 

6 * 15 00 80.00 . . 5 1190 1300 


^Proprietary Alloy, Westinghouse Electric & Mfg. Co. 

^Proprietary Alloy, “Easy-Flo,” Handy & Harman. 

*Proprletary Alloy, “Sll-Fos,” Handy & Harman. 

Solders No. 1-4, Inclusive, are used in those cases where strength is not an important factor 
but their higher melting range insures a greater margin of safety against failure at slightly ele¬ 
vated temperatures. In general, their other physical properties are more comparable to the stand¬ 
ard soft solders. Solder No. 5 has the characteristics of the standard silver solders and strong 
Joints can be made on nonferrous and ferrous metals and alloys, including stainless steel. The 
advantages of this solder are its low flow point and the strength of joint.^ 

Brass and Nickel-Silver Brazing Alloys—-Brass brazing alloys, quite generally 
known as ‘‘spelter solder*' or “brazing solder” are alloys of copper and zinc in about 
equal proportions with smaller amounts of tin and nickel. These brazing solders 
are generally applied in powder or granulated form and melted by heating the 
several parts to be brazed to Just about the melting point of the brazing solder, 
at which temperature the solder becomes fluid and runs readily between the con¬ 
tacting surfaces, alloying and bonding them together in a similar manner to soft 
and silver soldering. Dip brazing is also widely used. In this method the parts 
to be brazed are dipped into a molten bath of the brazing alloy, the parts having 
previously been suitably clamped together in the desired relative positions. 


•Proprietary alloy under trade name Sil-Pos, Handy Sc Harman. 








Melting Lead Iron 

Brazing Alloys Range, “P. Copper, % Zinc, Tr Max., % Max., % Tin, % Nickel, % General Characteristics 
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* 

There are many variations of compositions which may be used but the compo¬ 
sitions given in Table m are quite representative of all types in common use. The 
general properties and uses are also indicated. The first two compositions listed 
correspond to A.S.T.M. Standard Specification B64-28. 

Brazing solders are supplied in different grades, classified according to size and 
general shape of grain, known as “round grain”, “long grain”, and “lump”. The 
latter is used primarily for dip brazing. 

Fluxes for brazing alloys are in general the same as used for silver solders. 
Common borax used dry or mixed with water is used quite often but the water free 
powdered fused borax is preferable as it does not “crawl” away from the heat. 
Mixtures of boric acid and fused borax are also quite satisfactory. The fused borax 
fluxes should be mixed with commercial alcohol (water free) rather than water 
when a paste is desired. 

The brazing operation may be carried out by heating with air, oxy-acetylene, 
o^gr-hydrogen, or compressed air and gas torch, by furnace heating, or by carbon 
electric resistor placed against the work. In the dip process the heat comes from 
the bath although preheating in a furnace is often desirable. 

In all except the dip brazing process the brazing alloy mixed with suitable 
amounts of flux is sprinkled or “painted” on the parts to be brazed before heating. 

The phosphor-copper eutectic melts at approximately 1364®F. and contains 
8.3% phosphorus. By lowering the phosphorus content to 7% or less, brazing alloys* 
are produced which can be used with copper and brass; the phosphorus in the 
alloy acting as a flux. 

Copper Brazing is a term applied to the Joining of steel when pure copper 
is used as the brazing alloy. The temperature must, of course, be above the melting 
point of copper (1980®P.). In copper brazing, the assembled steel parts with scraps 
of copper on the joints are most frequently placed in a furnace having a controlled 
hydrogen or other suitable atmosphere. Occasionally an oxy-hydrogen torch with 
excess hydrogen is resorted to. 

• Bronze Welding Rods—In addition to the two groups of alloys listed above, 
there is a third large group of ductile copper alloys which are, by reason of the 
welding methods employed in their applications, more properly termed welding rods. 

These alloys are used: (1) where a moderately high strength (about 50,000 psi.) 
is required, (2) where good bearing or wear resistance is desired, (3) where the 
weld must possess some of the corrosion resistance characteristics of the base metal, 
or (4) where a color match is required, weld metal to base metal. 

Welding Process—Though some of the yellow bronzes melt at a temperature 
only a few degrees higher than the 50:50 brazing alloys, the oxy-acetylene torch is 
quite generally used as a source of heat for welding rod and base metal. 

With those welding rods which have little or no zinc in their make-up, the 
metallic or carbon arc may be used. The zinc from the yellow bronzes is volatilized 
too freely in the highly concentrated heat of the arc to admit of their being applied 
by the metallic or carbon arc. 

Flux—Many good commercial fluxes for the high zinc bronzes are available. 
They are made up of various proportions of fused borax and boric acid. 

These brazing fluxes are not entirely satisfactory for the silicon and the nickel 
alloys. An addition of sodium or lithium fluoride to the fused borax helps in the 
flowing of the silicon-copper alloys and the addition of a bifluoride to the fused 
borax base helps in preventing the formation of nickel oxide in the copper alloys. 

In general, for connecting of cast iron, steel, copper, and nickel alloys where 
a color contrast is not objectionable, Alloy No. 1 in Table IV will be found most 
satisfactory. This alloy is without doubt the handiest and most nearly universal 
welding rod available for the repair shop and small manufacturer. 

For high wear resistance surfaces Alloy No. 2, applied by the oxy-acetylene 
torch, or the 10% tin Phosphor Bronze, Alloy No. 4, applied by metallic or carbon 
arc, can be used. 

For comparable corrosion resistance, select the welding rod which is nearest 
the composition of the base metal. 


♦Proprietary Alloy, **Phos-Copper,” Westinghouse Electric Sc Mfg. Co. 
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Welding rod No. 3 Is used for the most part In making fusion welds in a base 
metal of a similar composition by the use of the oxy-acetylene torch or the carbon 
or metallic arc. The base alloy is finding a wide application in the manufacture 
of hot water storage tanks and various vessels for the chemical Industries. 

Of the two white metals, Alloys No. S and 6, the former is used almost entirely 
on the nickel-silver alloys using the oxy-acetylene torch though it could be used 
on steel if the yellow of Alloy No. 1 were objectionable. 

Alloy No. 6 is appropriate for use on the' 70:30 Cupro Nickel base metal whldh 
is finding wide application in situations where a combination of strength end cotro* 
Sion resistance is desired at elevated temperatures. 

A word of caution should be given about the possibility of intercrystaDlne 
embrittlement of steel joints when brazing with brass or bronze brazing alloys. 
If the Joint is heated above 2000*^. intercrystalline penetration of the brass Into 
the steel may occur. For example, oxy-acetylene or arc welding of joints which 
have been brazed are likely to cause trouble and this practice should be avoided 
as far as possible. 
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The Aluminum Industry 

By Junius D. Edwards* 

Aluminum as an element has only been known about 100 years, and its com¬ 
mercial history is comprised within the last 50 years. It is one of the principal 
metallic products of the electrochemical industiir. 

Occurrence—The principal ore of aluminum is bauxite. Bauxite comprises the 
hydrated oxides of alumihum, AhOa-SHsO and AhOsJIaO. together with associated 
Impurities such as the oxides of iron, silicon, and titanium. Bauxite is produced 
by the weathering and alteration of aluminum silicate rocks, and is widely distrib¬ 
uted the world around, usually in tropical and semitropical regions, where the 
weathering processes which have produced it have proceeded at an accelerated 
pace. At the present time, the principal supplies of bauxite come from France, the 
United States, Dutch Guiana, British Guiana, Hungary, Italy, and Jugo-Slavla. 
Bauxite is thus not a rare ore, and its principal value, when delivered in refined 
form for the electrolytic production of aluminum, lies in the transportation charges 
and chemical refining costs Incident to its purification. The bauxites used for the 
production of aluminum contain about 55-65% alumina; it takes about 4 lb. of 
bauxite, therefore, to produce 1 lb. of aluminum. It has been estimated that there 
is enough bauxite in sight to supply the world with aluminum for the next 1,000 years. 

Extraction or Refining Methods—^In the electrolytic reduction of aluminum 
oxide, any impurities such as the oxides of iron, silicon, and titanium are reduced, 
along with the alumina. The alumina used is first refined, therefore, by removal 
of these impurities. It is essential to start with raw materials of the highest purity, 
and this includes not only the alumina but the carbon electrodes and the fused 
electrolyte employed in the process. 

The Bayer process is almost universally employed for the purification of bauxite, 
m this process the bauxite is digested with caustic soda solution under pressure 
and the alumina dissolved out as a solution of sodium aluminate. The residue, 
known as red mud, contains the oxides of iron, silicon, and titanium, and is sep¬ 
arated by filtration. Aluminum hydrate is separated from the solution of sodium 
aluminate by precipitation and is converted to the oxide, AhOs, by calcination. 

The electrolytic reduction process is based on the discovery of Charles M. Hall, 
that molten cryolite dissolves alumina and that aluminum can be separated con¬ 
tinuously from the molten solution at about 1000®C. by electrolysis. In operation, 
the electrolytic reduction takes place in large cells; they consist of a steel shell 
lined with carbon, forming an inner cavity in which the cryolite electrolyte is held. 
The carbon anodes, dipping into the electrolyte, introduce the current which sep¬ 
arates the metallic aluminum electrolytically and provides the heat which keeps the 
bath liquid. Molten aluminum deposited on the bottom of the cell is withdrawn 
from time to time as it collects. This is the primary aluminum of commerce and 
will run in purity up to about 99.8%, depending upon the care and skill with which 
the raw materials have been prepared and the reduction process carried out. 
Aluminum of higher purity (up to 99.99%) can be produced by the Hoopes elec¬ 
trolytic refining process, in which aluminum is electrolytically dissolved from a 
molten aluminum-copper alloy anode and deposited in a layer of pure aluminum 
acting as cathode and floating on the molten electrolyte which separates the anode 
from the cathode layers. The production of a pound of aluminum requires about 
10 kw-hr. of electrical energy, so that cheap electric power is essential for its com¬ 
mercial production. 

Principal Products—The aluminum sheet of commerce, designated 2S by the 
principal producer, has a nominal purity of about 99.2%. It is, in fact, an alloy 
with small amounts of iron and silicon, and its strength is substantially increased 
thereby. Another commonly used wrought alloy, known as 3S, contains 1.25% of 
manganese. The principal elements used in the production of aluminum alloys are 
copper, silicon, manganese, magnesium, and zinc. Since the invention of duralumin 
and the discovery and explanation of heat treatment effects in aluminum alloys, 
a series of heat treatable aluminum alloys have been developed. They are fre¬ 
quently referred to as the ''strong alloys of aluminum’* and greatly extend the field 
of application of aluminum. 


’Aluminum Research Laboratories, New Kensington, Pa. 
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Uses—Aluminum and its alloys can be worked and fabricated by the usual metal 
working processes such as rolling, stamping, spinning, drawing, extruding, and forg¬ 
ing, and produced in the form of castings by the sand, permanent mold, or die cast¬ 
ing processes. Except for magnesium and beryllium, aluminum is the lightest of 
the structurally useful metals. In the transportation field, it is not only the light¬ 
ness of aluminum and its alloys, but the high physical ^^roperties obtainable by 
alloying and heat treating which make it suitable for lignt weight structures. 

Aluminum has good electrical conductiirity; volume for volume, its electrical 
conductivity is about 61% that of copper, and weight for weight, its conductivity 
is about 200% that of copper. High electrical conductivity, combined with gdbd 
weather resistance and adequate physical properties, accoimts for its use in over 
700,000 miles of aluminum cable, steel reinforced. 

Aluminum is also a good conductor of heat. This property is made use of in 
such varied applications as cooking utensils, and pistons and cylinder heads for 
internal combustion engines. 

Aluminum is a good refiector for radiant energy throughout the spectral range, 
from ultra-violet through the' visible range and into the infra-red. It is being em¬ 
ployed in thin films on the reflectors of the most modem telescopes, is widely used 
for light reflectors in the illuminating industry, and its high reflectivity for infra¬ 
red radiation is giving it a unique field of usefulness for thermal insulation. As a 
practical light reflector, its usefulness has been extended by the Alzak process, 
which includes electrolytic brightening to develop maximum reflection, coupled 
with an electrolytic oxide coating to provide a glass-like, transparent, weather 
resistant and cleanable surface. In the thermal insulation field, aluminur' foil. 



19fe> B20 1925 1930 1935 


Pig. 1— Primary aluminum produced in the United States and in the world, 1913-1936, 
pared with Imports into the United States and with domestic consumption, exports, secondary 
production, and the trend of the average New York quoted price (No. 1 virgin ingot, 98-99%). 
Courtesy of Bureau of Mines, Minerals Yearbook, 1937. 


With its high reflectivity for thermal radiation and its low radiating power or emls- 
sivity for the same type of radiation, gives to a structure comprising shedts of 
aluminum foil separated by air spaces, a high insulating effect. 

Aluminum forms, in contact with moist air, a thin, impervious film of oxide 
which protects it against further attack. It can be electrolytically oxidized to give 
it a thicker oxide film of great hardness and resistance to corrosion; These oxide 
films can be colored by the absorption of dyes or by impregnation with inorganic 
pigments. 

Aluminum has a high heat of combustion, and this affinity for oxygen is the 
basis of the Thermit welding process, where reaction between finely divided aliuni- 
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num and metallic oxides, such as iron oxide, produces a molten ferrous alloy at a 
high temperature. 

Another chemical use of aliuninum is as a deoxidizer in the manufacture of 
iron and steel. Its affinity for oxygen is so great that it is used in producing gas- 
free steel ingot. 

Aluminum in finely divided flake-like form, supplied either as aluminum powder 
or aluminum paste, makes an excellent paint pigment. Aluminum paint made with 
this pigment forms a durable and protective paint for both metal and wood. It is 
relatively impervious to moisture penetration; is opaque to sunlight, hides and covers 
well, and maintains this protection over extended periods, even imder conditions of 
severe exposure. 

Statistics—The uses of aluminum and its alloys are being expanded as research 
develops a sound basis of fundamental knowledge regarding its physical, chemical, 
and engineering properties. During the last decade, the applications of aluminum 
in the U. S. have been along the following principal lines: 

Percentage of Aluminum Used in Various Industries 


Transportation (land, air, and water). 38% 

Electrical conductor . 16% 

Cooking utensils . 14% 

Machinery and electrical appliances. 9% 

Iron and steel metallurgy. 8% 

Building construction . 4% 

Miscellaneous foundry and metal working. 4% 

Chemical . 2% 

Pood and beverages. 2% 

General miscellaneous . 3% 


References 

J. D. Edwards, F. C. Frary and Z. Jeffries, The Aluminum Industry, 1930, McGraw-Hill Book 
Ck>., Ine. 

Light Metals and Alloys, U. S. Bur. Standards, Cir. 346, 1927. 

A. von 2teerleder, Technologic des Aluminiums und Seiner Lelchtleglerungen, 1938 














A1 1216 


CONSTITtjnON OP ALUMINUM-CHROMIUM ALLOYS 


1221 


Constitution of Aluminum-Chromium Alloys 


By W. L. Fink* and H. R. Freche* 


A few commercial aluminum alloys contain small amounts of chromium, but 
substantial amounts of chromium increase the liquidus temperature beyond com¬ 
mercial limits. Consequently, the extreme aluminum-end of the system is of great¬ 
est Interest. 


^C. 

760 

720 

680 

640 

600 

560 

520 

0 12 5 



Leo* Guillet' studied aluminum alloys con¬ 
taining from 65-90% chromium. He observed the 
two intermetallic compounds AlCr and AlCr4 in 
this concentration range. According to Hindrichs* 
aluminum and chromium form an intermetallic 
compound AlCrs which corresponds to 85.2% 
chromium. Goto and Dogane,* in their paper 
on the aluminum-chromium alloys, suggested 
the intermetallic compound CrAh. 

In a recent investigation by Fink and 
Freche*, on the aluminum-end of the alumi¬ 
num-chromium diagram, alloys were used 
which contained 0.02% iron and 0.01% silicon 
and 0.01% copper. The results of the investi¬ 
gation are illustrated by Pig. 1. At the alumi¬ 
num-end of the system, the Intermetallic com¬ 
pound CrAh, which contains 21.60% chromium 
and 78.40% aluminum, was identified. At 661®C. 
a peritectic reaction occurs between OrAl? and a 
melt, containing 0.41% chromium, to form a 
solid solution containing 0.77% chromium. The 
solid solubility decreases with temperature; and 
at 530®C. the saturated solid solution contains 
only 0.25% chromium. 


Percent Chromium 


In aluminum-rich alloys, the unetched chro¬ 
mium constituent appears gray when illumi¬ 
nated by the light from a carbon arc filtered 
through a 78A Wratten filter. A 10% solution 
of sodium hydroxide at 70®C. darkens the constituent. When etched with 0.5% 
hydrofiuoric acid, the constituent is outlined but does not change in color. 


Fig. 1—Aluminum end of the 
Aluminum-Chromium Constitution 
Diagram. 
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Constitution of Aluminum-Copper Alloys 

By E. H. Dix, Jr.^ and H. H. Bichardsont 


The aluminum-rich alloys of the aluminum-copper system are of great com¬ 
mercial importance in both wrought and cast forms. The wrought alloys generally 
do not contain over 5% copper, although the cast alloys may contain as much as 
12-15% copper. With further Increase in copper content the brittleness of the 
alloys is too great to permit more than a few special commercial applications. Both 
the wrought and cast alloys are subject to improvement In strength and hardness 
by heat treatment. 

Because of the commercial Importance of the aluminum-copper alloys the 
constitution of this system has been the subject of a niunber of independent 
researches. At the aluminum end of the series an intermediate aluminum-copper 
solid solution forms a eutectiferous series with aluminum in which the eutectic 
alloy contains 33% copper and melts at 548‘*C. At the eutectic temperature 5.65% 
copper is soluble in solid aluminum and this amount decreases to less than 0.5% 
at room temperature. The susceptibility of the aliunlnum-copper alloys to improve¬ 
ment in strength by heat treatment depends on this decrease in solubility. 

The diagram of Fig. 1 is according to the most recent work of Stockdale,^ but 
modified in the composition range shown in the insert to agree with the investiga¬ 
tion of Dix and Richardson.^ The present diagram of Stockdale differs, in the range 
shown, from an earlier diagram” in that a solid solution region from 52.5-53.9% 
copper is shown in place of the intermetallic compoimd OuAl*. The more recent 

work therefore throws doubt on 
the existence of CuAlj which 
contains 54.1% copper. Stock- 
dale has designated the solid 
solution region as the 9 phase. 

There is lack of agreement 
between the results obtained in 
investigations of the solubility 
of copper in solid aluminum. 
The discrepancies are probably 
due to impurities in the alumi¬ 
num used and to the long time 
required to obtain true equi¬ 
librium. 

Merica^ and his associates 
discovered that the solubility 
of copper in aluminum de¬ 
creased with decrease in tem¬ 
perature and called attention 
to the connection between this 

dale Dte Ind susceptibility of 

the alloys of the duralumin 

type to improvement in strength and hardness by heat treatment. 

The solubility data shown in the following tabulation and the insert of Pig. 1 
were arrived at by microscopic examination of alloys of extremely high purity, 
which had been annealed for long periods of time: 



Saturation Limit of Copper in Solid Aluminum According to Dix and Richardson 


Temperature. *C. 200 

Per cent copper.0.50 


300 

0.70 


350 

1.00 


400 

1.50 


450 

2.60 


500 

4.10 


548 

5.65 


These results are in fair agreement at the eutectic temperature with the result 
obtained by Rosenhain* at the National Physical Laboratory and at 300‘’G. with 
that of Merica^ at the U. S. Bureau of Standards. They also agree with the results 
obtained by Ohtanl and Hemmi* who used electrical resistivity measurements for 
a limited temperature range of 420-520^0. The solubility at 200°C. was obtained 
on chill cast specimens annealed at that temperature for two weeks subsequent to 
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a homogenizing treatment of 11 days at 540*’C. The more recent results of Stock- 
dale for the limited range from 460-530®0. are in agreement with the above values. 

The 8 phase, when it occurs in the light aluminum alloys, polishes slightly 
in relief and has a marked tendency to tarnish. However, if carefully polished 
it is clear and almost colorless, with a slightly pink tinge. Its most striking char¬ 
acteristic is the way in which it lights up in passing out of focus. A light etch 
with 0.5% hydrofluoric acid leaves this constituent clear with a well defined bound¬ 
ary. It is colored brown or black by immersion for 40 sec. in 25% nitric acid at 
70®C., followed by quenching in cold water. 

The solid solution of copper in aluminum has been shown by X-ray analy¬ 
sis** •* •* to have a face centered cubic lattice similar to that of pure aluminum. 
Solution of copper is effected by simple substitution with a contraction of the 
lattice. The 0 phase or the so-called CuAL has been shown by X-ray analysis*** 
to have a body centered tetragonal structure with an axial ratio of 0.805. 

See page 1342 for a discussion of the copper end of this diagram. 
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Constitution of Aluminum-Iron Alloys 

By E. H. Diz, Jr.* 

Iron Is always present in aluminum of commercial purity and even the highest 
purity electrolytically refined aluminum (99.95% Al) contains visible particles of an 
iron constituent. In the commercial aluminum alloys, iron is often found in com- 
I'plex constituents containing aluminum and one or, perhaps, more of other elements 
' such as silicon, manganese, or copper. Two ternary aluminum-iron-silicon constit¬ 
uents have been definitely identified. 



Pig. l—Aluminum-Iron Oonstitutlon Diagram (Gwyer, Phillips, and Dix). 


In aluminum substantially free from other elements, iron occurs as the alumi¬ 
num-iron compound, FeAl*. As shown by the diagram, Fig. 1, aluminum and 
FeAU form a simple eutectiferous series. Reliable investigations have placed the 
eutectic concentration at 1.7-2.5% iron and the temperature at 648-655®C. These 
dlSerences are probably caused by variations in the purity of the aluminum used 
and the pronounced tendency of the alloys to imdercool. 

The figures indicated in the insert, showing the eutectic region, of Fig. 1 were 
obtained on aluminum of very high purity (impurities other than iron less than 
0.03%). The iron content of the eutectic was obtained by chemical analysis of very 
slowly cooled specimens, which were shown by microscopic examination to have 
a eutectic structure. However, by rapid cooling from a high temperature a fine 
structure having the appearance of a eutectic was found with iron as high as 3.5%. 
TTie eutectic temperature was determined from a consideration of a number of 
heating and cooling curves of the same high purity material. 

FeAL is practically Insoluble in solid aluminum, although fine particles of 
eutectic FeAL exhibit 'marked coalescence after an extended annealing Just under 
the eutectic temperature. 

In a properly polishea specimen particles of FeAls appear bright with a slightly 
purple tinge. Swabbing with 0.5% hydrofluoric acid slightly attacks the aluminum 
solid solution and so removes any slight, surface flow, and if not carried too far the 
FeAla retains its characteristic bright purplish color. 

FeAla is colored black by 30 sec. immersion in a 20% solution of HsSOi at 70*0., 
followed by quenching in cold water. However, the iron-silicon-aluminum constit¬ 
uents are also attacked by this reagent, although the appearance after etching is 
different. A similar procedure with 25% HNOi is useful in differentiating between 
these constituents. 
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Constitution of Aluminum-Magnesium Alloys 

By W. L. Fink* and L. A. WiUey* 

During the past few years, there has been a considerable increase in the com¬ 
mercial use of aluminum-magnesium alloys. The alloys used most extensively in 
this country contain approximately 2H, 4, and 10% magnesium. These commercial 
alloys are described elsewhere in the Handbook.'* '* *• ^ 

The constitution of the alloys at both ends of the aluminum-magnesium system 
has been well established. The magnesium end of 1;he diagram is shown and dis¬ 
cussed in an article, ^'Constitution of Magnesium-Aluminum Alloys” by H. E. Bakken 
and R. T. Wood.® The aluminum end of the diagram is shown in Pig. 1. The solid 
solubility curve was drawn from the data given by Dix and Keller,* except at the 
lower temperatures where the curve was modified to agree with more recent data 
by the authors.' This curve is in fair agreement with the findings of Ohtani,” 
Schmid and Siebel,* and Saldau and Sergeev.'* The solubility limits for the various 
temperatures are given in the following table: 

Temperature Solubility Relations 


Temp. •€.461t 400 360 300 250 200 

Saturation limit (% Mg). 14.9 11.0 8.7 6.4 4.3 2.9 


The magnesium constituent which occurs at the aluminum end of the system 
has been designated as /3, Mg^l,," MgsAlg,'* Mg 4 Al„'» and jSAl-Mg,'* but in accord¬ 
ance with the new method of nomenclature'” '* ' it will be called a(Al-Mg). The 
phase boundaries for o(Al-Mg) shown in Pig. 1, were taken from recent work of 
the authors.' 

Aluminum solid solution and a(Al-Mg) form a eutectic containing approximately 

tvkOflrviAaliim on/I nnoll-ln/* of AR1 

Although much work has been 
done on the central part of the 
aluminum-magnesium diagram, the 
phase boundaries have not yet been 
definitely established. Recent inves¬ 
tigations"*'•*" have shown that there 
are three different intermediate 
phases in the aluminum-magnesium 
system. One of these three phases. 
a(Al-Mg), is shown in Pig. 1. The 
exact boundaries of the other two 
phases are unknown. One of these 
phases is apparently on the alumi¬ 
num end of the system, that is, con¬ 
tains more than 50 atomic per cent 
of aluminum, and therefore, should 
be designated as /3(A1-Mg). The 
other phase is on the magnesium 
end of the system and should there¬ 
fore be desi^ated as a(Mg-Al). 

The etching characteristics of 
a(Al-Mg) are given in an article. “Etching of Aluminum for Metallographic Exam¬ 
ination” by E. H. Dix, Jr., and P. Keller.'* 
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Fig. 1—^Aluminum-magnesium constitution diagram 
(Dix, Keller. Pink, and Willey). 
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Constitution of Alnminum-Manganese Alloys 

By E. H. Dix, Jr.,* W. L. Fink,* and L. A. Willey* 

Introduction—^Manganese is used in relatively small amounts in a number of 
commercial aluminiun alloys. In these alloys, the manganese occurs in a complex 
aluminum-manganese constituent in which atoms of iron or other elements have 
replaced a part of the manganese atoms. Chemical analysis of such constituents 
separated from aluminum-iron-manganese alloys has shown as much as 1 atom 
of iron to 2 atoms of manganese. The presence of iron, even in small amounts, in 
the constituents greatly alters their solubility. Consequently it is very difficult to 
prepare alloys of sufficient purity to be classed as binary alloys. Most of the results 
found in the literature were obtained from alloys that contained a considerable 
quantity of silicon, iron, and copper as impurities, and, therefore, really apply to 
complex systems. 

Constitution Diagram—Krings and Ostmann' in their work on the aluminum- 
copper-manganese alloys assigned the formula MnAl* to the compound at the 
aluminiun end of the binary system. They found the eutectic between this com¬ 
pound and aluminum at 649^C. and 3% manganese. Rassow^ found a eutectic tem¬ 
perature of 650^C. He assigned the formula MnAl? to the compound at the alumi¬ 
num end of the system and interpreted a thermal arrest occurring at 670°C. as a 
polymorphic transformation of that compound. Bradley and Jones,‘ through X-ray 
analysis of annealed aluminum-manganese alloys, also concluded that the aluminum- 
rich compound was MnAl? ^ The diagram of Ishiwara^ shows that a compound 
MnAh reacts with the melt at 670°C. to form the compound MnAls. Bosshard* 
determined the solid solution range at the aluminum end of the system but his 
values are lower than those for binary alloys because his samples contained large 
amounts of impurities. 



Fig. 1—Aluminum-Manganese Constitution Diagram (Dix, Fink, and Willey). 


In a recent investigation by Dix, Fink, and Willey* alloys were used which con¬ 
tained less than 0.01% each of iron, silicon, and copper. It seems probable that 
such small amounts of impurities would not substantially alter the results and that 
the diagram shown in Fig. 1 is a close approximation to the true binary diagram. 

At the extreme aluminum end of the system the intermetallic compound 
MnAle, containing 25.35% manganese, forms a eutectic with an aluminum-manga¬ 
nese solid solution. This eutectic occurs at 1.95% manganese and 658.5*0. The 
solid solubility of manganese in aluminum decreases from 1.82% at the eutectic 
temperature to 0.36% at 500*0. The compound MnAh decomposes at 710*0. to 
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form the compound MnAli containing 33.7% manganese and liquid aluminum con¬ 
taining 4.06% manganese in solution. 

In aluminum-rich alloys, the unetched constituent MnAL has a flat gray ap¬ 
pearance. A solution containing 1% sodium hydroxide etches this constituent to 
a blue gray color in about 10 sec. at room temperature. A 10% solution of sodium 
hydroxide at 70®C. etches the compound dark brown to black. When etched with 
0.5% hydrofluoric acid, the compound is outlined, but does not change color unless 
iron is present, in which case the constituent turns brown or black. 
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Constitution of Aluminum-Nickel Alloys 

By Wm. L. Fink* and L. A. WiUey* 


soo 


Several of the complex commercial alloys of aluminum contain nickel as one 
of the alloying elements. Although the pure binary aluminum-nickel alloys are 
not important from a commercial standpoint, a knowledge of the constitution of 
the system is a prerequisite for tJie study of the more complex commercial alloys. 

The literature contains the results of sev- 
eral investigations on the constitution of the 
I /600 aluminum-nickel system of alloys. Brunck' 
noted that aluminum-rich aluminum-nickel al¬ 
loys contained an intermetallic compound the 
composition of which corresponded to the for¬ 
mula NiAla. Gwyer® ‘confirmed the composi- 
I MOO tion of ‘ the compound. He also found a eu¬ 
tectic between this compound and aluminum at 
630®C. and 6% nickel. Bingham and Haugh- 
ton* found that the eutectic of the binary 
aluminum-nickel system occurred at 633®0. and 
1 1200 5.3% nickel. They determined that the solid 
solubility of nickel in aluminum was less than 
0.25% at 600®C. 

The results of a more recent investigation 
of high purity aluminum-nickel alloys, by 
Fink and Willey* are shown in Fig. I. At the 
aluminum end of the system the intermetallic 
compound NiAU and the aluminum-nickel 
solid solution form a eutectic at 5.7% nickel and 640®O. The insert of Pig. 1 shows 
the solubility curve in detail. The limit of solid solubility decreases from 0.05% 
nickel at the eutectic temperature to approximately 0.005% at 500®C. 

Although the solubility in the solid state is slight, the binary alloys containing 
a few hundredths of a per cent of nickel have relatively high susceptibility to age 
hardening. The maximum hardness for such alloys is obtained by heat treating 
at about 630®C. followed by artificially aging at about 265°0. for 8 hr. 
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Fig. 1—Aluminum-Nickel Constitution 
Diagram (Fink and Willey). 


The compound NiAla occurring in the binary alloys, appears under the micro¬ 
scope as a light gray constituent with a slightly purple tinge in the unetched 
condition. Keller and Wilcox,® investigating the etching characteristics of constit¬ 
uents of aluminum alloys, found that the NiAl* constituent is colored brown to 
black in an aqueous solution of 0.5% HF. They observed that about the same 
coloration is obtained using an etching reagent of 10% NaOH at 70®C., or one 
containing 0.5% HP, 1.5% HCl and 2.5% HNOa. A 25% HNOa solution at 70®O. 
does not color or attack the constituent. 
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Constitution of Aluminum-Silicon Alloys 

By E. H. Dix, Jr./ and A. C. Heath, Jr.t 

Introduction—Silicon, inevitably present in even the purest grades of aluminum, 
was at one time believed detrimental to the properties. Extended studies of the 
binary aluminum-silicon alloys disclosed the value of the element, so alloys contain¬ 
ing up to about 13% silicon are now widely used; especially as casting alloys. 
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Pig. 1—Alumlnum«Slllcon Constitution Diagram (aluminum end). Location of eutectic by 
Edwards, and the liquldus curves by Owyer and Phillips. 

Fig. 3—Aluminum-Silicon Constitution Diagram (aluminum end), by Dlx and Heath. 


Studies of the binary aluminum-silicon system have been generally somewhat con¬ 
fused by the presence of iron, which produces a highly complex system, but by the 
use of very pure material these effects can be minimized. 

Constitution Diagram—The results of early work on the system are in fairly 
good agreement and show it to be a simple eutectiferous system without com¬ 
pounds. Probably the most satisfactory determinations of the eutectic temperature 
(577®C) and composition (11.6% Si) are those of Edwards' and Gwyer and Phillips.* 
Alloys containing as high as 14% silicon may be caused to solidify without the sep¬ 
aration of visible particles of primary silicon by either rapid coolingt or the pres¬ 
ence of “modifiers*’*'• such as sodium. This undercooling or modification pro¬ 
duces some changes in the alloy structure which are accompanied by marked changes 
in physical properties. In addition, it lowers the apparent eutectic temperature 
from 577 to as low as 664®0. 

A diagram of the aluminum end of the system is shown in Pig. 1. Dix and 
Heath,* using thermal and microscopic methods on samples made from high purity 
aluminum and silicon, have more recently investigated the aluminum end of the 
system. Their diagram for this area is given in Pig. 2. 

The identification of silicon particles under the microscope is comparatively 
simple as long as they are of fair size, since they can be recognized by their purple 
or slate color in the unetched condition. When polished with magnesia using the 
proper pressure they will appear flat in the matrix, but if too light pressure is used 
they will stand in relief and may become faded or discolored so that identification 
by color is not reliable. The particles are remarkably resistant to most etching 
reagents so the general effect of etching will be to remove surface flow and out¬ 
line the constituent. A light etch with a %% equeous solution of hydrofluoric acid 
will produce this particle definition, but may somewhat discolor the constituent. 

The solid solubility determinations by Dix and Heath on very pure alloys, are 
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not greatly different from those of Gwyer and Phillips and those obtained by a 
chemical method by Kdster and MUller.* 


Temperature Solubility Limits 
(By Dix and Heath) 


Temperature, *0. 577* 650 500 450 400 350 300 200 

Saturation limit, % SI. 1.65 1.30 0.80 0.48 0.29 0.17 0.10 0.00 


•Eutectic temperature. 
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Constitution of Aluminum-Titanium Alloys 

By W. L. Fink* and K. B. Van Homt 

Introduction—^Titanium commonly occurs in small quantities in many of the 
aluminum ores, and traces of titanium oxide not removed during the puriflcation 
of the ore are reduced with the alumina. I;i this manner traces of titanium are 
sometimes unavoidably present in aluminum pig. Larger percentages of titanium 
are sometimes introduced into aluminum alloys, but it is not usually added as a 
major alloying element. 

Constitution Diagram>—The little attention which the aluminum-titanium con¬ 
stitution diagram has received has been restricted to the aluminum end of the 
system. E. van Erckelens,^ Manchot and Leber,* and Pink, Van Horn and Budge* 
have published constitution diagrams; while Wohler,^ Manchot and Richter,® and 
Weiss and Kaiser® described the compound existing in aluminum-rich alloys. 

The liquidus, which represents the solubility curve of the aluminum-titanium 
constituent, TiAla, in molten aluminum, has a steep sloped* and attains a tem¬ 
perature of about 1350®C.* at 37.2% titaniiun (TiAls). The liquidus values of E. van 
Erckelens and Manchot and Leber are in agreement at the higher titanium con- 
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Fig. 1—Aluminum-Titanium Con¬ 
stitution Diagram. 

arrest may be interpreted as the failure to obtain equilibrium during the cooling 
curve experiment. As chemical and X-ray analyses revealed only one compound, 
TiAls, some solid solubility would be necessary to explain the peritectic arrests at 
665.1®C. A solid solubility of approximately 0.28% titanium in aluminum at 500- 
650°C. was determined by electrical conductivity measurement and microscopic 
observations. It is not definitely known whether the solubility is constant over 
this range or whether the rate of diffusion is so slow that equilibrium is not real¬ 
ized. The horizontal line at 665.1®C. therefore represents the peritectic reaction 
TiAls + liquid = aluminum solid solution. 

Microscopic examination of binary aluminum-titanium alloys reveals the 
titanium phase in the form of large needles which are cross sections of plates. The 
constituent appears to be blue-gray in an imetched polished section. Early chem¬ 
ical methods gave TiAh, TiAls, and TisAL as the formula of the Al-Ti compound. 
Recent determinations have definitely established the formula TiAls, the crystal 
structure of which has been analyzed® and found to be tetragonal. 

Co 

a. = 6.424 Co = 8.574 -= 1.58 

ao 

Pour molecules or 16 atoms per imit cell 
Space group (4d 8 — a, b, c, d) 

Closest approach of atoms Al-Al 2.875 
Closest approach of atoms Ti-Ti = 3.835 
Closest approach of atoms Al-Ti = 2.712 



tents, but vary appreciably at the extreme aluminum 
(commercial) end. Pink, Van Horn and Budge ob¬ 
served that the primary thermal effects in specimens 
of low titanium content were weak and susceptible 
to decided imder-cooling. Therefore, these investiga¬ 
tors determined the liquidus by a different procedure 
—analysis of the supernatant melt in equilibrium 
with precipitated TiAL. The data thus obtained are 
incorporated in the accompanying diagram (Pig. 1) 
which shows that the liquidus intersects the peritectic 
horizontal at 665.1®C. and 0.18% titanium. 

Two thermal arrests have been observed* in alloys 
containing over 0.03% Ti. Above 0.18% Ti these 
arrests occur at 665.1 and 659.8°C. respectively, while 
below 0.18% Ti the two points converge and meet at 
the melting point of pure aluminum. The lower 
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Constitution of Aluminum-Magnesium Silicide Alloys 

By E. H. Dix, Jr.,* F. Keller,* R. W, Grahamt 

General—^The addition of magnesium and silicon to aluminum results in a type 
of strong alloy which is of considerable commercial Importance. The alloys are 
readily workable in the annealed form and may be strengthened and hardened by 
a solution heat treatment. The maximum strength and hardness are obtained by 
a precipitation heat treatment following the solution heat treatment. The suscep¬ 
tibility of these alloys to heat treatment is attributed to the presence of the mag¬ 
nesium and silicon in the form of the compound MgsSi. 

An extensive investigation of the constitution of aluminum alloys containing 
various amounts of magnesium and silicon was made by Hanson and Gayler.^ Part 
of their investigation consisted of determining the solid solubility of Uie compound 
MgsSi in aluminum. 

Constitution Diagram—^In the system of aluminum, magnesium and silicon all 
alloys lying on the base line running from the aluminum comer of a triangle repre¬ 
senting the ternary alloys to the point representing the compound Mg 2 Si form a 
simple eutectiferous series. MgsSi forms a eutectic with aluminum at about 13% 
of the compound. The eutectic temperature has been found to be 595^U. 

It has been generally assumed that the precipitate formed at low temperatures 
from the solid solution of magnesium and silicon is MgsSi. However, Mehl, Barrett, 

and Rhines* were unsuccessful in their at¬ 
tempt to find evidence of the MgsSi lattice 
in their X-ray studies to identify the pre¬ 
cipitate. Their results indicated that the 
compound AlsMgs (j^Al-Mg)* was present 
while the presence of MgsSi and silicon was 
less certain. 

When a properly polished specimen is 
examined the compound MgsSi appears 
pale blue in color, but it readily tarnishes 
to a deep iridescent blue. The compound 
is readily attacked by water in the polish¬ 
ing operation which makes the preparation 
of samples somewhat difficult. 

Etching is not desirable for identifica¬ 
tion of the constituent since all of the etch¬ 
ing reagents commonly employed for alumi¬ 
num alloys attack the compound li^sSi 
and remove its characteristic deep blue 
color. However, a 0.6% solution of hydrofluoric acid in water is generally used for 
removing surface flow and for revealing fine particles and grain size. 

The constitution of the aluminum-magnesium silicide alloys containing up to 
19% of the compound MgsSi is shown in Pig. 1. This diagram is taken from the 
work of Hanson and Gayler and has been modified to include the more recently 
determined solubility limits." The solubiUty limits for MgsSi for various tempera¬ 
tures are also given in the following tabulation: 

Temperature Solubility Relations 

Temp., .. 

Saturation limit (% .. 1-W 1.06 0.63 

•Eutectic temperature. 

These solubility relations hold true only when the magnesium and silicon are 
present in the proper proportions to form the compound MgsSi. An excess of mag¬ 
nesium over that reqifired to form the compound reduces the solubility in propor¬ 
tion to the amount of excess magnesium present. An excess of silicon does not 
affect the solubility of MgsSi in aluminum. 
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Fig. 1—^Partial diagram of the aluminum- 
magnesium silicide system (Hanson and 
Qayler with modified solubility curves by 
Dix, KeUer, and Grahami. 
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Constitution of Aluminum-Magnesium-Zinc Alloys 

By W. L. Fink* and L. A. WMley* 

The ternary system, aluminum-magnesium-zinc, is of particular interest because 
useful alloys are found in all three corners of the diagram. 

The three binary diagrams are shown in Pig. 1, 2, and 3. The doubtful and 
extrapolated portions of the binary diagrams* are shown with dotted lines. The 
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Fig. 1—Aluminum-magnesium constitution diagram. 
Fig. 2—Aluminum-zinc constitution diagram. 

Fig. 3—Magnesium-zinc constitution diagram. 


I 


solid lines of the diagrams were taken from various investigations which are in 
substantial agreement. In the binary systems as well as in the ternary system, 
the phases have been designated by a modification* of the method proposed by 
Dix and Keith.* A phase is designated by placing in parentheses the chemical 
symbols of the elements essential to the formation of that phase. Hie symbols 
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in the parentheses are separated by dashes In order to clearly distinguish them 
from a chemical formula. Elements that are not necessary to the formation of the 
phase in question, but which may be present in solid solution, are not Indicated 
in the designation. The symbols are placed in the order of the atomic percentage 
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Fig. 5—Solidus surface, aluminum-magnesium-zinc constitution diagram (Kdster, Wolf. Dullen- 
kopf. Fink and Willey). 

of the elements. If two or more phases would have the same designation according 
to these rules, they are distinguished by prefixing Greek letters. A list of all the 
phases found in the aluminum-magnesium-zinc system is given below, together 
with other ssnnbols which have been used in the literature to designate these phases: 
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(Al) 

a(Al-Mg) 

/3(Al.Mg) 

a(Mg-Al) 

(Mg) 

a(Mg-Zn) 

i3(Zn-Mg) 

a(Zn-Mg) 

(Zn) 

(Mg-Zn-Al) 


Al, Aluminum solid solution, a, i5, 7 

AldMgs, AlsMga, 

AlMg, 7 

MgiAls, MgsAl), 7 , a 
Mg. Magnesium solid solution, a. S, i 
MgZn, Z ^ 

Zn'^Mg, «, 7 
ZnfiMg, ff, p 

Zn, Zinc solid solution, a 
T, Mg^ZnaAla, MgaZUsAlj 


Three Investigations have covered the entire aluminum-magnesium-zinc system. 
They were conducted by G. Eger,* W. Kdster and his co-workers,** *• • and Matsujiro 
Hamasumi.* 
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Fig. 6 —Phase fields at lOO'^C., aluminum-magneslum-i;inc constitution diagram (Kdster, Wolf, 
Dullenkopf, Fink and Willey). 


The ternary diagrams in this paper have been taken largely from the work 
of Koster, but they have been modified in the aluminum corner to agree with data 
obtained by the authors.* 

The liquidus surface is shown in Pig. 4. The solidus surfaces are shown in Pig. 5, 
except that isotherms have been omitted for lack of data. The phase fields at 100®C. 
are shown in Pig. 6. 

It will be noted that the homogeneity range of the constituent (Mg-Zn-Al) is 
very large. The solid solubilities at the aluminum and magnesium corners are also 
large at elevated temperatures, but rapidly decrease as the temperature is lowered. 
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Physical Constants of Aluminum 


By Junius D. Edwards* 

Introduction—Aluminum having a purity as high as 99.99% has only been avail¬ 
able since the development of the Hoopes process of electrolytically refining alumi¬ 
num. Previously the physical constants of aluminum were of necessity determined 
with metal of lower commercial purity. However, there are now available data on 
most of the properties of the very pure electrolytically refined aluminum. In the 
discussion an effort will be made to indicate the effect on the property in question 
of the impurities (iron, silicon, and copper) ordinarily present in commercial 
aluminmn. 


Atomic Weight—The element aluminum has the atomic number 13. Its atomic 
weight is 26.97 according to the present accepted value. No isotopes of aluminum 
are known. 


Crystal Form—Aluminum, like most of the ductile metals, crystallizes In the face- 
centered cubic lattice. The unit edge of the lattice cube is 4.0413 xl0“» cm. as de- 
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^*18* 1—Reflectivity of aluminum for radiation of various 
wave lengths. 


Density—Aluminum (99.971% 
purity) has a density of 2.6989 g. 
per cc. at 20®C. when in the cold 
rolled condition and 2.6996 g. per 
cc. after annealing. As with 
most of the metals, the density 
is slightly decreased by cold 
W'orking and increased by subse¬ 
quent annealing.* The addition 
to aluminum of heavy metals, 
such as iron, copper, and zinc, 
increases the density. Silicon 


(density = 2.4) in amounts up to about 0.3% slightly increases the density of alumi¬ 
num and thereafter decreases it. 


Typical values for the density of aluminum for the temperature range of 20- 
1100®C. are given in Table I. The values for density are numerically equal to the 
specific gravity of the metal when referred to the weight of water at 4®0. The 
values for density (g. per cm.*) may be converted into the weight in lb. per cuit. by 
multiplying by the factor 62.428. Aluminum at 70®P, weighs approximately 168.6 
lb. per cu.ft. (2.70 x 62.428). Data for aluminum of three different grades are given 
in the table.* In passing from the liquid to the solid state at the freezing point, 
there is a contraction in volume amounting to 6.6%. 


Table I 

Density of Aluminum 
According to J. D. Edwards 


Temp. 

Condition of Metal 

99.75% 

Aluminum 

-Density—g. per cc.— 

99.4% 

Aluminum 

98.25% 

Aluminum 

20 

Centigrade Temperature 
Solid 2.702 

Scale 

2.706 

2.727 

100 

Solid 

(3.69) 


200 

Solid 

(2.67) 



400 

Solid 

(2.62) 



658.7 

Solid 

(2.55) 



668.7 

Liquid 

2.382 

2.384 

2.405 

700 

Liquid 

2.371 

2.373 

2.394 

800 

Liquid 

2.343 

2.345 

2.366 

900 

Liquid 

2.316 

2.318 

2.339 

1,000 

Liquid 

2.289 

2.291 

2.311 

1,100 

Liquid 

2.262 

2.264 

2.285 


Note—Values enclosed In parentheses are calculated from expansion formula. 


(Continued) 

•Asst. Director of Research. Aluminum Research Laboratories. New Kensington, Pa. 
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Temp. 

Condition of Metal 

99.75% 

Aluminum 

—Density—g. per cc.— 
99.4% 
Aluminum 

98.25% 

Aluminum 


Fahrenheit Temperature Beale 


68 

Solid 

2.703 

2.706 

2.727 

1,217.7 

Solid 

(2.55) 



1,217.7 

Liquid 

2.382 

^384 

2 405 

1,300 

Liquid 

2.369 

2.371 

2.393 

1,400 

Liquid 

2.354* 

2 356 

2 377 

1,500 

Liquid 

2.339 

2.341 

2.362 

1,600 

Liquid 

2.324 

2.326 

2.347 

1,700 

Liquid 

2.309 

2.311 

2.332 

1,800 

Liquid 

2.294 

2.296 

2.316 

1,900 

Liquid 

2.278 

2.280 

2.301 

2,000 

Liquid 

2 263 

2.265 

2 286 


Note—Values enclosed In parentheses are calculated from expansion formula. 


Compressibility—The compressibility or percentage change in volume with unit 
change in pressure of 1 megabar (0.987 atmospheres; 14.504 psi.) of electrolytically 
refined aluminum is approximately 1.40 x 10-® at room temperature;* the compressi¬ 
bility increases somewhat with rising temperature and decreases with metal of lower 
purity. 

Thermal Expansivity—According to measurements of the Aluminum Research 
Laboratories,” the thermal expansivity of wrought aluminum (99.996% purity) is 
given by the following equation, for the temperature range of 20-500®C., Lo is the 
original length and Lt the length at temperature t. 

L = L [1 + (23.221 + 0.004671* + 0.00000781*) 10-*] 

The expansion coefficients for aluminum of different purities and for a variety of 
temperature ranges are given in Table II. 

According to Henning,® the expansion coefficient (oc 10'®) of aluminum is 18.2 
at —100®C. and 11.55 at —200°C. The following equation covers the range from 
0 to —200-C.: 

Lt = Lo (1 + (22.65t + 0.01675t* — 0.00003667t®) lO"^] 

Freezing Point—The Bureau of Standards issues a standard sample of very pure 
aluminum for melting point determinations, to which they assign a melting point 
of 660.2*’C. Commercial metal having a purity of about 99.2% has a freezing point 
of about 657‘»C. (1214.6"P.). 


Table H 

Average Expansion Coefficients of Aluminum 


Temp. 

Range, 

‘’C. 

Wrought 

Aluminum^* 

99 996% 

— Average Coefficients of Expansion per ®C. - 
Cast Cast 

Aluminum® Aluminum® 

99.95% 99.74% 

Rolled 

Aluminum® 

99.15% 


xio-« 

xio-« 

xio-« 

X10-® 

20-100 

23.86 

23.8 

23.8 

24.0 

20-200 

24.58 

24.7 


25.9 

20-300 

25.45 

25.7 

25.6 

26.7 

20-400 

26.49 

26.7 


27 2 

20-500 

27.68 

•27 7 


27.9 

20-600 


28.7 

29.4 

28.6 

100-200 


25.5 



200-300 


27.5 



300-400 


29.5 



400-500 


31.5 



500-600 


33.5 



300-600 


31.5 




Specific Heat—The specific heat of aluminum as well as the heat content are 
given in Table III. Recent work of Seekamp* is in close agreement with the data of 
TUble in. 

Latent Heat of Fusion—The latent heat of fusion of aluminum is approximately 
93 cal. per g. (167.4 B.t.u. per lb.), which is an average of the closely agreeing results 
of Wurst, Meuthen and Duerrer’ and of Awbery and Griffiths.* 
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Boilinsr Point—The boiling point ot aluminum is not known with great certainty 
but according to Greenwood* it is 1800°O. (3272”F.). The metal is relatively non¬ 
volatile at ordinary melting and casting temperatures. Its vapor pressure is esti¬ 
mated by Johnston^ to be about 0.001 mm. of mercury at TSO^’C., 0.01 mm. at SSO’^Cn 
and 0.1 mm. at 950*C. According to Johnston’s estimate, the heat of vaporization 
Is approximate^ 52,600 g. cal. per mol (27.0 g.) or 3506 B.t.u. per lb. 


Table in 

Heat Content and Specific Heat of Aluminum 
Arranged by Shadgen* from Data of Wuest, Meuthen, and Duerrer 


,-^Ternp.- 

•c. 

op.^ 

--Heat 

B.t.u. per lb. 

content-- 

Calories per kg. 

--apeoinc neat- 

Mean 0*-T* 

AtT* 

0 

32 




0.2220 

100 

212 

40.66 

22.59 

0.2259 

0.2297 

200 

392 

82.69 

45.94 

0.2297 

0.2374 

300 

572 

126.12 

70.07 

0.2338 

0.2451 

400 

752 

170.95 

94.97 

0.2374 

0.2529 

500 

932 

217.15 

120.64 

0.2413 . 

0.2606 

600 

1,112 

264.76 

147.09 

0.2452 

0.2683 

657 (Solid) 

1.214.6 

292.50 

162.50 

0.2473 

0.2727 

657 (Liquid) 

1,214.6 

461.63 

256.46 

0.3904 

0.2502 

700 

1,292 

481.09 

267.27 

0.3818 

0.2523 

800 

1,472 

526.93 

292.74 

0.3659 

0.2571 

900 

1,652 

573.66 

318.70 

0.3541 

0.2619 

1.000 

1,832 

621.26 

345.14 

0.3451 

0.2667 


Thermal Conductivity—The precise measurement of the thermal conductivity of 
metals is a difficult problem and it is not surprising that there is wide variation in 
the published data. The Bureau of Standards^ reports that aluminum, 99.66% 
pure, has a thermal conductivity of 0.52 (cal. per sec. per sq. cm., per cm. of thick¬ 
ness per *C.) at an approximate temperature of 50^C. The thermal conductivity 
decreases with decrease in purity. Apparently it increases slightly with increase in 
temperature up to several hundred ^C., but observers are not unanimous on this 
point. The average of scattered values of some 12 different investigators are 
as follows: 0.503 at room temperatiure; 0.503 at 100*’C.; 0.530 at 200'’C.; 0.546 at 
400*’C. A thermal conductivity of 0.52 in cgs. units is equivalent to 1509 B.t.u. per hr. 
per sq. ft. per in. of thickness per °F. 

Heat of Combustion—The heat of combustion of aluxnlnum with oxygen is 
high and accounts for the ready reduction of many oxides by reaction with alumi¬ 
num. The average of the results of four investigations (Minet,” Berthelot,** Rich¬ 
ards,^* Parr and Moose”) is 383,900 cal. per mol of alumina formed (2Al + 30 = ALOi), 
which is equivalent to 12,800 B.t.u. per lb. of aluminum. 

Fluidity—The fluidity (reciprocal of viscosity) of aluminum according to the 
data of Losani” is given in Table IV. The results are referred to the fluidity of tin 
at 300‘’C. as unity. The fluidity of aluminum is appreciably increased by the addi¬ 
tion of small amounts of allpying elements. 


Table IV 

Fluidity Index of Aluminum 
According to Losanl 


--^Fluidity Index—'-- 

Fluidity of Pure Tin at 300»O. = 1.00 
Aluminum Aluminum 

Temp., *C. Purity = 99.26% Purity = 98.32% 


680 . 

. 0.51 

0.67 

700 . 

. 0.70 

0.75 

750 . 

. 0.84 

0.88 

800 . 

. 0.93 

0.97 

850 . 

. 0.97 

1.02 

900 . 

. 1.00 

1.05 

950 .:_ 

. 1.02 

1.09 

1,000 . 

1.05 

1.10 
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Optical Properties—^Aluminum ranks high among metals as a reflector for ultra* 
violet .light.*' ” In the visible range, reflectivity values as high as 90% have been 
recorded,** while in the infra-red range the reflectivity increases to values of over 
97%.“ Pig. 1, taken from an article by Edwards,“ shows the reflectimi factor for 
aluminum over a wide range of wave lengths; means of preparing aluminum re¬ 
flectors are described in this article. 

The emissivity of commercial aluminum foil is about 0.03 at room temperatures.** 

Moeller and Miething** found the emlssMty of molten aluminum in contact 
with air to be 0.12 at 700°G. and 0.17 at lOOO^C. The formation of an oxide film upon 
the metal had an ^appreciable effect upon the results and would tend to increase 
the observed emissivity. 

Electrical Resistivity—Some of the electrical properties of annealed wire made 
from electrolsrtically refined aluminum with a purity of 99.996% are given in Table 
V. The resistivity is slightly increased by cold forking. 


Table V 

Electrical Properties of High-Purity Annealed Aluminum Wire 


Property 


Value at 20«C. 


Density .2.699 g, per cm.* 

Specific volume electrical resistivity, piicrohms per cm. cube.2.6548 x 10-*ohm8 

Volume conductivity. 64.94% 

International annealed copper standard = 100 

Specific mass resistivity, ohms per m.g.0.07165 ohms 

Mass conductivity. 213.02% 

International annealed copper standard = 100 
Constant mass temperature coefficient of resistivity.0.00429 


The resistivity of liquid aluminum at its freezing point is 20 microhms per ce. 
according to Northrup,*' and 27 microhms per cc. according to Bomemann and 
Wagemann.** The ratio of the resistivities of the liquid and solid at the melting 
point is about 1.64. 

Aluminum Conductors—Commercial aluminum conductors are generally made 
from aluminiun having a purity of about 99.5%. The American Institute of Electri¬ 
cal Engineers has adopted a tentative standard (No. 46) for the properties of hard 
drawn aluminum conductors, of which the principal parts are as follows: 

1. Besistivlty—At a temperature of 20*C. the electrical resistivity Is 2.828 mlcrohm-cm. 
(See Note 1.) 

2. Resistance Temperature Coeffieient—Tbe 20*C. resistance temperature coefficient Is 
0.00403 per *C. (See Note 2.) 

3. Density—At a temperature of 20*C. the density is 2.703 g. per cm.* 

4. Length Temperature Coefficient—The 20*C. length temperature coefficient is 0.000023 
per *C. (See Note 3.) 

5. Change in Resistivity with Change in Temperature—The change In resistivity with 
change in temperature Is 0.0115 mlcrohm-cm. per *C. (See Note 4.) 


Explanatory Notes 

1. The values given above are consistent with resistivities at 20**C. of 17.01 ohm 
circular mil per ft. and 0.07644 ohm g. per sq. m., and a conductivity at 20®C.. as 
compared with the annealed copper standard at 20®C. of 60.97%. 

2. The value taken for the resistance temperature coefficient is the amount by 
which the resistance of a conductor of standard hard drawn aluminum changes 
when the temperature is changed, divided by the change in temperature expressed 
in *C., and divided by the resistance of the same conductor when at a temperature 
of 20‘*C. 

3. The value taken for the length temperature coefficient (linear expansion 
coefficient) is the amount by which the length of a conductor of standard hard 
drawn aluminum changes when the temperature is changed, divided by the change 
in temperature expressed in *C., and divided by the length when at a temperature 
of 20*C. 
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4. The value taken for the change in resistivity with change in temperature, 
as given in paragraph 5, is the sum of the resistance temperature coefTicient and the 
length temperature coefTicient, multiplied by the resistivity at 20”C., as given in 
paragraphs 1, 2, and 4. 

Electrochemical Equivalent—The electrochemical equivalent of aluminum is the 
number of g. deposited per sec. by a current of 1 ampere or the g. per coulomb. 
It is equal to the atomic weight, 26.97, divided by the valence, 3, and the constant 
96,500, or 0.09316 mg. per coulomb. In various units it is as follows: 

Electrochemical Equivalent of Aluminum 


Unit Value 


Mg. per eoulomb. 0.09316 

Coulombs per mg. 10.734 

O. per ampere hr. 0.3354 

Lb. per 1.000 ampere hr. 0.7395 

Ampere hr. per lb.1352.3 


Electrolytic Solution Potential—According to standard terminology, aluminum 
is electronegative to the elements which it replaces in solution; the aluminum going 
into solution in the form of positive ions leaves the metal negatively charged, hence 
the characterization ''electronegative.*’ There is some question as to its exact posi¬ 
tion in the electrochemical series. In fact, its relative position appears to vary with 
the conditions under which it is tested, for example, the solute and solvent em¬ 
ployed. Generally aluminum is considered to be electropositive to magnesium and 
electronegative to such metals as manganese, zinc, cadmium, iron, nickel, and cop¬ 
per. Under many practical conditions and probably because of film formation, zinc 
is found to be electronegative to aluminum. 

Kahlenberg and French” have measured the potential of high purity alumi¬ 
num (99.97%) in contact with aqueous normal solutions of potassium chloride. The 
potential was depressed when the solution contained dissolved oxygen, but wh^ 
the oxygen was displaced with nitrogen, the pure aluminum showed an initial volt¬ 
age against the normal calomel electrode of 1.716. In solutions in contact with air, 
the almninum showed a potential of 0.8-1.0 volts. The single potential of the alumi¬ 
num is 1,716 volts minus 0.56 (the potential of the calomel electrode) or 1.16 volts. 
According to Latimer and Greensfelder ” the electrode potential of aluminum at 
25'*C. has been calculated from thermal data to be 1.69 ± 0.01 volts. 

Thermoelectromotive Force—The Biureau of Standards^ has determined the 
thermal emf. of electrolytically refined aluminum (99.968% purity) against pure 
platinum to be +0.416 millivolts at 100°C.; 1.064 at 200'*C.; 1.884 at 300'*C.; 2.843 at 
400'*C.; 3.931 at 500*’C.; 5.150 at 600'’G. The emf. corresponds to the temperatures 
of the hot Junctions with the cold Junctions at 0®C.; the plus sign Indicates that 
the aluminum was at the higher potential. A sample of 99.972% purity had an 
emf. of 0.415 millivolts at 100'*C. 

Magnetic Properties—The purest aluminum is slightly but definitely paramag¬ 
netic. Apparently traces of iron in the aluminum, combined as FeAla, have only 
slight effect upon the magnetic properties of the metal. Honda” reports a value 
of +0.65 X lO-* for the magnetic susceptibility (k) at 18°C., of aliuninum with 0.08- 
0.24% iron and 0.695 x 10** for metal with an iron content of 0.80%. 

Mechanical Properties—^Aluminum of high purity is characterized by exceptional 
ductility and softness. A sample of 99.97% purity had the following mechanical 
properties in the wrought annealed condition:* 


Tensile strength ... 8.500 psi. 

Elongation . 60% in 2 in. 

Using the standard 0.5 In. dla. A.S.T.M. specimen 

Reduction in area. 95% 

Brlnell number, with 50 kg. pressure and 0.125 in. ball. 16 


Aluminum of substantially lower purity, say 99.4% (annealed), will have about 
the following properties, which are interesting as a matter of comparison: 


Tensile strength ... 13,000 psi. 

Elongation ...22 

Reduction in area.80% 

Brinell hardness ...45% in 2 in. 
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Properties of Commercially Pure Wrought Aluminum 

By P. V. Faraffher* 

General—Commercially pure wrought aluminum (2S) contains small quantities 
of iron and silicon. It is available in practically all of the forms used in the metal 
Industry. It possesses excellent workability and a high degree of resistance to corro¬ 
sion and is generally used in applications requiring these properties rather than 
strength. 

Composition—Specifications for commercially pure aluminum require a minimum 
of 99% aluminum. 

Specific Gravity—The specific gravity of the metal is 2.71. One cu.ln. weighs 
0.098 lb. 

Temper Designations—Temper of wrought aluminum is designated by a ssrmbol 
or symbols following the alloy designation. 

The suffix **0’* designates annealed material while indicates the full hard 
temper attained by cold working a definite amount a^ter annealing. Cold worked 
tempers intermediate between the annealed and full hard are indicated by a frac¬ 
tion preceding the symbol “H/* corresponding to the properties intermediate between 
annealed and hard rolled. 

Mechanical Properties—Typical mechanical properties of commercially pure 
wrought aluminum in the various tempers are given in Table I. 


Table I 

Mechanical Properties^ of Wrought Aluminum (2S) 


Temper 

Tensile 

Yield 

Elonga- 

BrlneU 

Shearing 

Designation 

Strength 

Strength* 

tion»,% 

Hardness* 

Strength* 

(See'Text) 

Psl. 

Psl. 

In 2 In. 

No. 

Psl. 

O (Annealed) .. 

. 13,000 

5,000 

35 

23 

0,600 

y4H . 


13,000 

12 

28 

10,000 

11,000 

. 


14,000 

9 

32 

. 


17,000 

6 

38 

12,000 

H (Hard) . 


21,000 

5 

44 

13,000 


^Young's modulus of elasticity Is approximately 10,300,000 psl. Rotating beam endurance limit 
(R. R. Moore type machine, 500,000,000 cycles) for 2S-0 Is 5,000 psl. and for H Is 8,500 psl. 

^Stress which produces a permanent set of 0.2% of the Initial gage length. Yield strengths In 
tension and compression are substantially the same. 

•Typical values for sheet in. in thickness. Heavier sections, from which standard, round 

specimens are taken, will have higher elongations. 

^10 mm. ball, 500 kg. load. 

■Single shear strength values obtained from double shear tests. 


Resistance to Corrosion—Commercially pure aluminum is highly resistant to the 
action of the atmosphere and a variety of chemicals. It is attacked by strong alkalis 
and to some extent by weak alkaline solutions. In the latter case the action may 
be Inhibited by small additions of such compounds as sodium silicate or the 
chromates of sodium or potassium. 

Workability—^In its wrought forms the metal may be formed readily on the 
equipment commonly used for bending, spinning, drawing, and stamping metals. 
It is most workable in the annealed temper, although in the half hard temper it 
can be bent fiat on itself. Less severe forming can be done in the harder tempers. 

Welding Characteristics—Welding is easily accomplished with the oxyhydrogen 
or oxy-acetylene flame, the metal arc (except for thin sheets), and electric resistance 
processes. Some practice and experience is necessary for consistently reliable re¬ 
sults, but the technique is not difficult to master. A welding rod of the same com¬ 
position is used for work on the commercially pure metal and a suitable flux is 
necessary. Spot, butt, and seam welding are applicable but require more powerful 
equipment than is used on steel. 

Annealing Treatment—The fully annealed properties are obtained by heating 
to 650®P. followed by air cooling. 


^Aluminum Co. of America, Pittsburgh. 
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Applications and Fonns Produced—The uses of commercially pure ahunlnum 
vary widely, but are typified in cooking utensils and chemical equipment. The metai 
is especially useful where a high degree of formability is necessary. 

The metal is produced in the usual wrought forms such as dieet, plate, tubing, 
bar, rod, wire, rivets, molding, and other shapes. 

Bars, rods, shapes, and plates over % in. thick are normally hot roued ana 
their strength is somewhat above that of annealed material; no attempt is made 
to produce definite tempers. Cold finished bare and rods are harder and stronger. 
Plates are produced in tempers up to half hard, but when such properties are 
wanted it is usually more economical to use the as-rolled temper of a stronger alloy. 
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Properties of Aluminum-Copper Alloys 

(Gencnl Article) 

By E. H. Dlx, Jr.»* and J. J, Bowman* 

General—The aluminum-copper alloys as a class are probably the oldest and 
most widely used of any commercial aluminum alloys. The commercial alloys of 
aluminum and copper are, in general, not strictly binary alloys, but are modified 
by small amounts of other elements. The aluminum-copper alloy containing about 
4% copper forms the base for some of the most important heat treatable, high 
strength aluminum alloys, both cast and wrought. 

Casting Alloys 

, Casting Characteristics—The casting and general foundry characteristics of the 
commercial aluminum-copper alloys are very good. The addition of copper de¬ 
creases, progressively, shrinkage diflQculties and hot shortness, so that with 12% 
copper, leak-proof castings are readily produced. The 8% copper alloy is a good, 
general purpose alloy, but may give some trouble in casting if the iron and silicon 
contents are not properly controlled. 

Mechanical Properties—The results of a limited investigation of sand cast, 
aluminum-copper alloys are shown by the curves of Pig. 1. As these curves show, 
the strength increases and the elongation decreases in direct proportion to the 
copper content. The most rapid changes in the properties are produced by copper 
additions of about 5% or less. The alloys containing more than about 10% copper 
are comparatively brittle, but are still of reasonable commercial value. 

The mechanical prop¬ 
erties of these binary 
alloys are subject to 
marked Improvement by 
suitable heat treatments.* 
The commercial alloy 
most commonly used in 
the heat treated condition 
is that containing about 
4% copper, because this 
composition will produce 
a suitable combination of 
strength and ductility in 
sand castings. The alloys 
of higher copper content, 
however, are frequently 
heat treated to increase 
hardness and toughness. 

Wrought Alloys 

Rolling Character¬ 
istics — Binary alloys of 
high purity containing up 
to 10% copper have been 
successfully rolled on a 
small scale, but since the 
difiOculty of working in¬ 
creases with an increase in copper content, the upper limit for practical production 
of such alloys is probably 5-6% of copper. Such high purity alloys containing up to 
5% copper can be hot rolled with relative ease and in the annealed condition have 
a greater capacity for cold work than the aluminum-copper alloys containing other 
added elements. 

Mechanical Properties—Several investigations of the wrought high purity, alumi¬ 
num-copper alloys have been made to determine the relations between copper con¬ 
tent and mechanical properties. These studies indicate that, within reasonable 



36 40 4.4 48 52 

Fig.2 Percent Copper 

Fig. 1—^Tensile properties of aluminum-copper alloys in the 
form of in. dia. test bars cast in green sand.^ 

Pig. 2—Properties of high purity aluminum-copper alloys after 
hot rolling. Heating 1 hr., at 540«C., quenching in cold water, 
and aging as indicated (R.T. = room temperature). 


*Aluminum Research Laboratories, New Kensington, Pa. 
m. 8. Patents 1,394,534 and 1,572,487. 

*The Aluminum Industry, v. n, p. 144. Fig. 2 from p. 147. 




ALUMINUM-COPPER ALLOYS 


1249 


mechanical properties of annealed or hard rolled sheets are not greatly 
affected oy variations in copper content from about 2.5-5% or somewhat higher. 

curves oj Fig. 2 are a portion of the results of these Investigations and 
illustrate clearly the effect of copper content on the mechanical properties of heat 
treated sheet. They illustrate the very definite increase in strength and hardness 
increased copper content and the unmistakable hardening (or pre¬ 
cipitation) effect of room temperature aging.^ The further effect of a^ng at an 
elevated temperature is marked. The elongation in the “as-quenched” condition 
is quite high and is not greatly affected by variations in copper content. Similarly, 
there is not a great variation in elongation attributable to copper content in all 03 ^ 
aged 11 days at a room temperature. The definite maximum in this curve at from 
4-4.5% copper should be noted. 


Other Characteristics 

Density—Both the solid and liquid densities of the aluminum-copper alloys, as 
would be expected, increase with the copper content. At 20®O. the density of the 
sand cast alloy containing 4% copper is about 2.77, while that of the 8% copper 
alloy is about 2.83. At 700*C. the values for these alloys become, respectively, about 
2.44 and 2.53. 

Thermal and Electrical Conductivity-—In general, the thermal and electrical 
conductivities of aluminum are reduced by alloying additions, although the latter 
property is not as greatly affected in aluminum alloys as in the alloys of some of 
the other metals. Additions of copper to aluminum, in accordance with the gen¬ 
eral rule, decrease progressively both the thermal and electrical conductivities so 
that, with 8% copper present, the former becomes about 0.34 cgs. units and the latter 
is about 35% of the copper standard. 

Thermal Exvansionr—The coefficients of thermal expansion of aluminum-copper 
alloys decrease continuously with increasing copper content from about 0.000024 
per ®C. (20-100®0.) for pure aluminum to about 0.000020 for the 33% copper alloy. 
The rate of decrease is greatest from 0 to about 8% copper.' 

Endurance Limit^The rotating beam endurance limit (500 million cycles) of 
the aluminum-copper alloys increases with increase in copper content and, for a 
given alloy, is improved by solution heat treatment. 

Resistance to Corrosion —The addition of copper, in excess of the limit of solid 
solubility, tends to lower the high resistance to corrosion of pure aluminum, so that 
the resistance to corrosion of the aluminum-copper alloys is generally inferior to 
that of the aluminum-silicon, aluminum-manganese, and aluminum-magnesium 
alloys, but is satisfactory for most applications especially in relatively thick sections, 
as in castings. Thin sheets of the aluminum-copper alloys generally require protec¬ 
tive measures to resist severely corrosive condition. Solution heat treatment defi¬ 
nitely Improves the resistance to corrosion, but subsequent precipitation heat treat¬ 
ments cause some reduction in this property, although the resulting product is 
definitely superior to the alloy in the unheat-treated condition. 


References 

J. D. Edwards, P. O. Frary, Z. Jeffries, The Aluminum Industry, McOraw-Hill Book Oo., New 
York, 1930,' v. II. 

R. S. Archer and Z. Jeffries, Aluminum Castings of High Strength, Proc., Inst. Metals Dlv., 
A.I.M.B., 1927, p. 35. 

R. J. Anderson, The Metallurgy of Aluminum and Aluminum Alloys, Baird ft Co., N. Y., 1925. 

N. F. Budgen, Aluminum and Its Alloys, Sir Isaac Pitman & Sons, Ltd. 

O. Sachs, Festlgkeitseigenschaften von Kristallen einer veredelbaren Aluminiumlegierung, Z. 

Metallkunde, 1928, v. 20, p. 428. , „ , ^ ^ 

Frhr. von Ooler and O. Sachs, The Age-Hardening of an Aluminum Alloys as Revealed by 
X-Ray Diffraction, MetaUwlrtschaft, 1929, v. 8, p. 671. 

T. W. Bossert, Sur la Coulee de Alllages Alumlnum-Culvre, Fonderle moderne 1929, v. 23, 
p. 527. 

W. Fraenkel, Vergutbare Alumlnlumleglerungen, Z. Metallkunde, 1930, v. 22, p. 84. 

S. Kokubo, trber den Mechanlsmus der Altershartung von Alumlnium-Kupfer-Leglenmgen, 

Metallborse, 1930, v. 20, p. 1827. ... ^ 

S. Kokubo and K. Honda, On the Age-Hardening Mechanism In Aluminium-Copper AUoys, 8ei. 
Repts., Tohoku Imp. Unlv., 1930, Ist ser., v. 19, p. 365. 

K. L. Meissner, Alumlnlum-Oussleglerungen, Jahrb. D. Versuehs. Luftfahrt, 1927, p. 113. 

R. L. Templln, The Fatique Properties of Light Metals and Alloys, Proc., A.S.T.M., 1933, v. 83, 
Pt. g, p . 364. 

'L. W. Kempf, Thermal Expansivity of Aluminum Alloys, Trans., Inst. Bietals Dlv., A.I.M.I., 
1933, V. 104, p. 308. 



1250 


PROPERTIES OF ALUMINUM-COPPER (8%) 


A1 3319a 


Properties of Aluminum-Copper (8%) Casting Alloys 

Bj H. J. Rowe* 

The aluminum casting industry In America has developed aroimd alloys in 
which copper was the principal hardening constituent. Most important of this group 
of alloys stUl in general use are those in which approximately 8% copper is used 
as the chief alloying element. Later improvements in the simple binary alloy have 
led to the addition of controlled amounts of silicon, iron, and zinc, resulting in alloys 
with better casting characteristics and machinability. The chemical compositions 
and specifications for the aluminum-copper casting alloys in most general use are 
given in Table I, and the mechanical and physical properties in Table II. 


Table I 


Chemical Composition of 8% Copper Casting Alloys (Approx.) 


AUoy 

Copper % 

Iron % 

Silicon % 

Zinc % 

Aluminum 
(Min.) % 

A 

8.0 



_ 

00.0 

B 

7.0 

1.2 

2.0 

1.6 

86.5 

C 

8.0 

1.0 

1.2 

.... 

89.0 

D 

7.0 

1.2 

3.0 

2.0 

86.5 

B 

7.0 

.... 

2.0 

.... 

86.0 


Aluminum-Copper (8%) Casting Alloys 
Specifications 


Permanent 

Mold Die 

Sand Castings—^ Castings Castings Ingot 


Aluminum Co. of America. 

BJiX . 

AM,TM, . 


U. B. Army, 


A 

No. 12 
SAE30 


67-72 
Grade 6 


B 

No. 112 
SAE 33 
B26-37T 
Alloy 0 
67-72 
Grade 7 


0 

No. 212 
8 AE 36 
B26-37T 
Alloy CC 
11310 


D 

No. C113 
8 AE 33 
B108-37T 
Alloy 2 


E 

No. 81 
SAE 312 
B86-37T 
Alloy XU 


B,C,D 


B58-37T 

B112-37T 


General Properties and Uses—The aluminum-copper casting alloys containing 
8 % copper, although superseded in some fields of application by newer alloys with 
improved properties, still account for a large part of aluminum alloy casting pro¬ 
duction. They possess a desirable combination of general casting characteristics, 
good machinability, and fair mechanical properties, which warrant their use in a 
variety of fields. 

Alloy A, the oldest of the group, is being replaced to a great extent by Alloys 
B, O, D and E because of their better casting characteristics and the better 
machinability as Judged by surface appearance, offered by Alloys B and D. The 
composition limits for Alloys B and D are also such as to permit the use of various 
amounts of secondary material. 

The corrosion resistance of this group of alloys, because of the high copper 
content, is not in general so good as that of many of the low copper alloys, such as 
aluminum-silicon, and aluminiun-magnesium alloys. 

One of the first uses for castings of the 8% copper alloys was in the automotive 
Industry, where the mechanical properties were quite satisfactory for such parts as 
crankcases, oil pans, transmission housings, manifolds, and miscellaneous fittings 
for bodies, chassis and engine. Many parts for washing machines, vacuum cleaners, 
multigraphs, typewriters, and other machines, not subject to extreme stresses and 
impact, are produced in these alloys. It is estimated that 50% of the aluminum 
foundry output of castings is made in 8% copper alloys. 


^Technical Dept., Castings Dlv., Aluminum Co. of America. Cleveland. 
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Table n 


Physical Properties of Aluminum-Copper (8%) Casting Alloys 


Ultimate tensile strength, psl. 

(min. to average) 1. 

Yield strength, psi. (average) > 
Bongatlon, % in 2 in. (min. 

to average). 

Brlnell hardness. 10 mm. ball. 

600 kg. load. 

Rockwell hardness, Vk in. ball. 

100 kg. load. 

Yield strength in compression. 

psi. (approx.)*. 

Ultimate compressive strength, 

psl. (approx.)*. 

Shearing strength, psi. (ap¬ 
prox.)* . 

Charpy impact resistance, ft.- 

Ib. (approx.)*. 

Endurance limit, psi. (approx.)* 
Modulus of elasticity, psl. (ap¬ 
prox.) . 

Specific gravity (approx.). 

Weight per cu. in., lb. (approx.) 
Pattern maker's shrinkage, in. 

per ft. 

Solidification range—'‘F. 

Electrical conductivity, % of 
copper standard at GS^F. 

(approx.)* . 

Thermal conductivity at 26"C., 

cgs. units (approx.)*. 

Coefficient of thermal expan¬ 
sion, “F. (68-212"P.) (ap- 

proi.) . 


A 

Sand Cast 

B 

C 

Permanent 
Mold Cast 

D 

Die Cast 
B 

19.000-22.000 

14.000 

19.000-23.000 

14.000 

19.000-23.000 

14.000 

25.000-28.000 

24,000 

27,000-82,00 

24.000 

0 -2.0 

0-1.5 

0 -2.0 

0 -0.6 

0 -1.6 

50-70 

55-80 

50-70 

70-90 

70-90 

E60-E80 

E6S-E87 

E60-E80 

B80-E91 

B80-B91 

14,000 

17.000 

16,000 

24,000 


64,000 

62.000 

57.000 

71,000 


20,000 

20.000 

20.000 

22.000 


0.7 

7,500 

0.6 

8,500 

0.6 

7.500 


3.0 

16,000 

10,300,000 

2.83 

0.102 

5/32 

1175-1005 

10.300,000 

2.85 

0.103 

5/32 

1175-1005 

10,300,000 

2.83 

0.102 

6/32 

1165-975 

10,300,000 

2.86 

0.103 

10.300,000 

2.86 

O.IOS 

1165-976 

1165-976 

37 

30 

30 

27 

28 

0 35 

0.29 

0.29 

0.26 

0.27 

0.0000125 

0.0000122 

0.0000122 

0.0000122 

0.0000122 


'Tension and hardness values for sand and permanent mold castings determined from standard 
one-half inch diameter specimens separately cast in green sand and metal molds respectively. 
Tension and hardness values for die castings determined from standard one-quarter inch diameter 
die cast specimens. All specimens tested without machining of gage length. 

2Yleld strength defined as the stress at which the stress-strain curve shows a departure of 
0 .2% from the modulus line produced. 

^Results of tests on specimens having an 1/r ratio of 12. Specimens failed in shear. 

^Single shear strength values from double shear tests. 

“Charpy impact values as determined using 10 x 10 mm. specimens on modified Charpy machine 
with 5.07 lb. hammer. Sand and permanent mold specimens notched. Die cast specimens not 
notched. 

•Endurance limit based on 500,000,000 cycles using R. R. Moore type rotating beam machine. 
Sand and permanent mold specimens machined from tension specimens. Die cast specimens east 
to size and tested without machining of gage section. 

'Based on specimens machined from bars individually cast in chill molds and free from 
porosity and internal defects. 
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Properties of Heat Treated AluminumrCopper (4%) 

Casting Alloys 

By H. J. Rowe* 

Certain of the aluminum alloys derive exceptional mechanical properties from 
heat treatment operations. The 4% copper alloy with controlled amounts of 
silicon and ironf is the most generally known of these high strength casting alloys. 
By varying the heat treatment of this alloy, several combinations of mechanical 
properties may be obtained to lit particular engineering requirements. 

The properties of the 4% copper alloy with a minimum of 93% aluminum 
in three standard heat treated conditions are as follows: 


Physical Properties of Heat Treated Copper Casting Alloy (4% Cu) 


Heat Treatments 
B 


Ultimate tensile strength, psl. (min. to averaged. 

Yield strength, psi. (average^). 

Elongation in 2 in.. % (min. to average). 

Brinell hardness. 10 mm. ball. 600 kg. load. 

Rockwell hardness. Va in. ball, 100 kg. load. 

Yield strength in compression, psi. (approx.>> *). 

Shearing strength, psl. (approx.^). 

Oharpy Impact resistance, ft-lb. (approx.’^). 

Endurance limit, psl. (approx.®). 

Modulus of elasticity, psi. (approx.). 

Specific gravity (approx.). 

Weight per cu. in., lb. (approx.). 

Pattern maker's shrinkage, in. per ft. 

Solidification range, . 

Electrical conductivity. % of copper standard at 68''F. 

(approx.^) . 

Thermal conductivity at 25*C., cgs. 

Coefllcient of thermal expansion, per "P. (68-212‘’P.) 

(approx.) . 

Note: The footnotes for this tabulation are the same 
of Aluminum-Copper Casting Alloy, Containing 8% Copper.' 


29.000-31.000 

32.000-36,000 36,000-40,000 

16.000 

22,000 

31,000 

6 . 0 - 8.6 

3.0-5 0 

0 0 - 2.0 

55-75 

70-90 

80-100 

E66-E84 

E80-E93 

E87-E98 

16,000 

25,000 

38,000 

24,000 

30,000 

31,000 

3 

2 

1 

6,000 

6,500 

7,000 

10,300,000 

10,300,000 

10,300,000 

2.77 

2 77 

2.77 

0.100 

0.100 

0.100 


'h 


1195-1020 

1195-1020 

1195-1020 

35 


37 

0 33 


0.34 

0.0000127 

0.0000127 

0 0000127 

as those given In the article 

“Properties 


Specifications 
(Sand Castings) 


-Heat Treatments-. 

ABC Ingot 


Aluminum Co. of 

America . No. 195-T4 

Society of Automo¬ 
tive Engineers.... No. 38 

AmerlcanSoclety for JB.26-37T Alloy O 

Testing Materlals^^Heat Treat. No. 
Federal Specifica¬ 
tions .QQ-A-601 Class 4 

U. 8 . Army. 57-72-5A 

U. S. Navy.46Ale Class 4 


No. 195-T6 No. 195-T62 No. 195 

No 38 No. 38 . 

fB-2e-37T Alloy O iB-26-37T Alloy O (B-85-31 
(Heat Treat. No. 2 (Heat Treat No. 3 (Alloy G 

QQ-A-601 Class 4 QQ-A-601 Class 4 QQ-A.371 Class 4 

57-72-5B . 

... 46A5c Class 4 


General Properties and Uses—The casting characteristics of this 4% copper 
alloy are not quite so good as those of the 8% copper alloys. However, with proper 
foundiy technique, large and intricate castings can be cast and heat treated 
successfully. In any of the heat treated conditions the 4% copper alloy machines 
very readily to a smooth surface. It also exhibits good corrosion resistance, par¬ 
ticularly in the “A*' heat treated condition. The corrosion resistance in the “B*' 
and “C” condition is slightly inferior' to that of the “A.” 

The 4% copper alloy with heat treatment "A,” a solution treatment followed 
only by a quench, possesses the highest ductility and impact resistance, and is to be 
recommended where maximum shock resisting properties combined with high 
strength are required. The yield strength of the solution treated alloy increases 

^Technical Dept., Castings Dlv., Aluminum Co. of America, Cleveland. 
tU. 8 . Patent No. 1.672,487. 
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substantially during the first few days at room temperature, then more slowly 
for a period of a few months, after which there is no further appreciable change. 
During this period, some increase in tensile strength and decrease in elongation 
also takes place. The mechanical properties given in the above table are repre¬ 
sentative of specimens tested with not less than two days or more than four days of 
room temperature aging. 

Heat treatment “B,** consisting of a solution treatment followed by a partial 
precipitation treatment, results in a material Increase In yield strength, tensile 
strength, hardness, and a reduction of elongatioii to a point still consistent with 
engineering requirements. For general engineering purposes this treatment has 
found wide favor because of the excellent combination of mechanical properties 
which result. 

Heat treatment “C” carries the precipitation treatment following the solution 
treatment to such a length as to produce the maximum hardness, yield strength, 
and tensile strength combination consistent with the avoidance of excessive brittle¬ 
ness. This treatment is desired where maximum yield strength is necessary and 
the castings are not subjected to excessive impact conditions. 

The heat treated 4% copper alloy finds numerous applications in cast parts 
for aircraft engines and fuselage fittings, outboard motor parts, automotive and 
marine castings, Diesel engine crankcases, and railway car fittings. The choice of 
heat treatment will depend upon operating conditions and mechanical properties 
desired. For the more intricate castings, those requiring pressure tightness, and 
those subjected to extreme corrosive conditions, this alloy is being replaced to 
some extent by the more recently developed heat treated aluminum-silicon- 
magnesium alloys.^ 

A nominal 4% copper alloy with a minimum aluminum content of 94.5%* has 
also found some commercial use because of the higher mechanical properties 
after heat treatment. This alloy is, however, very difficult to cast and cannot be 
used successfully for Intricate castings. 

The 4% copper alloy with slight variations in composition to insure the nec¬ 
essary casting characteristics, may also be used in the production of permanent 
mold castings. In the heat treated condition such permanent mold castings will 
exhibit considerably higher mechanical properties than those given for sand 
castings. 


^R. S. Archer and L. W. Kempf, Aluminum-Silicon-Magnesium Casting Alloys, Inst. Metals 
Div., A.I.M.E., 1931, V. 93. p. 448. 

>R. S. Archer and Zay JelTiies, Aluminum Castings of High Strength, Inst, of Metals DlT., 
A.I M.E., 1927, V. 75a, p. 35. 



laM 


PROPERTIES OF ALUMlMUM-MAQNSSinM ALLOYS 


Properties of Aliimmam*Magnesiiim Alloys 

Bj L. W. Kempf* and F. Kellert 

The binary alloys of aluminum with magnesium attracted the interest of investi¬ 
gators as early as the year 1900, and there have been niunerous attempts to utilize 
for general purposes alloys containing up to 10% magnesiiun. Alloys containing as 
high as 30% magnesium have been used for special purposes. 

The aluminum-magnesium alloys are lighter than aluminum, have good physical 
properties, excellent resistance to corrosion and are easily machined. The relatively 
high cost of magnesium and certain fabricating difficulties sufficed to retard their 
commercial exploitation. The price of magnesium has been considerably reduced 
and some success has been attained in overcoming some of the fabricating difficulties. 

Contemporaneous efforts are being made both in this country and abroad to 
exploit commercially some of the aluminum-magnesium type alloys. In this coim- 
try there has been some production in the form of castings of alloys containing 
about 4% and about 10% magnesium. Wrought alloys containing from about 1-6% 
magnesium as the principal alloying ingredient are also being introduced to the 
trade. Abroad a casting alloy containing 2-3% magnesium with additions of man¬ 
ganese and antimony is being produced. Wrought alloys containing 5-9% magnesium 
are being marketed abroad principally in the form of sheet. 

Density—The densities of solid aluminum-magnesium alloys decrease continu¬ 
ously with magnesium content as indicated by the curve of Fig. 1. 

Thermal Expansivity—The coefficient of thermal expansion of magnesium is 
somewhat higher than that of aluminum and the expansivity of aluminum- 
magnesium alloys increases with magnesium content according to Fig. 2. 

Growth—The precipitation of magnesium constituent from a supersaturated 
aluminum solid solution is accompanied by a slight decrease in density. An alloy 
containing 10% magnesium in solid solution showed, upon heating to the neighbor¬ 
hood of 400^F. for a sufQlcient period of time to bring about complete stabilization, a 
change in density corresponding to a unit linear expansion of 0.001,5. 

Electrical and Thermal Conductivity—The electrical conductivity of aluminum 
decreases continuously with increasing magnesium content as shown by Fig. 3. 
Determinations on which this curve was based were made on alloys quenched from 
a h^h temperature solution treatment. Alloys so treated as to contain a minimum 
amount of magnesium in solid solution would ordinarily have appreciably higher 
electrical conductivities than are indicated by this curve. 

A knowledge of the general relationship between electrical and thermal con¬ 
ductivity of aluminum alloys permits the estimation of thermal conductivity from 
electrical conductivity as Indicated in Fig. 3. 

Casting Characteristics—Alloys containing up to about 5% magnesium may be 
cast in ordinary green sand molds. When so cast, especially in heavy sections, 
alloys with magnesium concentrations higher than this develop a dark, porous outer 
ring. This effect is commonly referred to as burning and appears to consist largely 
of intergranular cavities, presumably caused by shrinkage and reaction of the alumi¬ 
num-magnesium intermetallic compound with moisture or the atmosphere. The 
alloys tend to dross badly when molten, which tendency increases with magnesium 
content. These difficulties have been overcome successfully in a commercial way 
by the development of fotmdry technique. Inherently the aluminum-magnesium 
alloys are not especially difficult to cast, being quite fluid and not especially hot 
short, very little difficulty having been encountered from cracking in the relatively 
large castings. Pressure tight castings are not as easily obtained with the aluminum- 
magnesium as with the aluminum-silicon alloys. 

Tensile Properties and Hardness of Sand Castings—The variation in mechanical 
properties of sand cast aluminum-magnesium alloys with magnesium content is 
shown in Fig. 4. 

The variation in solid solubility of magnesium in aluminum from about 15% 
at the eutectic temperature of 451*’G. to less than 4% at room temperature renders 


*Aluinlnum Research Laboratories, Aluminum Oo. of America, Cleveland, 
tAluminum Research Laboratories. Aluminum Co. of America, New EHenslngton, Pa. 
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some of the alloys susceptible to improvement in properties by heat treatment. 
The curves of Pig. 5 show the variation in properties of heat treated sand castings 
with magnesium content. These properties were attained by subjecting the cast¬ 
ings to a solution heat treatment near the eutectic temperature for a sufficient 
period of time to bring about substantially complete solution of the magnesium 
constituent or saturation of the aluminum solid solution. The castings were quendied 
in water from the solution heat treatment. A comparison of the curves of Fig. 4 
with those of Fig. 5 indicates that heat treatment brings about a profoimd change 
in the properties of alloys containing more than 6% magnesium. These properties 
were determined on in. dia. test bars cast in green sand of alloys whose impurl^ 
contents were carefully controlled, the iron and silicon contents being not more 
than 0.25% and copper rarely higher than 0.15%. 

Working Characteristics—Alloys containing up to 2 or 3% magnesium can be 
reduced from cast ingots by forging or rolling with little difficulty. With increasing 
magnesium contents above about 3%, breaking down cast ingots becomes increas¬ 
ingly difficult. Even at the optimum hot working temperature, the alloys appear 
quite hard and are subject to considerable breakage, edge cracking, and surface 
checking. These conditions have precluded the commercial development and appli¬ 
cation of wrought alloys containixig more than about 6% magnesium in spite of the 
fact that sheet and other wrought products containing up to 10% magnesium may 
be produced in limited sizes and at an excessive cost. The alloys may be extruded 
with magnesium concentrations as high as 25%. Extrusion rates decrease rapidly 
with increase in magnesium content. 

Properties of Wrought Alloys—Fig. 6 shows the change in tensile properties 
and hardness of aluminum-magnesium alloys with variation in the magnesium c<hi- 
tent. Up to about 10% magnesium the data from which Fig. 6 was derived were 
obtained from forged bars. Above 10% magnesium the material from which the 
test bars were taken was produced by extrusion. The test specimens were heated 
near the eutectic temperature for a sufficient period of time to bring about sub¬ 
stantially complete solution of the intermetallic constituent or saturation of the 
aluminum solid solution and then quenched in water. The alloys were of high 
purity, containing not more than about 0.1% each of iron, silicon, and copper. It 
will be noted that tensile strength Increases to a maximum at about 15% magnesium 
which approximates the maximum solubility of magnesium in solid aluminum. As 
the magnesium content Increases above this concentration, the tensile strength 
falls quite rapidly. Brinell hardness and yield strength increase continuously with 
magnesium content. A relatively constant elongation of about 32% from 2-12% 
magnesium is noteworthy. 

Fig. 7 shows the mechanical properties obtained on a series of specimens of 
sheet alloys containing from 1-10% magnesium. Fig. 8 shows the properties of the 
same series of alloys after a reduction in thickness of 75% by cold working. 

Impact Resistance—The impact resistance of aluminum as measured by notched 
bar Charpy or Izod tests increases with magnesium content up to at least 6% 
magnesium, the Izod impact resistance of the 6% alloy being about 38 ft-lb. as 
compared with about 21 ft-lb. for annealed commercially pure aluminum and about 
16 ft-lb. for commercial duralumin. The heat treated sand cast alloy containing 
10% magnesium has a Charpy impact resistance of about 4.5 ft-lb. as compared with 
2.8 ft-lb. for the commercial heat treated 4% copper casting alloy. 

Fatigue Resistance—The endurance limit based on 500,000,000 reversals of stress 
of wrought almninum is increased with magnesium content from about 5,000 psi. 
at 0 magnesium to about 20,000 psi. at 6% magnesium. With higher magnesium 
concentrations the rate of increase is much slower, the 10% magnesium alloy having 
an endurance limit of about 21,000 psi. The effect of increasing concentrations 
of magnesium on the endurance limit of aluminum is shown in Fig. 9. The alumi¬ 
num-magnesium alloys have a higher ratio of endurance limit to tensile strength 
than the aluminum-silicon, aluminum-copper, or aluminum-zinc alloys. 

Properties at Elevated Temperatures—As indicated in Fig. 10 and 11 for sand 
castings of a 4 and a 10% magnesium alloy respectively, tensile properties of these 
alloys at elevated temperatures are relatively higher than those of alloys of the 
aluminum-silicon or aluminum-zino systems but generally not as high as the cor¬ 
responding aluminum-copper alloys. The data on which these curves are based 




1000ib^fien sq. in, § ^ « P&f* Cent end fOOO ib.pensq. in. 


PROPERTIES OP ALUMINUM-MAGNESIUM ALLOYS 



Fig. 3—Electrical and thermal conduc* 
ilTlties of aluminum-magnesium alloys. 



Pen Cent Magnesium 
Fig. T-^TensUe properties of alomlnum- 
magnesiuxii alloy sheet In the heat treated 
condition. 


Pig. 4--Tenslle properties and hardness 
of cast aluminum-magnesium alloys in the 
“as cast” condition; Vb in. dia. test bars 
cast to size in green sand 
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Fig. 6 —^Tensile properties and hardness 
of forged or extruded aluminum-magne¬ 
sium alloys in the heat treated condition. 
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Fig. 8—^Tensile properties of aluminum- 
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after heat treatment. 
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um alloys. 


Pig. 10—^Tensile properties 
of 4% magnesium alloy sand 
cast test bars at elevated 
temperatures. 


Fig. 11—^Tensile properties 
of 10% magnesium alloy 
sand cast test bars at ele¬ 
vated temperatures. 


were determined on test bars cast to size in green sand and heated at the tempera¬ 
ture of testing for such periods of time as required to bring about complete stabili¬ 
zation. 

Resistance to Corrosion—The resistance of the cast aluminum-magnesium alloys 
to atmospheric and salt spray corrosion is excellent, being of a different order of 
magnitude than that of casting alloys of the aluminum-silicon, aluminum-copper, 
or aluminum-zinc systems. The aluminum-magnesium alloys generally preserve 
a better appearance and suffer less loss in mechanical properties than the more 
common casting alloys. As in most aluminum alloys, the presence of impurities has 
a marked adverse effect on resistance to corrosion. 

The wrought alloys also in the compositions being produced commercially in 
this country have excellent resistance to corrosion. 

The aluminum-magnesium alloys are also the most resistant to alkaline corro¬ 
sion of any of the aluminum alloys. Resistance to this type of corrosion increases 
with magnesium content. 
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Properties of Heat Treated Aluminum-Magnesium 
(10%) Casting Alloy 

By L. W. Kempf* and H. J. Rowet 

The binary aluminum alloy containing 10% magnesium has the lowest 
specific gravity and is capable of developing the highest tensile strength of any of 
the aluminum casting alloys in commercial use at present. The mechanical proper¬ 
ties after a high temperature solution treatment and some of the physical properties 
of this alloy are given in the following table: 

Physical Properties of Heat Treated 10% Magnesium Casting Alloy 


Ultimate tensile strength, psl. (Min. to average) >. 

Yield strength, psl. (average) >. 

Uongatlon, % In 2 In. (min. to average). 

Biinell hardness. 10 mm. ball—500 kg. load. 

Rockwell hardness. Vt In. ball—100 kg. load. 

Yield strength In compression, psl. (approx. )M. 

Shearing strength, pal. (approx.)«. 

Charpj Impact resistance, ft-lb. (approx.) <. 

Endurance limit, psl. (approx.)*. 

Modulus of elasticity, psl. (approx.). 

Qpeelllo gravity (approx.). 

Weight per cu.ln., lb. (approx.). 

Pattern maker's shrinkage. In per ft. 

Solidification range. (approx.). 

Coefficient of thermal expansion per *F. (68-212*’F.) (approx.)... 
Electrical conductivity, % of copper standard at 68^F. (approx.) 
Thermal conductivity at 25*C., cgs. units (approx.). 


42.000-45.000 

25.000 

12.0-14.0 

70-85 

E81-E90 

26.000 

33.000 

4.50 

7,000 

10,300,000 

2.55 

0.002 

%2 

1150-840 

0.0000136 

21 

0.20 


^Tension values determined from ^ In. dla. specimens, separately cast In green sand molds and 
tested without machining off the surface. 

*Yield strength defined as the stress at which the stress-strain curve shows a departure of 0.2% 
from the modulus line produced. 

Ulesults of tests on specimens having 1/r ratio of 12. 

*81ngle shear strength values from double shear tests. 

■Charpy Impact values as determined using 10 x 10 mm. specimens on modified Charpy machine 
with 5.07 lb. hammer. 

^Endurance limit based on 500.000.000 cycles using R. R. Moore type rotating beam machine. 


Specifications 


Source Sand Castings 


Aluminum Co. of America. No. 220-T4 

U. 8. Army. No. 11309A 

U. 8. Navy... No. M186b 

Society of Automotive Engineers. SAE 324 


General Properties and Uses—The casting characteristics of the 10% magne¬ 
sium alloy are slightly inferior to those of the 4% copper alloys. The high magne¬ 
sium concentration necessitates a special fcundry technique to avoid oxidation of 
the suxlace of metal with the consequent darkening of the casting and loss in 
mechanical properties. This alloy is not generally recommended for castings which 
must be leak proof. 

In addition to the superior mechanical properties, the excellent corrosion resist¬ 
ance and low specific gravity of the 10% magnesium alloy are worthy of note. 
The alloy machines with less tool wear but with longer chips to as smooth a finish 
as the 8% copper casting alloy. 

The principal uses of the heat treated 10% magnesium alloy to date have been 
in railroad car construction. Such castings as truck frames, electric motor housings, 
car body fittings, bolsters, and draft gear parts have been satisfactorily produced. 
In addition, this alloy is recommended for clamshell and drag line bucket fittings, 
miscellaneous automotive castings, and all general castings requiring maximum 
strength and impact resistance. 


•Aluminum Researeh Labomtorles, Aluminum Co. of Amerlea, Cleveland. 
fTeehnleal Department, Caetlnga Dlvieion, Aluminum Co. of Ameriea, Cleveland. 




























A1 3339b 


ALX7MINUM-MAGNESIUM CASTING ALLOY 


1259 


Properties of Aluminum-Magnesium (4%) 

Casting Alloy 

By L. W. Kempf* and H. J. Rowet 

This alloy is characterized by its low specific gravity, excellent mechanical prop¬ 
erties, machinability and corrosion resistance, and ability to take and hold a high 
white polish. The casting characteristics are not so good as those of the aluminum- 
silicon alloys, especially in intricate castings. The mechanical and physical proper¬ 
ties are listed in the following table: 

Physical Properties of 4% Magnesium Casting Alloy 


Ultimate tensile strength, psl. (min. to average)>. 22,000-35,000 

Yield strength, psl. (average)*... 13,000 

Elongation, % In 2 In. (min. to average). 0.O-O.O 

Brlnell hardness. 10 mm. ball—500 kg. load. 40-60 

Rockwell hardness, Va In. ball—100 kg. load. E34-E72 

Yield strength In compression, psl. (approx.)***. 12.000 

Shearing strength, psl. (approx.)«. 20,000 

Charpy Impact resistance, It-lb. (approx.)*. 3.80 

Endurance limit, psl. (approx.)*. 5,500 

Modulus of elasticity, psl. (approx.). 10,300.000 

SpeclAc gravity (approx.). 2.64 

Weight per cu. In., lb. (approx.). 0.005 

Pattern maker’s shrinkage. In. per ft. A 

Solidification range—®P., (approx). 1185-1075 

Coefllclent of thermal expansion, per 'P. r68-212*P.) (approx.). 0.0000132 

Electrical conductivity, % copper standard at OO^P. (approx.). ... 35 

Thermal conductivity at 25®C., cgs. units (approx.). 0.32 


^Tension values determined from in. dia. specimens, separately cast In green sand molds and 
tested without machining off the surface. 

* Yield strength defined as the stress at which the stress-strain curve shows a departure of 0.2% 
from the modulus line produced. 

^Results of tests on specimens having 1/r ratio of 13. 

^Single shear strength values from double shear tests. 

*Charpy Impact values as determined using 10 x 10 mm. specimens on modified Charpy machine 
with 5 07 lb. hammer. 

•Endurance limit based on 500,000,000 cycles using R. R. Moore t 3 rpe rotating beam machine. 


Specifications 
(Sand Castings) 

Source Alloy Ingot 


Aluminum Co. of America. 

U. S. Army. 

U. 8. Navy. 

Society of Automotive Engineers. 

American Society for Testing Materials 


No. 214 No. 214 

No 57-72-4 46 A5c Class 5 

46 Ale Class 5 . 

S.A.E. 320 

B26-37T Alloy L B58-3'fr’Ailoy L 


General Properties and Uses—As mentioned above, the casting characteristics 
of the 4% magnesium alloy are somewhat inferior to those of the aluminum-silicon 
alloys. Although it handles satisfactorily In castings of uniform section, it is some¬ 
what difficult to cast in heavy intricate shapes, especially if pressure tightness is 
required. These limitations can in most cases be overcome, however, through m(^- 
ified foimdry practice. 

Tlie excellent combination of mechanical and physical properties exhibited by 
the 4% magnesium alloy, particularly corrosion and tarnish resistance, makes this 
alloy very desirable for use in sanitary dairy equipment, cooking utensils, pipe fit¬ 
tings, carburetor cases and small ornamental castings requiring a high white polish. 
TTie alloy machines to a smooth surface with a relatively low rate of tool wear which 
adds materially to its utility for small mechanical fitUxigs and housings. 

For use with permanent molds, the composition of this alloy is modified dightly 
to give the desired casting characteristics. 


•Aluminum Research Laboratorlea, Aluminum Co. of America, Cleveland. 
fTechnical Department. Castings Division, Aluminum Co. of Ameriea, Cleveland. 
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Properties of Wrought Aluminum-Manganese Alloy 

By P. V. Faragher* 

General—Wrought aluminum-manganese alloy (3S) Is similar to commercially 
pure aluminum, but it has higher hardness and strength with concurrent reduction 
in workability. It is available in the annealed, intermediate, and full hard tempers 
and in the usual forms and shapes. 

Composition—The following comprises a commercial specification. Also the alloy 
contains small amoimts of iron and silicon as found in commercially pure aluminum. 


Manganese .l.B% 

Copper (max.) . 0 . 2 % 

Aluminum (min.) . 97.0% 


Specific Gravity—The specific gravity of this alloy is 2.73. One cu.in. weighs 
0.099 lb. 

Temper Designations—The temper of wrought aluminum alloys is designated 
by a symbol or symbols following the alloy designation as explained in the article 
entitled “Commercially Pure Wrought Aluminum.** 

Mechanical Properties-Typical mechanical properties of the several tempers 
are given in Table I. 

Corrosion Resistance—*rhe corrosion resistance of the aluminum-manganese 
alloy approximates that of commercially pure aluminum. This alloy frequently 
replaces the pure metal when somewhat greater strength is desired. 

Workability—^The workability of this alloy in the annealed temper (O) almost 
equals that of commercially pure aluminum, though for very deep drawing or severe 
spinning operations the latter usually is specified. In tempers up to half hard 
(%H), the alloy is extensively used for drawn cooking utensils. In the thin 
gages, these tempers will take a 180® fiat bend. A more liberal bend radius is 
necessary in the three-quarter hard temper (%H), while in the hard temper (H) 
little forming is possible. 

Welding Characteristics—The aluminum-manganese alloy is welded readily with 
the oxy-hydrogen or oxy-acetylene flames, the metal arc (except for thin sheets), 
and the common resistance welding processes. A commercially pure aluminum weld¬ 
ing rod is used and a suitable flux must be employed. The required technique is the 
same as for welding commercially pure metal. 

Table I 

Mechanical Properties' of Wrought Aluminum-Manganese Alloys (3S) 



Tensile 

Yield 

Elonga- 

Brlnell 

Shearing 

Temper 

Strength 

Strength* 

tlon«, % 

Hardness* 

Strength® 

Designation 

Psi. 

Psi. 

in 2 in. 

No. 

Psi. 

O (Annealed). 


5,000 

15,000 

30 

28 

11,000 

V 4 H . 

. 18,000 

10 

36 

12.000 

VaH . 


18,000 

8 

40 

14,000 

%H . 


21.000 

5 

47 

15,000 

H (Hard) . 


25,000 

4 

55 

16,000 


^Young’s modulus is approximately 10,300,000 psi. Rotating beam endurance limit (R. R. Moore 
type machine. 500,000,000 cycles) for 3S-0 is 6,000 psi., for is 9,000 psi. and for H is 10,000 psi. 

■Stress which produces a permanent set of 0 . 2 %. Yield strengths in tension and compression 
are substantially equal. 

■Typical values for sheet thickness. Heavier sections, from which standard, round 

specimens are taken, will have higher elongations. 

■10 mm. ball, 600 kg. load. 

Single shear values from double shear tests. 


Annealing Practice—*rhe fully annealed properties are obtained by heating to 
775*F. for about 2 hr. and cooling in the air. 

Applications and Forms—This alloy is used for architectural applications such as 
roofing, flashing, gutters, and doors and is used in the construction of railway cars and 
other vehicles for parts which are not highly stressed or forming operations not too 
severe. This alloy is used in the manufacture of furniture, cooking utensils, and chem¬ 
ical equipment. Like the commercially pure metal (28), it is produced in the common 
forms such as sheet, plate, tubing, bar, rod, wire, rivets, molding, and other shapes. 

■Aluminum Oo. of America, Pittsburgh. 
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Properties of Aluminum-Silicon Alloys 

By L. W. Kcmpf* 


General—Silicon probably stands second to copper in importance as an ingre¬ 
dient in aluminiun casting alloys. Attention was directed to the many advanta¬ 
geous properties of these alloys by the discovery in 1921 by A. Pacz^ of a method of 
modifying their structure and thus improving their tensile properties by treating 
the molten alloy immediately before casting with small amoimts of sodium fluoride.** * 
Probably the most generally valuable property of the aluminum-silicon alloys is their 
excellent casting qualities, Including superior fluidity and freedom from hot short¬ 
ness. The strength and hardness obtained on the binary alloys are not at all re¬ 
markable. Other advantages of the silicon alloys are high resistance to corrosion, 
low speciflc gravity, low thermal expansion and high conductivity for heat and 
electricity. The chief use of the binary alloys is in castings containing about 5-13% 
silicon. 


Density of Solid Alloys—Edwards^ has determined the density of alloys con¬ 
taining up to about 18% silicon. The diagram in Pig. 1 presents his data. These 
numerical values are approximately equal to the speciflc gravity. The complete 
density curves of alloys containing 3 concentrations of silicon are given in Pig. 2. 
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Pig. 1—Density of aluminum-silicon alloys. 

Fig. 2—Density of alloys containing 3 concentrations of Si. 
Fig. 3—Coefficient of expansion of Al-Si alloys. 

Pig. 4—Density of liquid Al-Si alloys. 

Fig. 5—Electrical resistivity of Al-8i alloys. 


Thermal Expansivity-The coefficient of thermal expansion of silicon is less 
than % that of aluminum and the aluminum-silicon alloys have appreciably lower 
expansivity than pure aluminum. The variation in coefficient of expansion with 
silicon content is indicated in Pig. 3. 

Growth—The solubility of silicon in solid aluminum varies with temperature 
from about 0.05% at 200®C. (390®P.) to 1.65% at 577®C. (1070®F.). Alloys quenched 
from a high temperature solution treatment are of appreciably higher density than 
the same alloys in equilibrium at room temperature. The ma^tude of this differ¬ 
ence in density is small under all conditions but is greater the higher the degree 
of supersaturation. Thus with ordinary sand castings the rate of cooling is such 
that for all practical purposes, and especially for uses involving temperatures under 
200''F., no changes can be detected. Changes in density have beeii estimated by 
measuring the linear change in dimensions accompanying reheating to elevated 
temperatures of alloys quenched from high temperature solution treatments. This 
change in dimension has been termed “growth'* or “permanent growth.” The max¬ 
imum amount of growth observed in alloys containing more than about 1.7% 
silicon quenched from near the eutectic temperature corresponds to a unit change 
in lineal dimensions of 0.0016. Heating for 10-20 hrs. at 400-450''P. is required to 
bring about equilibrium as regards growth. The time for attainment of equilibrium 
varies inversely, with temperature in a logarithmic manner. 


^Aluminum Research Laboratories, Aluminum Oo. of America, Cleveland. 
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Density of Liquid Alloys—The density of liquid aluminum-silicon alloys as de¬ 
termined by Edwards is given in Fig. 4. 

Solidification Shrinkage—The percentage change in volume from a liquid at the 
melting point to a solid at the freezing point is known as solidification shrinkage. 
Edwards gives the solidification shrinkage of pure aliuninum as 6.6%, that of an 
alloy of 7.81% silicon as 5.6%, and of an alloy of 11.63% silicon as 3.8%. The change 
In solidification shrinkage with silicon content is Illustrated in Fig. 2. 

Pattern Shrinkage—The pattern shrinkage is usually determined by casting a 
Straight cylindrical bar between a pair of graphite or metal plates ri^dly main¬ 
tained a known distance apart and measuring the length of the bar when cold. 
Determinations by Edwards on alloys containing 12.55% and 22.4% silicon give a 
shrinkage of 0.16 and 0.15 in. per ft. respectively. The usual pattern shrinkage used 
in aluminum foundries for all aluminum alloys is A in. (0.156 in.) per ft. 

Electrical Resistivity—Increasing amoimts of silicon increase the electrical re¬ 
sistivity of aluminum-silicon alloys as indicated in Fig. 5. These data are from 
measurements by J. D. Edwards on sand cast specimens. Some measurements by 
C. S. Taylor on high purity alloys in wrought form are given in Table I. 

Table 1 

Electrical Resistivity of High Purity Aluminum-Silicon Alloys 
Iron and Copper Less Than 0.05% 


% 

Silicon 


Resistivity 

Microhms Resistivity. Microhms 

per cm. cube* per cm. cube, annealedf 


0.02 or less 

2.68 

2.68 

0.06 

2.778 

2.778 

0.14 

2.847 

2.770 

0.16 

2.860 

2.769 

0.23 

2.947 

2.776 


*Reated 2 days at 496*C. (925«F.), quenched In cold water. 

tHeated 2 days at 495*C.. quenched In cold water, followed by annealing 100 days at 200*C. 


Thermal Conductivity—The thermal conductivity of aluminum-silicon alloys* 
is afTected in a marked manner especially at high silicon concentrations by t^e 

particle size and distribution of the silicon, the smaller 
the particles of silicon, the higher being the conductiv¬ 
ity. The conductivity of sand castings in the condi¬ 
tion of highest conductivity (annealed) decreases from 
about 0.39 cgs. units for the 5% silicon alloy to about 
0.31 cgs. units for the 13% silicon alloy. Modification 
of the 13% silicon alloy with sodium increases the 
conductivity to 0.39 cgs. units. Similarly, the chill 
cast 5% silicon alloy by virtue of its fine structure has 
a conductivity of about 0.44 cgs. units. 

Elastic Properties—The yield strengths of alumi¬ 
num-silicon alloys are generally lower than those of 
aluminum-copper alloys of approximately the same 
tensile strength. This characteristic of the silicon 
alloys limits their use in some applications, but it is 
an advantage in others where some slight bending or 
forming operations must be carried out on castings. 
Few reliable data on the elastic limit have been pub¬ 
lished, but isolated determinations and general expe¬ 
rience would place the true elastic limit of all alumi¬ 
num-silicon alloy sand castings up to 14% silicon at not over 3,000 psi. The yield 
strength of modified sand castings varies from about 10,000 psi. at 8% silicon to 
12,000 psi. at 14% silicon. A tsrpical yield point for the normal sand cast 5% silicon 
allqy is about 9,000 psi According to the determinations of Templln and Paul* the 
addition of silicon to aliuninum results in a fairly uniform increase of Young’s 
modulus in tension from about 10,250,000 psi. for the 5% silicon alloys to about 
11,100,000 psi. for an alloy containing 13% silicon. 
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Tensile Properties—Fig;. 6 gives the tensile properties of both normal and modi¬ 
fied aluminum-silicon alloys in the form of % in. dia. sand cast test bars.* These 
values represent laboratory determinations and the values given for modified alloys 
are those for material in which special care was taken to obtain the optimum effects 
of the modification process. Pig. 7 indicates the variation in tensile properties with 
silicon content of chill cast test bars.* Pig. 8 gives the tensile properties of 0.08 in. 
thick aluminum-silicon sheet in the hard rolled and annealed conditions. 

Shearing Strength—The ultimate strength in double shear of the 5% silicon 
normal sand cast alloys is about 15,000 psi. Por the modified 13% silicon alloy the 
shearing strength is about 18,000 psi. 

Fatigue Resistance—Endurance limits for cast aluminum-silicon alloys contam- 
ing from 5-14% silicon as given in the literature vary between 5,700 psi. and 9,500 
psi. Results are not very concordant and the determinations were made on the 
basis of 5-50 millions of reversals. Determinations made in the Aluminum Re¬ 
search Laboratories on the basis of 500,000,000 cycles with the R. R. Moore type of 
rotating beam machine place the endurance limit of the normal sand cast 5% 



Pig. 7—Variation In tensile properties with 81 content— 
chill cast test bars. 

Fig. 8—Tensile properties of Al-Sl sheet. 

Pig. ^Impact properties of Al-Sl alloys. 

silicon alloy at about 6,500 psi. The value for the modified 13% silicon alloy is 
about 6,000 psi. 

Impact Properties—Fig. 9 from the data of Grogan* and Stockdale* gives the 
variation of impact resistance with silicon content of some modified sand and chill 
cast alloys. 

Corrosion Resistance—Comparative experience in various fields indicates that 
the aluminum-silicon alloys preserve a better appearance under the conditions of 
ordinary atmospheric corrosion than do the aluminum-copper alloys. The rate of 
loss in mechanical strength of either of the types of alloys under these conditions 
is very low. Under conditions of salt spray corrosion, aluminum-silicon alloys 
appear to be definitely superior to the aluminum-copper alloys or the aluminum- 
copper-zinc alloys. They are, however, inferior under these conditions to the alumi¬ 
num-magnesium alloys. Czochralski*® presents data on relative loss in weight in 
steam and nitric acid of the modified 13% silicon alloy, the 8% copper alloy, and the 
12% zlnc-2% copper alloy. All alloys were in the cast condition. Under these con¬ 
ditions the 13% silicon alloy is superior to the 8% copper, and the 12% zinc-2% 
copper alloys. 

Casting Properties—The aluminum-silicon alloys are especially fiuid, fill molds 
better, and take sharper impressions than any of the other common alloys of alumi¬ 
num. For the normal alloys, the fiuidity increases with silicon content up to the 
composition of tlie eutectic, about 11.6% silicon, and about 12-14% silicon for the 
modified alloys. Alloys containing upwards of about 3% silicon and with iron and 
copper in concentrations usual in ordinary commercial virgin ingot are unusually 
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free from hot shortness. This valuable property improves with Increasing silicon 
content up to the eutectic composition, but all of the alloys containing from 5-13% 
silicon can be cast readily without cracking. The 5% silicon alloy is comparatively 
easy to feed, but as the silicon increases the alloys become subject to a peculiar 
type of internal shrinkage, and careful feeding is necessary in the case of alloys 
of high silicon contents. The ratio volume of risers to volume of castings should, 
in general, be greater in the case of the 13% silicon alloys than in the case of the 
8% copper alloy. Because of their freedom from hot shortness and the characteris¬ 
tic tendency to form a sound outer layer or skin, the aluminum-silicon alloys are 
especially suitable for the production of castings which must be free from leaks. 

Welding Rod—Some of the properties which make the aluminum-silicon alloys 
so valuable in the castings held have also been responsible for their wide use as 
welding rod. An alloy containing about 5% silicon is widely used for welding both 
cast and wrought products. Such rod is utilized in the cast and wrought forms, 
depending on the personal preference of the operator and the type of welding being 
done. 
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Properties of Aluminum-Silicon (13%) Casting Alloys 

By H. J. Rowe*^ 

An aluminum-silicon alloy containing silicon in excess of the normal eutectic 
value,! if properly modified or treated prior to casting to insure solidification with¬ 
out the separation of visible particles of primary silicon, possesses mechanical prop¬ 
erties considerably in excess of those obtained with an alloy of low silicon content. 
This modification may be produced by rapid dooling as in the die casting process** 
or, if sand cast, by the controlled addition of certain modifying agents such as 
sodium, tt The most common alloy of this type contains approximately 13% silicon 
with the balance aluminum. The properties of this alloy are as follows: 


Physical Properties of Aluminum-Silicon Alloys (13% Si) 




Sand Cast 

Die Cast 

Ultimate tensHe strength, psl. (min. to average'). . . 


24,000-26.000 

28,000-33.000 

Yield strength, psl. (average-') . 


11,000 

18,000 

Elongation, % in 2 in. (min. to average). 


5.0-8.0 

1.0-2.0 

Brinell hardness, 10 mm. ball, 500 kg load.... 


. . 45-60 

65-80 * 

Rockwell hardness. Vs in. ball, 100 kg. load. 


E48-E72 


Yield strength in compression, pst. (approx.*• *) . 


11,000 

. 

Shearing strength, psi. (approx.M. 


18,000 


Charpy impact resistance, ft-lb. (approx.®). 


3.0 

2.0 

Endurance limit, psi. (approx.®). 


6.000 

15.000 

Modulus of elasticity, psi. (approx.). 


10,300.000 

10,300.000 

Specific gravity (approx.). 


2.66 

2 66 

Weight per cu. in., lb. (approx ) .. .. 


0 096 

0 096 

Pattern maker’s shrinkage, in. per ft_ 


• 


Solidification range. ®P. 


1150-1070 

1150-1070 

Electrical conductivity, % of copper .standard at 68"K (approx. 

'). 40 

36 

Thermal conductivity at 25"C., cg.s units (approx'). 


0 37 

0.33 

Coefficient of thermal expansion, per ®P. (68-212®P.) (approx.). 

0 0000111 

0.0000111 

'The footnotes for this tabulation are the same as 

those 

given in the arlcle 

“Properties of 

Aluminum-Copper Casting Alloys, Containing 8% Copper.” 

Tension properties of Die Castings based 


on one-quarter incb diameter specimens. 


Specifications 

Source 

Sand 

Castings 

Did 

Castings 

Ingot 

Aluminum Co. of America ... 

American Society for Te.sting Materials 
Society of Automotive Engineers .. . 

U S. Army. 

No 47 
)B-26-37T 
(Alloy K 

No 37 

No. 13 
B-85-37T 

Alloy V 

No. 305 
57-93-13 

No 47 
B-58-37T 

Alloy K 





General Properties and Uses—The modified 13% silicon alloy has found consid¬ 
erable application in Europe, and in this country in certain foundries where heat 
treating equipment for the production of high strength heat treated alloys is not 
available. Such alloys as ‘^Silumin'* and “Alpax," both of this general composition, 
are still being used extensively in foreign foundries. However, with the newer heat 
treated alloy developments in this country.! the modified 13% silicon alloy is rapidly 
being replaced for sand casting work. 

If proper care is taken during alloying and modification to prevent excessive 
oxidation, this alloy possesses many of the same desirable casting characteristics 
as does the 5% silicon alloy. It casts well in intricate, thin sections requiring 
pressure tightness, and has very good corrosion resistance. Since the beneficial 
effect of the modification process is largely lost on the remelting of this alloy, a 
retreatment of the metal is necessaiy if the resulting castings are to possess the 
properties of the modified alloy. The machinability of the 13% silicon alloy, as 
judged by the surface finish, is not so good as that of the aluminum-copper alloys. 

The 13% silicon alloy is used for marine, automotive, steam radiators, water 
Jackets, and manifold castings. For die castings, the 13% silicon alloy is generally 
preferred for large intricate castings with thin sections, because it combines good 
mechanical properties with excellent casting characteristics. 


^Technical Dept., Caitings Div„ Aluminum Co. of America, Cleveland. 

tSee In this Handbook the article. “Constitution of Aluminum-Silicon Alloys.” 

••U. 8. Patent No. 1,672,459. 

ttU. 8. Patent Nos. 1.387,900 and 1,410,461. 

tSee in this Handbook the article “Properties of Aluminum-Silicon-Magnesium Alloy.” 
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Properties of Aluminum-Silicon (5%) Casting Alloys 

By H. J. Rowe* 

Aluminum-silicon alloys, because of their exceptional casting characteristics In 
intricate castings, find a large field of application. Such alloys, containing from 
3-12% silicon,! are quite fluid at temperatures almost down to the freezing point 
and have a lower solidification shrinkage tlian the common aluminum-copper alloys. 
This combination of properties, together with excellent corrosion resistance, makes 
aluminum-silicon alloys particularly well suited for the production of dense, leak- 
proof castings, resistant to corrosive conditions. The properties of the most com¬ 
mon of these alloys, one containing approximately 5% silicon and 95% aluminiun. 
are as follows: 


Physical Properties of Aluminum-Silicon (5%) Casting Alloy 


Ultimate tensile strength, psl. (min. to average)*. 

Yield strength, psl. (average)>. 

Slongation. ^ in 3 in. (min. to average). 

Brinell hardness, 10 mm. ball. 500 kg. load. 

Rockwell hardness. in. ball. 100 kg. load. 

Yield strength in compression, psl. (approx.). 

Shearing strength, psl. (approx. )<. 

Charpy Impact resistance, ft>lb. (approx.)^. 

Endurance limit, psi. (approx.)*. 

Modulus of elasticity, psi. (approx.). 

Specific gravity (approx.). 

Weight per cu.ln.. lb (approx.). 

Pattern maker's shrinkage, in. per ft. 

Solidification range—*P. 

Electrical conductivity. % of copper standard at 68T. 

(approx.)v ... 

Thermal conductivity at 25®C.. cgs. units (approx V . 

Coefficient of thermal expansion. *F. (68-212'’F.) (approx.) 


Sand Cast 


17.000-19,000 
9.000 
3 0-6 0 
35-50 
E10-E60 
12.000 
14,000 

1 0 
6.500 
10,300.000 
2.65 
0.096 

3^2 

1165-1070 

37 
0 34 

0 0000122 


Permanent 
Mold Cast 


31.000-23.000 
10.000 
2 5-9.0 
40-55 
E44-E6S 
11.000 
18.000 
2 1 


10,300.000 
2 68 
0 097 

1165-1070 

41 

0.38 

0.0000122 


Die Cast 


25.000-29.000 

13.000 

3.5 

40-55 

E44-E65 


4.0 


10,300,000 

2.70 

0.097 

1165-1070 

41 

0.38 

0 0000122 


*The notes for this table are the same as those given in the table 'Thysical Properties of 
Aluminum-Copper (87e) Casting Alloys.’* 


Specifications 




Permanent 




Sand 

Mold 

Die 


Source 

Ca.stmgs 

Castings 

Castings 

Ingot 

Aluminum Co. of America 

No. 43 

No 43 

No 43 

No. 43 

8.A.E. 

SAE 35 

S'VE 35 

SAE 304 



( B26-37T 

B108-37T 

BQ.5-37T 

B58-37T 

}a1)ov t or JJ 

Alloy 9 or 9A 

Alloy IV 

Alloy J or JJ 

U. 8. Navy. 

C 46A1e 
} Class 2 
57-7? Grade 1 
QQ-A.601 


46A5C 

Class 2 

U. S. Army. 

Federal . 


57-93-lB 


QQ-A-371 ciass 2 





General Properties and Uses—In addition to the casting characteristics and 
corrosion resistance, the 5% silicon alloy also possesses fair mechanical properties 
suitable for many engineering applications. The yield strength-tensile strength 
ratio is. however, somewhat lower than that of the common aluminum-copper alloys, 
and the machinablllty inferior because of the tendency of tools to drag the siulace. 
This latter property can be materially overcome with the proper tool set-up. ' To 
Insure maximum corrosion resistance, it is quite essential that a minimum of impu¬ 
rities be maintained in this alloy. 

The properties of the silicon alloy are Ideal for use in marine castings, manifolds, water 
Jaeketa, aircraft fittings, automotive bodv lections, meter eases, miscellaneous thin sections, and 
intricate castings where a minimum of machining Is required and the mechanical properties are 
adequate. This alloy Is also especially suited for architectural and ornamental castings of thin 
sections which require fine sharp details and which are subject to continuous atmospheric exposure. 
The 5% silicon alloy Is likewise readily cast In permanent molds and dies. 


^Technical Dept., Castings Dlv., Aluminum Co of America. Cleveland. 

tR. 8. Archer, L. W. Kempt, and D. B. Robbs, Heat Treatment of Aluminum-Silicon Alloys* 
Trans., Inst. Metals Div., A.I.M.S., 1938, f. 78, p. 198. 
tU. 8. Patent 1,573,459. 
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Properties of Aluminum-Magnesium-Chromium Alloy 

By F. KeUer* 


General Description—The aluminum-magnesium-chromlum alloy designated 
**62S” has moderate strength combined with good resistance to corrosion, good 
workability, and high fatigue resistance. It is not susceptible to solution heat 
treatment, but can be strengthened and hardened by cold working. 

Physical Properties—The sp.gr. of the alloy is 2.67. One cu.in. weighs 0.096 lb. 
The electrical conductivity, expressed in percentage of the “International Copper 
Standard", is 35. The thermal conductivity at 100®O. in cgs. units is 0.32. 

Composition—The alloy has the following nominal composition: Magnesium, 
2.5%; chromium, 0.25%; and aluminum, plus normal impurities, the balance. 

Temper Designation—Only the annealed, intermediate, and hard rolled tempers 
of this alloy are produced. The temper is designated by a symbol or symbols fol¬ 
lowing the alloy designation as explained in the article entitled “Commercially 
Pure Wrought Aluminum". 

Mechanical Properties—The tensile and yield strength of this alloy is appre¬ 
ciably higher than for commercially pure wrought aluminum and wrought alumi¬ 
num-manganese alloys. In the hard rolled temper, the alloy has a yield strength 
comparable with that of the heat treated strong aluminum alloys. Typical mechan¬ 
ical properties of this alloy in its various tempers are given in Table I. 

Resistance to Corrosion—All of the tempers of this alloy have excellent resistance 
to corrosion. This alloy is particularly resistant to corrosion by salt water. 

Workability— The alloy has good workability and in the annealed temper It is 
suitable for severe drawing and forming operations. The workability of the inter¬ 
mediate and full hard tempers decreases in proportion to the amount of cold 
reduction similar to other cold worked aluminum alloys. 

Welding Characteristics—The methods commonly employed for welding other 
aluminum alloys can be used successfully. The torch welding characteristics are 
fair, while the resistance welding characteristics are excellent. 

Annealing Treatmentr-This alloy can be annealed by heating to a temperature 
of 750®F., after which it should be withdrawn from the furnace and cooled in air. 

Forms Produced— The forms in which this alloy is available are: Sheet, plate. 


wire, rod and bar, tubing and pipe. ^ ^ 

ADpUcations— This alloy finds general application for formed articles, for rname 
applications, and for structural <ises where good workability, moderate mechmical 
properties, high fatigue strength, and good resistance to corrosion are desired. 


Table I 


Typical Mechanical Properties of Aluminum-Magnesium-Chromium AUoy^ (52S) 


Temper 


Yield 
Strength* 
(Bet = 
0 . 2 %) 
Psl. 


Elongation,* % in 2 In. Brlnell 


Ultimate 

Strength, 

Psl. 


Sheet Round 
Specimen Specimen 
in. (0.505 In. 


Thick) 


Dia.) 


Hardness 

500 Kg. Shearing Endurance 
10 Mm. Strength*, Limit*, 


Ball 


Psl. 


29,000 

25 

30 

45 

18,000 

34,000 

12 

18 

62 

20,000 

37,000 

10 

14 

67 

21,000 

39,000 

8 

10 

74 

23.000 

41,000 

7 

8 

85 

24,000 


Psl. 

17,000 

18.000 

19,000 

20.000 

20,500 


Approx. 
Radii for 
90» Cold 
Bend* 


0 

0 -IMi 
1 -3 
l%-4 
3 -8 


(A.S.T.M. Speeiflea- 


628-0 . 14,000 

628-^ H . 26,000 

52S-^H . 29.000 

52a-%H . 34,000 

62S-H . 36,000 

>Tounc*s modulus of elostlclt. Is upproilmstely 10,300.000 psl. 

•Stress Tfhlch produces • permanent set of 0.2% of the Initial gate length, 
tlon. Methods of Tension Testing, E 8-33.) . .. w 

v^uea vary with the form and size of tension test specimen. Thin shMt has 

K'^standwd r?i??fteS?lon t^t^Tma/h^^^^^^ 

because of the effect of commercial flattening operations on this property. 

*81ngle shear strength values obtained from double shear tests. 

•Based on withstanding 600,000,000 cycles of completely reversed stress, using the R. R. Moore 

of t=thickness of sheet. The minimum radii varies with the 
natuw of thS forming operotlon, type of forming equipment, and design and condition of tools, 

and with the thickness of the material. ___ 

^Aluminum Research Laboratorlea, New Kensington, Pa. 
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Properties of Aluiniiiuin-Copper-Iroii-Magnesium Alloy Cast in 

Permanent Molds 

By 0« H. HeU* 

This class of alloys was first developed for use in automotive pistons. Castings 
for this type of service are usually made in cast iron molds with steel cores. The 
rapid solidification results in mechanical properties appreciably higher than are 
obtained when the same alloy is cast in sand molds. Although slight modifications 
have been made in the original chemical composition (approximately 10% copper, 
1% iron, and 0.25% magnesium*) from time to time, the essential characteristics of 
the alloy have not been changed. Considerable improvement has been achieved by 
means of heat treatments, which can be grouped into two classes. Typical values 
for physical properties of the two classes are given in Table I. 

Under “A” are listed properties for a typical high temperature solution heat 
treatment, followed by quenching and aging at a lower temperature. This type 
of treatment yields the highest combination of hardness and toughness. Other 
heat treatments of this type, with slight variations in time and temperatures used, 
result in slight changes of some of the figures quoted. 

The rapid solidification accompanying casting in chill or “permanent” molds 
makes possible appreciable Increases in hardness by “aging” or low temperature 
treatments alone. Hartoess increases obtained in this manner are accompanied by 
corresponding decreases in toughness. It may be noted that values for Charpy 
impact resistance and percentage elongation are identical for the “A” and “B” 
treatments. This should not be interpreted as indicating equivalent toughness. 
Considerable data exist in the form of slow bend tests and practical experience 
indicates that for equivalent hardness the “A“ treatment yields a product con¬ 
siderably tougher than the “B” treatment. Under “B” of the above table are 


Table 1 

Properties of Al-Cu-Fc-Mg Alloy 


Heat Treatments 
A B 


Ultimate tensile strength,* psi, (min. to average). . 

Yield strength,* psi. (average). . ... 

Elongation in 2 in., % (min. to average). . 

Brinell hardness, 10 mm. ball. 500 kg. load. 

Rockwell hardness, V» in. ball, 100 kg. load. . 

Yield strength in compression, psi. (approx ). 

Ultimate compressive strength,* psi. (approx.). 

Shearing strength,^ psi. (approx.). . . . 

Charpy impact resistance,* Xt-lb. (approx.). 

Modulus of elasticity, psi. (approx.). . 

8p. gr. (approx.). 

Weight per cu.in., lb. (approx.). . . 

Pattern maker's shrinkage** (In. per in.). ... 

Solidification range, ®P. . 

Electrical conductivity,* % of copper standard at 68 P. (approx.). 

Thermal conductivity* at 25"C., cgs. units (approx.). 

Coefficient of thermal expansion per "P. (68-212*P.) (approx.)- 


40,000-48,000 
36,000 
0-0 5 
125-160 


36,000 

89,000 

30,000 

07 

10,300.000 
2.89 
0 104 
0.007 

1160-1004 

33 

0.31 

0.0000122 


30.000-35,000 

31,000 

0-0.5 

95-125 

E92-E102 

31,000 

87,000 

25,000 

0.7 

10,300,000 

2.89 

0.104 

0.007 

1160-1004 

37 

0.34 

0.0000122 


>U. 8. Patent 1,732,557. 

*Pootnote8 2, 3, 4. 5, and 7 for this tabulation are the same as those given In the article, 
^Tropertles of Aluminum-Copper Casting Alloy, Containing 8% Copper.’* 

*Ten8ion values determined from Va in. dia. specimens, separately cast In permanent molds and 
tested without machining off the surface. 

**Pattem maker’s allowance as listed Is dimensional allowance used in finishing molds. 


Specifications 


Alloy “A” 

Alloy “B” 

Ingot 

Aluminum Company of America. 

American Society for Testing 

Materials . 

Society of Automotive Engineers. 

B108-38T 

.... No. 34 

No. 122.T52 
B108-38T 
Alloy 4 

No. 34 

No. 122 
B112-38T 
Alloy 4 

Pederdl . 


QQ-A-371 
Class 6 





*Technlcal Department, Castings Division, Aluminum Co. of America, Cleveland. 
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Fig. 1—^Tensile properties of alumlnum-copper-lron-magnesium (122) alloy at elevated tein> 
peratures. Brinell hardness at room temperature following stabilizing and testing at elevated tem¬ 
peratures. 


listed typical properties for this type of treatment. Changes in time and temper¬ 
ature here will also result in slight deviations of some of the properties from those 
mentioned in the table. 

General Properties and Uses—Alloys of this type combine satisfactory casting 
properties, good machining characteristics, and good mechanical properties at 
piston operating temperatures. Pig. 1 gives the variation with temperature of 
the tensile properties of specimens cast in permanent molds and originally in the 
“B’* condition. Before testing, the specimens were held (40-150 days) at the tem¬ 
perature being investigated until no further change in properties could be 
detected. The Brinell hardness was determined at room temperature after sta¬ 
bilization and testing at the elevated temperature. 

In addition to its primary use in pistons, this alloy is utilized in other places 
where good machinability, high hardness and wear resistance are desired. Such 
applications are valve guides, typewriter parts, and sole plates for flatirons. 
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Properties of Aluminum-Copper-Magnesium-Manganese Alloy 

(17S or Diiralumiii) 

By P. V. Faragher* 

General—An alumlnum-copper-magnesium-manganese alloy, commonly called 
17S or duralumin, is the oldest of the duralumin type alloys, several of which are 
Hbw in commercial production. Some of the newer alloys possess definite advan¬ 
tages for certain purposes, but this alloy is still generally used in a great variety 
of products. For applications requiring good forming capacity and for which 
lower physical properties are acceptable, ^ modified composition designated A17S 
is available. This alloy is being used extensively in rivets because they can be 
driven in the fully heat treated and aged temper. 

Composition—These alloys have the following nominal compositions in per 
cent: 

— 178 A17S 


Copper . 4.0 3.6 

Magnesium . 0.5 0.3 

Manganese . 0.5 

Al uminum plus normal Impurities*. Remainder Remainder 

*Iron and silicon are always present In commercial aluminum Ingot used In the manufacture 
of these alloys in amounts up to a max. of 1%. The silicon Is an essential constituent of the 
alloy in the amounts normally present. 


Specific Gravity—The sp.gr. of these alloys and their density in lb. per cu.in. 
are as follows: 


178 A178 


Sp. gr. 

Density, lb. per cu.ln 


2.79 2.74 

0.101 0.099 


Temper Designation—These alloys are designated by the principal manufac¬ 
turer by a number, followed by the letter to indicate that they are wrought 
products. The number may be preceded by a letter to indicate a modification of 
the original alloy composition, such as A17S. The letter or letters designating 
the temper follow the alloy symbol, separated from it by a dash. ' 

The "soft” or "annealed” temper is designated by the letter "O”; the heat 
treated temper by the letter "T”; and the temper resulting from cold working 
the material after heat treatment by the letters "RT”. There is but one heat 
treated temper, since these alloys age harden at room temperatures. 

Physical Properties—Typical mechanical properties of these alloys are shown 
in Table I. (Obviously these typical average values cannot be used as minimum 
values for purchase specifications.) 


Table I 

Typical Mechanical Properties of Aluminum-Copper-Magnesium-Manganese Alloys 


Alloy 

Temper 

Tensile 8trength, 
psl. 

Yield 8trengtli, 
psl. 

Elongation, 

% In 3 in. 

8 hear 8trength, 
psl. 

178 

O 

26.000 

10,000 

20 


178 

T 

60,000 

37,000 

20 

36,000 

178 

RT 

65,000 

47,000 

13 

38,000 

A178 

O 


8,000 

24 

16.000 

A17S 

T 

43,000 

24,000 

24 


Alclad 178 

T 8heet 

66,000 

33,000 

18 


Alelad 178 

RT 8heet 

67,000 

40,000 

11 



Corrosion Resistance—These alloys present considerable resistance to corrosion 
imder most atmospheric conditions, but as a precaution, it is common practice In 
structural work to apply protective paint coatings. For severe conditions (imder 
exposure to salt spray) sheet and wire are available with a core of 17S alloy and 
surfaces of pure aluminum, or of a highly corrosion resistant alloy which is anodic 
to the base alloy. The surface layers are alloyed and integral with the underling 

*Metallurglcal Department, Fabricating Division, Aluminum Oo. of America, Pittsburgh. 



















PROPERTIES OP AL-CU-MG-MN ALLOY 


1271 


17S core and protect it, both by preventing contact with the corrosive medium, 
and by electrolytic action: Thus protected, sheet and wire are sold under the 
trade marked name “Alclad**. 

Workability—^In the soft temper these alloys can be subjected to severe forming 
operations. In the fully heat treated temper, greater radii are required for bends, 
and less depth of drawing is possible than in the soft temper or immediately after 
quenching. The modified composition, A17S-T, withstands more severe working 
than 17S-T. By choosing proper radii for bends and suitable tools, 17S-RT can 
be formed into various structural shapes without difficulty. If 17S is quenched 
from the heat treating temperature and formed in less than 2 hrs. before aging 
occurs, it is only slightly less workable than in the soft temper. By storing at a 
temperature below 32®F., greater workability can be retained for a day or more. 
“Alclad” sheet can be bent around a smaller diameter than uncoated sheet of the 
same gage and temper. 

Weldlng-~Spot welding is coming into use for joining these alloys in the gages 
for which this process is applicable. They can be welded by the torch and arc 
welding processes, but the mechanical properties and resistance to corrosion of the 
metal adjacent to the welds are lowered and must be restored by heat treatment 
of the assembly. The cast metal in the weld does not develop as high properties 
as the wrought alloy, which fact must be considered when designing the joint. 
Other methods of joining are commonly used. 

Heat Treatment—^These alloys are heat treated by heating at a temperature of 
930-950*P. The time of heating varies with the thickness of the metal and the 
heating medium. After heating, the alloy is quenched in cold water. The inter¬ 
val between removing the metal from the heating medium and completely immers¬ 
ing it in the water should be as short as possible, at most several seconds. Aging 
takes place at room temperature, the rate gradually decreasing for about four 
days when it is practically completed. Aging may be retarded by cooling the alloys 
below 32®P., but it proceeds at the normal rate when they are warmed to room 
temperature. *'Alclad’’ material should be heated the shortest length of time which 
will produce desired properties. If Alclad sheet is heated too long there will be too 
great diffusion of the alloying elements of the core into the surface layer, with 
consequent injury to the protecting qualities of the latter. 

Annealing>~The annealing practice varies with the condition of the alloy and 
the result desired. 

(a) Material originally In the soft temper which has been hardened by cold forming, can be 
annealed completely by heating it to 640-670*F., and cooling. 

(b) Material in the heat treated temper, whether subsequently cold worked or not, will have 
most of the effects of heat treatment removed by following the practice described In paragraph 
(a). For severe forming which requires completely softened material, the following practice la 
necessary. 

(c) For the complete annealing of alloys in the heat treated (T) temper, whether or not 
they have been subsequently strain hardened, heat the metal for 2 hr. at a temperature of 
750-800*F., and then cool slowly. The rate of cooling to 500**F. should not exceed 50*F. per hr. 
The rate of cooll^ below 600*F. Is unimportant. 

Commercial Forms—The alloy 17S is available commercially in all of the usual 
wrought forms such as sheets, plates, tubes, rods, bars, wire, rolled and extruded 
shapes, forgings, rivets, bolts, nuts, machine screws, and other screw machine 
products. The alloy A17S is produced only in rivets. 
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Properties of Wrought Aluminnm*Copper*Magnesium (1.5%) 

Manganese Alloy 

By T. W. Bossert* and J. A. Nock, Jr.t 

General—The alnminum-copper-magnesium-manganese alloy, known as 248. Is 
a heat treatable wrought aluminum alloy having mechanical properties superior to 
those of 17S with workability slightly inferior to that of 178 in the “T" and “RT” 
tempers. The alloy was developed particularly for the aircraft field. After solu¬ 
tion heat treatment, the alloy age hardens spontaneously at room temperature. Like 
178, this alloy may be had in the Alclad' form. 

Composition—The nominal composition of the alloy is copper 4.4%. magnesium 
1.5, manganese 0.6, and balance aluminum. 

Specific Gravity—The specific gravity of this alloy is 2.76, 

Temper Designation—The temper in which this alloy is supplied is designated 
by a symbol or symbols following the alloy designation. 

In both bare and Alclad form, this alloy is supplied in three tempers; namely, 
annealed, designated by the sufflx '*0'*; heat treated and aged (at room temper¬ 
ature), designated by the suffix *'T’*; and heat treated, aged, and cold worked a 
definite amount, designated by the suffix “RT”. 

Mechanical Properties—Typical mechanical properties for both the bare and 
Alclad forms are given in Tabic I. 


Table I 

Properties of 24S Aluminum Alloy 


Endur- 

Tensile Yield Elonga- Shear ance 

Strength, Strength, tlon, % Brinell Strength, Limit* 
Temper psl. psi. in 2 In. Hardness psi. psl. 


-0 . ... 26,000 19,000 20 42 18,000 12,000 

•T. 68,000 44,000 19 105 41,000 18,000 

-RT. ... 70,000 55,000 13 116 42,000 . 

Alclad 24S Sheet 

-0 . 25,000 10,000 18 ... . . 

-T . 62.000 41,000 18 40,000 . 

-RT . 66.000 50.000 11 ... 41,000 . 


•Based on the material withstanding 500 million cycles of stress. 


Corrosion Resistance—^The maximum corrosion resistance of both forms of this 
alloy is developed in the heat treated, or in the heat treated and rolled tempers. 
These materials are not intended for use in the annealed temper, but the metal may 
be obtained in this temper for drawing or for severe forming operations which 
are then followed by heat treatment. 

The bare alloy has a corrosion resistance which is similar to that of 178. The 
same protective measures against corrosion that apply to 178 should be observed 
in using 248. 

The Alclad form of the alloy has, because of the pure aluminum coating, 
excellent corrosion resistance and can generally be used without additional protective 
coating. 

Workability—In the annealed temper both forms of this alloy are reasonably 
workable. The material can be formed over sharp radii and can be drawn to a 
limited extent. Annealed material is, therefore, often specified and the material, 
after working, is heat treated to develop its characteristic properties. The heat 
treated tempers of these materials are not suitable for drawing, but can be formed 
over a bend radius equal to 1-6 times* the material thickness. This alloy is more 


•Fabricating Division, Aluminum Co. of America. 
tAluminum Research Laboratories, New Kensington, Pa. 

^The Alclad form of 248 alloy consists of the high strength core covered on both sides with 
a layer of high purity aluminum. 

niie multiple bend radius increases from 1-6 times the thickness as the thickness of the piece 
itself increases. 
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workable Immediately after quenching and the more diflQcult bends may be made 
in this manner. 

Welding—This alloy, and particularly Alclad 24S, may be satisfactorily welded 
by electric resistance methods. It is not suitable, however, for torch or arc welding. 

Solution Heat Treatment—The solution heat treatment of all forms of this alloy 
consists of heating the stock to 915-930®P. in a fused nitrate bath or suitable air 
furnace. The time at this temperature is determined by the thickness of the section. 
The alloy is quenched in cold water with the minimum of delay between removal 
from the heat treating medium and immersion in the quenching water. 

No elevated temperature aging is required for this alloy, as the material 
develops its normal heat treated properties by spontaneous aging; in fact, such 
elevated temperature aging is to be avoided. 

Annealing—The alloy is annealed by heating to 660°P. for about 2 hr, and then 
cooling normally in air. 

Forms Produced—This alloy is available in the form of sheet, rod, bar, extruded 
shapes, tubing, rivets, and wire. The Alclad form of this alloy is furnished in sheet 
form only. 

Applications—Both forms of this alloy are used where maximum strength is 
desired with minimum weight. Its use in aircraft construction particularly Is 
indicated, but its applications are not entirely limited to this field. 
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PROPERTIES OF AL-CU-NI-MQ ALLOY 


Properties of Aluminum-CoppeivNickel-Magiiesium Alloy 
Cast in Permanent Molds 

By O. H. HeU* 

This alloy, sometimes known as alloy,^ finds its most extensive use in this 

country in the form of castings for aircraft and Diesel motor pistons. To a lesser 
extent it is used for outboard motor pistons. Castings for this type of service 
are usually made in cast iron molds with either steel or sand cores. The rapid 
solidification results in mechanical properties appreciably higher than are obtained 

Table I 

Physical Properties of Al-Cu-Ni-Mg Alloy 


Ultimate tensile strength,^ psi. (min. to average). 

Yield strength,* (average). 

Elongation, % in 2 in. (min. to average). 

Brinell hardness, 10 mm. ball, 500 kg. load. 

Rockwell hardness. Vs in. ball, 100 kg. load. 

Yield strength in compression, psi. (approx.). 

Ultimate compressive strength,* psi. (approx.). 

Shearing strength.^ psi. (approx.). 

Charpy impact resistance,* ft-lb. (approx.). 

Endurance limit,* psi. (approx ). 

Modulus of elasticity, psi. (approx.). 

8p. gr. (approx.). 

Weight per cu.in., lb. (approx.). 

Pattern maker’s shrinkage,* in. per in. 

Electrical conductivity,’ % of copper standard at 68®P. (approx.).. 

Thermal conductivity at 25*C., cgs. units (approx ). 

Coefllcient of thermal expansion per ®P. (68-212“P.) (approx.). 


Heat Treatments 
A B 


40.000-47.000 
42.000 
0-0.5 
100-130 
E94-E106 
46.000 
76.000 
31,000 
0.6 
9,500 
10,300.000 
2.77 
0 100 
0 007 
33 
0.31 

0.0000125 


34,000-40,000 

34,000 

0.0 

90-120 

E90-E102 

34,000 

81,000 

26,000 

0.6 

10,300.000 
2.77 
0 100 
0.007 
34 
0 32 

0.0000125 


’Footnotes for 1, 2. 3, 4. 5, 6 and 7 are the same as those given in the article, ^’Properties of 
Aluminum-Copper Casting Alloy, Containing 8% Copper.*' 

*Pattem maker’s allowance as listed is dimensional allowance used in finishing molds. 


Specifications 


8 ource 

Alloy “A" 

Alloy “B” 

Ingot 

Aluminum Company of America. 

American 8ociety for Testing 

Materials . 

Society of Automotive Engineers. 

. No. 142-T61 

B108-38T 

. Alloy 11 

. No. 39 

No. 142-T571 
B108-38T 
Alloy 11 

No. 39 

No 142 
B112.38T 
Alloy 11 

n. a. Armv rSAnrf cast)___ 

_ .S7-72-B 


Grade A . . 


when the same alloy is cast in sand molds. The nominal chemical composition is 
4% copper, 2% nickel, and 1.5% magnesium. The piston castings are usually heat 
treated. The heat treatments used can be grouped into two classes. Typical values 
for physical properties of the two classes are given in Table I. 

Under ‘*A'’ are listed properties for a high temperature solution heat treatment 
followed by quenching and aging at a lower temperature. This treatment yields 
the highest combination of hardness and toughness. 

The rapid solidification accompanying casting in chill or '^permanent** molds 
makes possible appreciable Increases in hardness by '*aging” or low temperature 
treatments alone. Hardness increases obtained in this manner are accompanied 
by corresponding decreases in toughness. Under “B” of the above table are listed 
properties for this type pf treatment. 

General Properties and Uses—Heat treating effects in this alloy are unaccom¬ 
panied by appreciable changes in density. This distinctive property is of value in 
structures, such as pistons, operating at elevated temperatures, since it insiurds 
practical stability of dimensions, other than the normal thermal expansion and 
contraction, regardless of the structural condition of the alloy. Fig. 1 shows the 


*Technieal Department, Castinge Oivialon, Aluminum Co. of Amerlea, Cleveland. 

’W. Rosenhain, 8. L. Archbutt, and D. Hanion; Eleventh Report to the Alloys Research Com¬ 
mittee of the Inst, of Meeh. Engrs. (1921), on Some Alloys of Aluminum. 
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ALUMINUM-MAGNESIUM-SILIOON ALLOYS 


A1 3604 


Properties of Wrought Aluminum-Magnesium- 
Silicon Alloys 
By F, Keller* and T. W. Bossertt 

General—The aluminum-magnesium-silicon alloy (53S) is susceptible to solu¬ 
tion heat treatment.** • It is formed easily and can be welded in the annealed and 
heat treated tempers. The alloy finds a wide field of application where moderate 
strength, good workability, and high resistance to corrosion are of prime importance. 
It is available in the form of sheet, plate, extruded shapes, tubing, rod, bar, wire, 
and rivets. 

Composition—The alloy has the following nominal composition: 


SUlcon .0 7% 

Magnesium .. .1.2% 

Chromium .0 25% 

Maximum total of other elements...0.55% 

Aluminum .Balance 


Specific Gravity—The specific gravity of the alloy is 2.69. 

Temper Designations—The temper of wrought aluminum alloys is designated 
by a symbol or symbols following the alloy designation as explained in the article 
entitled “Commercially Pure Wrought Aluminum.” 

Mechanical Properties—Typical mechanical properties of the alloy in various 
tempers are given in Table I. 

Resistance to Corrosion—^The alloy in all of its various tempers shows excellent 
resistance to weathering and corrosion and is particularly suitable for those applica¬ 
tions where such characteristics are essential. 

Workability—The annealed temper of this alloy is adapted for severe drawing 
and forming operations. The workability of the intermediate and full hard tempers 
is decreased in proportion to the amount of cold reduction and the softer interme¬ 
diate tempers have excellent working characteristics. After a solution heat treat¬ 
ment the alloy possesses satisfactory workability for all but the more severe drawing 
or forming operations. Precipitation heat treatment decreases the workability, but 
may be accomplished after forming the heat treated material without causing 
distortion. 

Tabic I 

Mechanical Properties^ of Aluminum-Magnesium-Silicon Alloy 


Temper 

Designation 

Tensile 

Strength, 

psl. 

Yield 

Strength,* 

psl. 

Elonga¬ 
tion, % 

In 2 in. 

Brlnell 

Hardness* 

No. 

O (Annealed). 

. 16.000 

7,000 

25 

26 

VaH . 

. 22,000 

21,000 

8 

40 

H (hard) 

28,000 

26,000 

6 

48 

W< .. 

33,000 

20,000 

22 

65 

T* .. 

. 39,000 

33,000 

14 

80 

T« ..'. 

. 28,000 

20,000 

14 

54 


T5* ... 

^Young’s Modulus is approximately 10,000,000 psi. 

^Stress at which stress strain curve departs 0.2% from the Initial modulus line produced. 
*10 mm. ball. 500 kg. load. 

^Temper produced by solution heat treatment. 

‘^Temper produced by precipitation heat treatment. 

^Special temper available only In extruded forms. 


Welding Characteristics—This alloy can be welded by the methods commonly 
used for welding the other aluminum alloys. 

Heat Treatment and Aging—The recommended temperature range for the solu¬ 
tion heat treatment is 960-980®P. The preferable precipitation heat treatment con¬ 
sists in heating for 18 hr. at 310-320‘'F. 

Annealing Treatment—The practices commonly employed for annealing other 
aluminum alloys are suitable for this material. 


*Alumlnum Research Laboratories, New Kensington, Pa. 
tPabricatlng Dlv., Aluminum Co. of America. 
lU. S. Pat. 1,472,739. 

*E. H. Dix, Jr., P. Keller, and R. W. Oraham, Equilibrium Relations in Aluminum-Magnesium^ 
Silicon Alloys of High Purity, Trans., A.I.M.E., Inst. Metals Dlv., 1931, v. 93, p. 404. 
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Properties of Wrought Aluminum-Manganese-Magnesiutn 

Alloy 

By T. W. Bossert* and J. A. Nock, Jr.t 


General Description—The aluminum-manganese-magnesium alloy, known as 
4S,* Is a moderate strength alloy with good .workability and very good corrosion 
resistance. It is not susceptible to hardening by heat treatment. In its harder 
tempers the yield strengths approach those of the strong heat treatable alloys, 
although the ultimate strengths are lower. 

Specific Gravity—The specific gravity of this alloy is 2.72. 

Composition—^The nominal composition of the alloy is magnesium 1%, manga¬ 
nese 1.25% and the balance aluminum. 

Temper Designation—^This alloy is produced only in the annealed, intermediate 
and hard rolled tempers. 

Tempers of aluminum alloys are designated by a symbol or symbols following 
the alloy designation. Thus the annealed temper is designated by the suffix “O”, 
and the hard rolled temper by the suflBx “H”. Intermediate tempers are designated 
by fractions preceding the letter “H”. The intermediate and hard rolled tempers 
are produced by cold working the alloy to definite extents after annealing. 

Characteristics—Typical mechanical properties for the various tempers of the 
alloy are given in the following tabulation: 


Temper 

Tensile 

Strength, 

psi. 

Yield 

Strength. 

psi. 

Elong., 

% 

in 2 in 

Brinell 

Hard¬ 

ness 

No. 

Shear 

Strength, 

psi. 

Endur¬ 

ance 

Limit, 

psi. 

48-0 ... 

26,000 

10.000 

20 

45 

16,000 

14,000 

4 S-V 4 H 

.11,000 

22,000 

10 

52 

17.000 

14,500 

48-%H . 

34.000 

27,000 

9 

63 

18,000 

15.000 

48-%H , 

37.000 

31,000 

5 

70 

20,000 

15,500 

48-H. 

40,000 

34.000 

5 

77 

21,000 

16.000 


Corrosion Resistance—The corrosion resistance of the aluminum-manganese- 
magnesium alloy is of the same order for all tempers, and is similar to that of com¬ 
mercially pure aluminum. 

Workability—The annealed temper of this alloy will normally withstand draw¬ 
ing and forming operations of average severity. It will not form as readily as com¬ 
mercially pure aluminum. The workability decreases with increase of hardness, so 
that the full hard temper is suitable for but little drawing work, and requires rather 
generous bend radii. 

Welding-This alloy can be Joined by welding, using common commercial prac¬ 
tice for aluminum and its alloys. To avoid cracking, care must be exercised in 
torch welding heavy sections. 

Annealing—This alloy is annealed by heating to a temperature of 750'’P., after 
which it should be withdrawn from the furnace and cooled in air. 

Forms Produced—This alloy is furnished in sheet, plate, tubing, rod, bar, ex¬ 
truded shapes, wire, and rivets. 

Applications—This alloy finds general application m the field of formed articles 
where medium strength, resistance to deformation and good corrosion resistance 
are important. 

Its harder tempers are particularly applicable where lightness, high corrosion 
resistance, and resistance to permanent deformation are required, as in panel and 
siding stock. 


•Fabricating Division, Aluminum Co. of America. 
tAluminum Research Laboratories, New Kensington, Pa. 
'U. S. Patent 1,797,851. 
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Properties of Heat Treated Alumiiium>Silicon-Goppei> 
Magnesium Casting Alloys 
By L. W. Kempt* and H. J. Rowet 

One of the alloys developed in the attempts to improve the mechanical proper¬ 
ties of the binary aluminum-silicon alloys contains about 5% silicon, 1.25% copper, 
and 0.5% magnesium.^' • This alloy retains the excellent casting characteristics of 
the binary aluminum-silicon alloys containing from 5-10% silicon and in addition 
is capable of developing by heat treatment superior mechanical properties. Castings 
of this alloy are produced with a number of different heat treatments. Some of 
the mechanical and physical proi)erties obtained with each of these heat treatments 
are given in Table I. 

General Properties and Uses—This alloy was developed for a rather specific 
field of application; namely, that of liquid cooled cylinder heads for internal com¬ 
bustion motors. It possesses the casting characteristics necessary for the economical 
production of castini^ of such complicated nature. Pressure tight castings are more 
easily produced than in any other casting alloy suitable for this purpose. The alloy 
maintains its mechanical properties well at temperatures in the neighborhood of 
400*F. Thus ^ort time tensile tests performed at 400*‘F. after extended exposure 
to that temperature gave average values of 18^000 psi. tensile strength and 
3% elongation on metal originally in the **B** condition. Its corrosion resistance is 
not so good as that of the copper-free heat treated aluminum-silicon-magnesium 
alloy or that of the 5% aluminum-silicon alloy. 

Various heat treatments as listed in the table of properties have been developed 
to provide a combination of properties satisfactory for many types of service. Where 
good strength, excellent ductility and toughness are desired, the high temperature 
solution heat treatment “A*’ is indicated. If higher hardness, yield and tensile 
strengths are more desirable than maximum ductility, the solution heat treatment 
should be followed by a precipitation treatment (B). An extended precipitation 
treatment following a solution treatment yields maximum hardness, yield and ten¬ 
sile strengths with correspondingly low elongation (C). A special heat treatment 

consisting in a precipitation treatment alone has been developed for complicated 
castings with large variations in cross sectional area. If it is desirable to essentially 
stabilize the alloy as regards slight changes in density on reheating, a special pre¬ 
cipitation heat treatment “E” may be applied. 

This alloy has been successfully utilized in producing castings for liqui4*cooled 
cylinder heads for automotive, aircraft, and Diesel engines, for water Jackets, cylin¬ 
der blocks and water-cooled exhaust manifolds. 

The excellent casting characteristics of this alloy make it especially adaptable 
to the production of permanent mold castings. Castings so produced will show 
mechanical properties considerably higher than those of the same alloy cast in 
green sand. 


•Aluminum Resesrch Laboratories, Aluminum Co. of America, Cleveland. 
fTechnlcal Dept., Castings Dlv., Aluminum Co. of America, Cleveland, 
itr. B. Patent 1,848,616. 

m. 8. Archer and L. W. Kempf, **Alumlnum-81]lcon-Magnesium Casting Alloys," Trans., 
AX.M.S., Inst, of Metals Dlv., 1081. v. 03, p. 448. 
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Properties of Heat Treated Aluminum-Silicon-Magnesium 

Casting 'Alloy 

By L. W. Kempf* and H. J. Rowet 

The many advantages of the binary aluminum-silicon alloys for castings are 
accompanied by the disadvantage of relatively low strength. Attempts to overcome 
this disadvantage have led to the development of several heat treated alloys, one 
of which contains about 7% silicon and 0.3% magnesium.* When made of metal 
of sufficiently high purity, this alloy, following the proper heat treatment, develops 
tensile properties quite comparable with those of the heat treated aluminum-copper 
casing alloys. Table I gives the mechanical and physical properties of this type 
of alloy. 


Table I 

Physical Properties of Heat Treated 7% Si, 0.3% Mg Casting Alloy 


Ultimate tensile strength, psi. (min. to average'). 

Yield strength, psi.*. 

Elongation, % in 2 in. (min. to average). 

Brinell hardness. 10 mm. ball, 500 kg. load. 

Rockwell hardness, Vu in. ball. 100 kg. load. 

Yield strength in compression, psi. (approx.** *). 

Shearing strength, psi. (approx.^). 

Charpy Impact resistance, ft-lb. (approx.*). 

Endurance limit, psi. (approx.*). 

Modulus of elasticity, psi. (approx.). 

Specific gravity (approx.). 

Weight per cu. in., lb. (approx.). 

Pattern maker’s shrinkage, in. per ft. 

Solidification range, ‘P. (approx.)... 

Coefficient of thermal expansion, per °P. (68-212*’P.) (approx.) 


Heat Treatment 
••A” “B” 


26.000-28,000 

16.000 

6.0-6.0 

50-70 

E60-E80 

18,000 

22,000 

1.7 


10,300.000 
2.63 
0 095 
ns 

1130-1075 

0.0000119 


30,000-32,000 
22,000 
3.0-4.0 
60-80 
E72-E87 
22,000 
27 000 
1.0 
8.000 

10.300.000 
2 63 
0.095 

A 

1130-1075 

0.0000119 


'Tension values determined from 'A in. dia. specimens, separately cast in green sand molds and 
tested without machining off the surface. 

*Yield strength defined as the stress at which the stress-strain curve shows a departure of 
0 .2% from the modulus line produced. 

^Results of tests on specimens having 1/r ratio of 12. • 

^Single shear strength values from double shear tests. 

*Charpy Impact values as determined using 10 x 10 mm. specimens on modified Charpy machine 
with 5.07 lb. hammer. 

*Endurance limit based on 500,000,000 cycles using R. R. Moore type rotating beam machine. 


Specifications 
(Sand Castings) 


Sourot 


Aluminum Company of America . . 

U. 8. Army. 

U. 8. Navy. . 

Society of Automotive Engineers . 

American Society for Testing Materials. 


Heat Treatment 
••A” “B’ 


No. 356-T4 


46 Ale-Class 3 
No 323-HTl 
B26-37T 
Alloy M-HTl 


No. 356-T6 
No. 11308 


No. 323-HTa 
B26-37T 
Alloy M-HT2 


General Properties and Uses—The casting characteristics of this type of alloy 
are fully equal to those of the binary aluminum-silicon alloys containing from 5-10% 
silicon. With a high temperature solution heat treatment (A) the alloy possesses 
the maximum combination of strength and ductility and this is the heat treatment 
to be used where toughness or shock-resisting ability is desired. If high hardness, 
yield and tensile strengths are more desirable than maximum ductility, the solution 
treatment is followed by a precipitation treatment (B). The corrosion resistance 

^Aluminum Research Laboratories, Aluminum Oo. of America, Cleveland. 

fTechnlcal Department, Castings Division, Aluminum Co. of America, Cleveland. 

'R. 8. Archer and L. W. Kempf, Aluminum-Silicon-Magnesium Casting Alloys, Trans., A I.M.B, 
Inst, of Metals Div., 1931, v. 93, p. 448. 
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of this alloy is somewhat superior to that of other commercial aluminum alloys con¬ 
taining substantial concentrations of copper. 

This alloy has been used quite successfully in the same type of castings that 
have been produced satisfactorily from the heat treated 4% copper alloy. There 
are, however, inherent differences in the two types of alloys which should be noted. 
The aluminum-copper alloy with a solution heat treatment possesses a higher 
impact resistance than the aluminum-silicon-magnesium alloy under the same con¬ 
ditions. On the other hand, the aluminum-silicon-magnesium alloy has a corrosion 
resistance superior to that of the aluminum-copper alloy and also casting charac¬ 
teristics which are very much better. The latter permit the production of com¬ 
plicated or pressure tight castings which might be Impractical in the heat treated 
aluminum-copper alloys. Such parts as automotive and Diesel engine crankcases, 
engine bases, transformer connector cases, and miscellaneous pneumatic tools and 
air compressor parts might be cited as suitable applications for the heat treated 
aluminum-silicon-magnesium alloy. The machinability of this type of alloy is quite 
satisfactory, being much better as regards surface finish than that of the binary 
un-heat treated aluminum-silicon alloys. 

The excellent casting characteristics of this alloy make it quite adaptable to 
casting in permanent molds, and when so produced castings have mechanical prop¬ 
erties considerably higher than when cast in sand. 
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Properties of Aluminum-Silieoii'Nickel-Copper-Magnesinm 

Alloy 

(132 AND 32S) 

By L. W. Kempt* and O. H. Heilt 

This class of alloys was developed to meet the demand for a material with a 
lower coefficient of thermal expansion than the older alloy in general use for auto¬ 
motive pistons which contains about 10% copper. A preferred composition is 12-14% 
silicon, 1% copper, 1% magnesium, and 1-2% nickel.^ Typical values for physical 
properties of the three classes of heat treatments are given in Table I. 

Under are listed properties for castings with a typical high temperature 
solution heat treatment followed by quenching and aging at a lower temperature. 
This t 3 rpe of treatment yields the highest combination of hardness and toughness. 
Other heat treatments of this type, with slight variations in time and temperatures 
used, result in slight changes of some of the figures quoted. 

The rapid solldlffcation accompanying casting in chill or “permanent" molds 
makes possible appreciable increases in hardness by “aging" or low temperature 
treatments alone. Hardness Increases obtained in this manner are accompanied by 
corresponding decreases in toughness. Under “B" of Table I are listed typical 
properties for this type of treatment. Changes in time and temperature here will 
also result in slight deviations of some of the properties from those mentioned in 
the table. 

Under “C" are listed t 3 T)ical properties of this type of alloy in the forged, solu¬ 
tion heat treated, and aged condition. A large proportion of the aircraft pistons 
are now being produced by this process. 

Table I 

Properties of Al-Si-Ni-Cu-Mg Alloy 


Ultimate tensile strength,* psi. 

Yield strength,* psl. (average). 

Elongation in 2 in., % (min. to average). 

Brinell hardness, 10 mm. ball, 500 leg. load. 

RockweU hardness. in. ball, 100 kg. load. 

Yield strength in compression,* psl. (approx.) . 

Ultimate compressive strength,* psl. (approx.).... 

Shearing strength,* psi. (approx.). 

Charpy impact resistance,* ft-lb. (approx.). 

Endurance limit,* psl. (approx.). 

Modulus of elasticity, psi. (approx.). 

8p. gr. (approx.). 

Weight per cu. in., ^b. (approx.). 

Pattern maker's shrinkage,** in per in. 

Solidification range, ®P. 

Electrical conductivity,* of copper standard at 77®P. 

Thermal conductivity* at 25*0., cgs. units (approx.). 

Coefficient of thermal expansion, per ^F. (68-212"F.) 
(approx.) ... 


Heat Treatments 


"A’ 


41,000-50,000 

40,000 

0-0.5 

120-150 

E102-E118 


0.7 

10,300,000 

2.70 

0.097 

0 004-0.007 
1095-1000 
36 
0.34 

0.0000105 


“B" 


31,000-40,000 

28,000 

0-1.5 

85-115 

E88.E100 

30,000 

60,000 

24.000 

0.7 

8,000 

10,300,000 

2.70 

0.097 

0.004-0.007 

1095-1000 

29 

0.28 

0.0000105 


“C" 


62,000-54,000 
43.000 
5 0-8.0 
110-125 
E100-E115 
43,000 
54,000 
38,000 
1.3 

14,000 

10,300.000 

2.70 

0.097 

1095-1000 

36 

0.34 

0.0000105 


*Ten8ion values of "A" and "B" determined from % in. dia. permanent mold castings tested 
without machining off the surface; of **C*' from Vk In. dia. specimens machined from forged stock. 
**Pattem maker’s allowance as listed Is dimensional allowance used in finishing the metal molds. 
*Footnotes 2, 3, 4, 5, 6, and 7 for this tabulation are the same as those given in the article, 
''Properties of Aluminum-Copper Casting Alloy, Containing 8% Copper." 


Specifications 

Source 

Alloy A 

Alloy B 

Alloy C 

Aluminum Co. of America. 

Ur S- Navy (S*^nd cftst). 

. A132-T65 

. M212a 

A132-T651 

M212a 

32S-T 

tl. fl. Army . 

Class 13HT4 

Class 12RT2 

57-153-D 

Society of' Automotive Engineers. 

. No. 321 

No. 321 

American Society for Testing Materials. 

. B108-37T 

B108-37T 



Alloy 6 

Alloy 6 



*Aluminum Research Laboratories, Aluminum Co. of America, Cleveland. 
tTechnical Department, Castings Division, Aluminum Co. of America, Cleveland. 
*U. a. Patent No. 1,789,837. 
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Fig. 1—^Tensile properties of ehlll oast alumlnum-eopper-magneslum-nlckel-slllcoii (132) alloy 
at elevated temperatures. Brlnell hardness at room temperature after stabilization and testing at 
elevated temperatures. 

General Properties and Uses—In addition to the relatively low coefficient of 
thermal expansion, this alloy possesses other properties which recommended its use 
for pistons. These are low specific gravity, which makes It especially acceptable 
to the aircraft Industry, high hardness and excellent bearing properties. Like the 
aluminum-copper piston alloys, it retains a large percentage of its mechanical prop¬ 
erties at the elevated temperatures existing in internal combustion motor pistons 
as is evident from Fig. 1. The test specimens used in determining the properties 
on which these curves are based were cast in permanent molds and originally in 
the “B** condition were held at the temperature of testing until no further change 
in properties could be noted. The holding periods varied from 40-150 days. The 
Brinell hardness determinations were made at room temperature after the stabiliza¬ 
tion and testing at elevated temperatures. 

The machining properties of this alloy are not equal to those of the aluminum- 
copper alloys. With the use of tungsten carbide tools, however, large quantities of 
these pistons are being machined without difficulty. 

This alloy possesses casting characteristics differing from those of the older 
aluminum-copper piston alloys. One of the most important is its greater tendency 
toward internal shrinkage in heavy sections. A casting technique has been devel¬ 
oped which overcomes this tendency and makes possible the quantity prcxiuction 
of sound castings. 
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Properties of Wrought Aluminum-Silicon-Magnesium Alloy 

L. W. Kempt* and J. H. Alden** 

General—An aluminum-silicon-magnesium alloy (51St) is widely used in the 
wrought form. It is characterized by excellent hot workability and is susceptible to 
heat treatment. It can be coldformed easily, particularly in the annealed (O) and 
solution heat treated (W) tempers. In the fully heat treated temper (T) the yield 
strength is somewhat higher than that of duralumin (17S). 

Composition—The nominal composition of this alloy is silicon 1.00%, magnesium 
0.6%, and the balance aluminum, plus impurities. Iron and copper are always pres¬ 
ent in ingots used in the manufacture of this alloy. 

Temper Designation—The temper of this alloy is designated by a symbol or 
symbols following the number used to designate the alloy composition and the let¬ 
ter S, which Indicates that it is a wrought alloy. 

Properties—Typical properties of this alloy in tHe various tempers are given 
in Tables I and II. 


Table 1 

Typical Mechanical Properties of Aluminum-Silicon-Magnesium Alloy 51S 

Brinell 


Temper 

Tensile 
Strength, Psi. 

Yield 

Strength^, Psl. 

Elongation. 

% in 2 In. 

Shear 

Strength*, Psl. 

Hardness 
10mm., 500kg. 

O 

16,000 

6.000 

30 

11,000 

28 

W 

35,000 

20.000 

24 

24.000 

64 

T 

48,000 

40,000 

14 

30.000 

95 


stress which produces a permanent eet of 0.2% of the Initial gage length. 
■Single ahear atrength valuea from double shear testa. 


Table II 

Physical Properties of Wrought Aluminum-Silicon-Magnesium Alloy 


Sp.gr. 

Density, lb. per cu.ln. 

Meetrleal eonduotlvlty, % of International Annealed Copper 

Standard . 

Thermal conductivity at 100*C cgs. units. 

Coefllclent of thermal expansion, average. 68-212«F. 

Modulus of elasticity, psl. 

Endurance limit psi., 500.000,000 cycles. 


51SO 

51SW 

2.69 

2.69 

0.097 

0.097 

55 

45 

0.50 

0.40 

0.0000130 

0.0000130 

10.300,000 

10,300,000 

6,500 

10.500 


Corrosion Resistance—^This alloy is resistant to corrosion under most atmos¬ 
pheric conditions. Under severe conditions of exposure paint protection is desirable. 

Workability—In the annealed temper this alloy will withstand severe drawing 
and forming operations. After solution heat treatment (W temper) the alloy still 
has good workability and withstands all but the more severe drawing or forming 
operations. The fully heat treated temper (T) has decreased workability but, in 
znany applications, forming can be carried out after solution heat treatment fol¬ 
lowed by aging of the formed part to the fully heat treated condition. Aging can 
be accomplished with little or no distortion. 

Welding—This alloy can be welded using the methods employed for other 
aluminum alloys. The metal in the weld is in the cast condition and the effect 
of heat treatment is largely removed from the metal adjacent to the weld, con¬ 
sequently other forms of joining such as riveting are used where the maximum 
strength of the heat treated alloy is required. 

Heat Treatment and Aging—Solution heat treatment of all forms of this alloy 
is carried out by heating at 960-980®P. in a fused nitrate bath or suitable air fur- 


* Aluminum Research Laboratories, Aluminum Co. of America, Cleveland. 

**Technical Department, Fabricating Division, Aluminum Co. of America, Pittsburgh. 
tThis alloy in the fully heat treated condition is covered by U. S Patent 1,472.730. 
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nace. The time at this temperature depends upon the thickness of the section. 
After heating, the alloy Is rapidly cooled to ordinary temperature with the 
mum of delay, at most a few seconds, between removal from the heating medium 
and immersion in the quenching medium, usually cold water. This puts the alloy 
in the solution heat treated (W) temper. 

Precipitation heat treatment or artificial aging is accomplished by reheating 
for 18 hr. at 315-325®P. Other aging treatments likewise at low temperature aw 
possible where special requirements are to he met. This operation, performed fol¬ 
lowing solution heat treatment, puts the alloy in the fully heat treated (T) temper. 

Annealing—Material which has not received any solution heat treatment cm 
be completely annealed by heating to 640-670®P. and allowing to cool normally in 
the air. In certain forms of products, it is sometimes necessary to hold the alloy 
at the annealing temperature for 1 or 2 hr. to assure full annealing. 

If the above mentioned annealing treatment is used on material which has 
been solution heat treated, a partial softening may occur and may be sufficient for 
some forming operations. The material, however, will not be dead soft. For com¬ 
plete annealing of these alloys which are in the heat treated temper, the 
should be heated for 2 hr. at a temperature of TSO-SOO^P. and then slowly 
to 500®P. at a rate not exceeding 50®P. per hr. The rate of cooling below 500*F. is 
not important. 

Forms Produced—The alloy 51S is available in the form of sheet, plate, extruded 
shapes, tubing, and forgings. 
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Properties of Aluminum-Zinc Alloys 

By L. W. Kempf* 

General—>In the early history of aluminum, zinc was considered one of the most 
important of the commercial hardening elements. There is, however, at present 
practically no commercial use of the binary aluminum-zinc alloys. A ternary alloy 
containing from 10-14% zinc with 2 or 3% copper is widely used in Europe for sand 
castings.^'* In this country, also, a somewhat similar alloy with the zinc content 
restricted to 10 or 11% and copper to 2 or 3% with iron about 1.5% has until quite 
recently been produced in considerable tonnages as sand castings.*** The latter 
alloy is now being gradually replaced by heat treated allo 3 ^. Wrought aluminum- 
copper-zinc alloys have been used to some extent and there has been within the 
last few years an attempt to Commercialize a wrought high strength alloy contain¬ 
ing aluminum, zinc, and magnesium.* Recently there has also been some commer¬ 
cial exploitation for forgings of a complex alloy containing.about 10% zinc (Alloy 
70S). There is not, however, any large production of wrought aluminum alloys 
containing zinc as the chief alloying ingredient. 

Because of its high solubility in solid aluminum, zinc can be added in rather 
high percentages before encountering excessive brittleness. High tensile strengths 
are attainable in both cast and wrought products at relatively high percentages of 
zinc. There are disadvantages to the alloys containing more than about 10% zinc 
which more than offset the high strength and low metal cost. Among these dis¬ 
advantages are high specific gravity, low strength at elevated temperatures, rela¬ 
tively poor casting qualities, relatively poor resistance to corrosion and. in some 
wrought products, a peculiar susceptibility to Intercrystalline cracking under appli¬ 
cation of stress. 

Properties of Castings—^The tensile properties of some chill cast aluminum-zinc 
alloys according to Rosenhaln and Archbutt* are given in Pig. 1. It will be noted 
that the tensile strength increases continuously to about 40,000 psl. at 30% zinc. 

Tensile property curves of sand cast¬ 
ings will generally parallel the 
curves of Pig. 1 with slightly lower 
values for any specific zinc content. 
The elongation of sand castings ap¬ 
proaches zero above about 15% zinc. 
Chill castings age harden to a 
marked, and sand castings to a 
somewhat lesser, extent on standing 
at room temperature. The elonga¬ 
tion for alloys containing more than 
about 15% zinc becomes very low 
after a few months time. The ten¬ 
sile strength is correspondingly in¬ 
creased. 

A curve is also included in Pig. 
1 depicting the variation in specific 
gravity of the resulting alloys with 
increasing zinc contents. Although 
zinc does not increase the specific 
gravity of aluminum as rapidly as does copper, higher percentages of zinc are re¬ 
quired to produce equivalent hardening effects, so the aluminum-zinc alloys as a 
class are the heaviest of the common aliuninum-base alloys. 

The aluminum-zinc alloys are notoriously hot short. They are also quite sub¬ 
ject to shrinkage until the zinc content becomes rather high. On the whole, the 
casting properties of the binary alloys are considered relatively poor. The addition 
of copper markedly improves the casting characteristics as evidenced by the wide 
use in Europe of the casting alloy containing about 11% zinc and 3% copper. 

Tensile Properties of Wrought Alloys—Pig. 2 shows the effect of zinc content 
on the tensile properties of aluminum in the form of forged bars. 4 in. square 
ingots were reduced at 700-800*P. to % in. square rod from which standard % in. 

^Aluminum Research Laboratories, Alumlnttm Oo. of America, Cleveland. 



Fig. 1—Tensile properties of chill cast aluminum- 
alnc alloys. 

Fig. 2—Effect of zinc on the tensile properties of 
aluminum (bars forged). 
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dia. specimens were machined. The specimens were heated 1 hr. at 880®P^ quenched 
in water and aged 8 days at room temperature. The uniform increase in tensile 
strength and decrease in elongation with increasing zinc content is typical of the 
variation in properties of a solid solution with variation in concentration of the 
solute. 

Up to about 12% zinc the alloys forge with considerable ease, but above this 
concentration their susceptibility to hot shortness renders them quite difficult to 
handle under the hammer. Similar observations regarding hot woricing properties 
have been made during hot rolling of alloys containing upwards of about 10% zinc. 
The forged alloys also exhibit spontaneous age hardenhig at room temperature 
after cooling in the air from the forging temperature. 

Stress Cracking—Wrought products of aluminum-zinc alloys containing zinc 
concentrations higher than about 10% are susceptible to cracking or failure under 
the prolonged action of stresses well below the normal tensile strength. This phe¬ 
nomenon was encountered in the investigations of the National Physical Labora¬ 
tory* on alloys with zinc contents in the neighborhood of 20%. It was found that 
certain alloy additions, such as manganese, markedly decrease the tendency of the 
alloy toward this type of failure. Stress cracking can apparently be overcome by 
careful selection of alloy composition and control of the manufacturing processes. 

Corrosion Resistance—The corrosion resistance of the aluminum-zinc alloys is 
generally considered to be inferior to that of the aluminum-copper or aluminum- 
silicon alloys. This is probably true in the alloys of such zinc concentrations that 
precipitation occurs at room temperature. It has been definitely shown that such 
precipitation decreases the corrosion resistance but also that the inherent corro¬ 
sion resistance of the solid solution is not markedly inferior to that of the alumi¬ 
num-copper alloys. 
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Polishing of Aluminum for Melallographic Examination 

E. H. DIx, Jr.,^ and F. Keller* 

GenMl The method of preparing metallographic specimens of aluminum alloys 
is slmllajeW that employed for other metals, although a slightly different technique 
is required because aluminum alloys are relatively soft and are more readily flowed 
or scratdied. 

Full size specimens can be employed for macroscopic examination if they are 
not too large. Generally, it is necessary to cut small specimens of convenient size 
for both macroscopic and microscopic examination. These can be obtained by 
drilling, sawing, or shearing, but care should be taken to avoid overheating of the 
specimen or alteration of the structure in any manner. Before proceeding with 
the preparation of a specimen all oil, grease, dirt or other foreign materials should 
be removed. 

Specimens too small to be handled conveniently during polishing should be 
mounted. The moimting of such specimens can be accomplished in one of several 
ways. For instance, with samples of sheet, a pack can be made by binding a num¬ 
ber of pieces together by means of machine screws. In making up such a com¬ 
posite specimen of sheet or foil the pieces assembled in the pack are sometimes 
separated by fillerpieces of a similar alloy. The pack should be clamped tightly 
in order to minimize capillary retention and subsequent exudation of the etching 
solutions from crevices. Where the specimen is small or irregular in shape, it is 
general practice to embed the specimen in a mounting medium. The most eco¬ 
nomical and convenient method consists in placing the specimen in a ring of alumi¬ 
num tubing and then filling the ring with melted sulphur. Sulphur does not chip 
readily during polishing, nor is it affected by the etching reagents commonly used. 
Other mounting materials, such as sealing wax, dental cements, and fusible alloys, 
also may be employed. If a suitable press is available, Bakelite and some of the 
transparent or semitransparent plastic materials such as Lucite, Cibanite, Resiglass 
or Tenite may be used. Any mounting material that may Induce galvanic attack 
during etching or that is severely attacked by etching solutions should be avoided. 

Since the objects of macroscopic and microscopic examinations are different, 
some variations in the polishing procedure are necessary. Tlie following methods of 
preparation are recommended. 

Preparation for Macroscopic Examination—Large specimens can be prepared 
satisfactorily for macroscopic examination by machining the surface in a lathe or 
shaper in accordance with the recommended practice for machining aluminum.' 
Smaller specimens are first smoothed on a sharp, medium mill file or microtome. 
Further preparation consists in rubbing the surface on several successively finer 
grades of abrasive cloth or paper, beginning with No. 180 Aloxite or a similar grade 
and finishing with No. 0 grade emery. The papers should be coated with a solution 
of paraffin m kerosene and should be backed by a piece of plate glass. This grind¬ 
ing should be carried out so that the cut being taken on a given paper is at right 
angles to that taken on the preceding paper. 

Preparation for Microscopic Examination<~The following procedure**» is recom¬ 
mended for the preparation of specimens for microscopic examination: 

1. A plane surface is obtained in the same manner as described for macroscopic 
examination. 

2. The specimen is then rubbed successively on No. 0, 00, and 000 metallographic 
emery papers, coated with a solution of paraffin in kerosene to keep the specimen 
bright and prevent particles of abrasive from becoming embedded in the surface. 

When a microtome* of sufficient rigidity is available it can be used to replace 
operations 1 and 2 and will frequently give better results. The microtome blade 
should be kept well sharpened at all times and should be set to remove only a thin 
layer of metal in each cut. 

3. The first wet polishing operation is carried out on a broadcloth pad mounted 
on a disc rotating at about 300 r.p.m. and using No. 600 alundum or a similar mate¬ 
rial as the abrasive. A quantity of the abrasive is placed in a flask with water 


^Aluminum Research Laboratories. New Kensington, Pa. 
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and shaken until it is in suspension. In this way the mixture can be conveniently 
supplied to the pad while the specimen is being polished. The suspension should be 
allowed to settle as polishing progresses so that successive applications to the pad 
will carry progressively finer particles. The pad should finally be washed free of 
the coarser particles by means of a stream of water from a wash bottle and the 
polishing with this abrasive completed using a suspension from which all of the 
coarse particles have settled. 

4. Final polishing is done on kitten’s ear broadcloth mounted on discs rotating 
at about 150-200 r.p.m. The pad should be moistened with distilled water (not tap 
water) and a small quantity of heavy magnesium oxide worked into it with the palm 
of the hand; gritty particles and excess oxide are brushed off. The pad should 
be kept moist during the polishing operation by adding distilled water from a wash 
bottle as needed. The polishing should be continued until all striations from the 
alundum cut (operation 3) are removed; to avoid surface flow the specimen should 
frequently be lifted from the pad and turned through 180®. As this operation ap¬ 
proaches completion, the pad should be washed nearly free of abrasive and the 
specimen held on the slowly rotating pad using a plentiful supply of water. In 
order to secure a really good polish, the finishing of this operation must be carried 
out carefully. The pressure and time required depend upon the composition and 
temper of the specimen being prepared. 

When a satisfactory polish has been secured the specimen should be washed in 
a stream of warm tap water and dried by blowing the excess water from the sur¬ 
face. Touching or rubbing the surface on anything during or after the final polish¬ 
ing operation must be carefully avoided. 

After polishing the specimens will retain their finish indefinitely if kept in a 
place where dirt from the atmosphere cannot collect on the surface. A desiccator 
or a sterilizer cabinet makes an excellent storage place. 

There are several precautions which must be taken in order to secure satisfac¬ 
tory results from the wet polishing operations. For instance, there are several 
grades of magnesium oxide prepared specifically for metallographlc use and success¬ 
fully employed for polishing other metals. Many of these products, however, con¬ 
tain caustic and produce an etching effect on aluminum and so should not be used. 
It is also essential that distilled water be used in the wet polishing as tap water 
results in the formation of hard carbonate particles which may cause deep scratches. 
Finally, new polishing cloths should be boiled for several hours before being used 
in order to soften the fibers and, when not in use, should be kept moist with distilled 
water acidified with HCl. 
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Etching Aluminum For Metallographic Examination 

By E. H. Dix, Jr.* and F. Keller* 

General—Metallographic specimens are etched In order to remove flowed metal 
from the polished surface, and to aid, by coloring or attacking constituents and 
phases. In revealing the microstructure. The type of etching solution required varies 
with the magnification to be used In subsequent examination, as well as with the 
purpose for which the etching solution Is being employed. 

Etching tor Macroscopic Examination—^Etching by totally Immersing the speci¬ 
men In the etching reagent produces the best results for macroscopic examination; 
however, for large sections It Is often more convenient to apply the etching reagent 
to the surface by means of a soft cotton swab. This latter method Is satisfactory 
provided that the etching reagent Is applied uniformly to the surface. All oil or 
grease should be removed from the specimen before etching, otherwise the etching 
action will not be uniform. 

Four types of etching solution are In general use for macroscopic etches. These 
consist of various concentrations of (1) sodium hydroxide, (2) hydrofluoric acid, 
(3) mixtures of hydrofluoric and hydrochloric acid, or (4) hydrofluoric, hydro¬ 
chloric, and nitric acid. The HF-HCl acid mixture (No. 7, Table I), and the 
HF-HCl-HNOi acid mixture (No. 8, I), give the best results. When reagent 

No. 7 is used the specimen should be subsequently Immersed in, or swabbed with 
concentrated HNOa to remove the etching products and to Improve the grain con¬ 
trast. Acid mixture No. 8 requires no subsequent treatment with HNOi. 

Etching for Microscopic Examination—Blx etching solutions are recommended 
for general use in connection with microscopic examination. These are all aqueous 
solutions made up by volume when acids are used and by weight in the case of 
sodium hydroxide. They are designated No. 1-6 in Table l.t 

The most generally useful etch is that of swabbing with 0.5% hydrofluoric acid 
for 15 sec. This satisfactorily removes surface flow, reveals any minute particles 
of constituents and also offers some possibilities for the identification of constit¬ 
uents. The other reagents are employed for specific purposes such as definite iden¬ 
tification or for revealing grain structure of certain alloy types. 

Specimens may be etched by immersion in the solution or by swabbing with 
a soft absorbent cotton swab moistened with the reagent. The latter method gives 
uniform and satisfactory results and is especially desirable in preparing a surface 
for photography. It is important to control the temperature of the specimen and 
of the reagent, the concentration of the reagent, and the time of etching. When 
the immersion method is employed the specimen should not be held in the solution 
with tongs, since these are usuaUy of a different alloy than the specimen and pro¬ 
duce electrolytic effects. 

The Identification of Constituents—^The identification of constituents is best 
accomplished at a magnification of 500 diameters or higher; therefore a 4 mm. 
objective with a lOX ocular is generally satisfactory. The first attempt to identify 
constituents should be made on the unetched specimen using color and manner of 
occurrence as a means of differentiation. For Judging color the illumination should 
be approximately that of daylight quality. Eastman filter No. 78A converts the light 
of a 5 ampere carbon arc with Eastman neutral tint filter to approximately that of 
daylight. Any white light is satisfactory although the bluish tints aid in the separa¬ 
tion of different constituents. 

The characteristics of the principal constituents in commercial aluminum alloys 
as polished and after using the etching reagents previously described are given in 
Tftble n. A systematic guide for the identification of constituents similar to the 
one suggested by Dix and Keith^^ with additions** is given in Table III. This guide 
is subject to the limitations of any etching procedure; but it should prove adequate 
as a means of identification even though the composition of the alloy is unknown. 

The etching characteristics of the various constituents were obtained from a 
set of standard specimens prepared from high purity aluminum (99.95%) to which 
only the purest allo 3 dng elements were added. In these alloys the characteristic 


*A]umlnum Research Laboratories, New Kensington, Pa. 
fTables I, n, and 111 are given at end of article. 
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constituents occur without the presence of others that usually arise from the Im¬ 
purities existing in commercial ingots and alloys. For those interested in identi¬ 
fying constituents in aluminum alloys such a set of standards is invaluable. 
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Table I 

Etching Solutions 



Etching Reagent 

Concentration 

Specific Use 

Remarks 

1. 

Hydrofluoric acid 

HF 

cone. 0.5 ml. 

General, microscopic 

Swab with soft cotton 


H.O 

99.5 ml 


swab for 15 sec. 

2. 

Sodium hydroxide 

NaOH 

1 g- 

General, microscopic 

Swab for 10 sec. 


HjO 

99 ml. 



3. 

Sodium hydroxide 

NaOH 

10 g. 

Microscopic 

Immerse 5 sec. at 70*0., 


H-O 

90 ml. 


rinse in cold water 

4. 

Sulphuric acid 

HjSOi 

cone. 29 ml 

Separates Al-Cu- Pe- Mn 

Immerse 30 sec. at 70*0., 


HiiO 

80 ml 

from Al-Fe-Mn or oAi 
Cu-Pe 

quench in cold water 


«. 

Nitric acid 

HNOa 

cone. 25 ml. 

oAl-Fe-Sl from FeAla 

Immerse for 40 see. at 


H:rO 

75 ml 

microscopic 

70*0., quench in cold water 

d. 

Keller's etch 

HF 

cone. 1.0 ml. 

Microstructure of dur¬ 

Immerse for 10-20 sec.. 


HCl 

cone. 1.5 ml. 

alumin type alloys 

wash in stream of warm 



HNOi 

cone. 2.5 ml. 


water 



HjO 

95.0 ml. 



7. 

Flick's etch 

HF 

cone. 10 ml. 

Macroscopic 

Immerse for 10-20 see.. 


HCl 

cone. 15 ml 


wash in warm water fol¬ 



H..O 

90 ml 


lowed by dip in cone. HNOs 

3. 

Tucker's etch 

HF 

cone. 15 ml. 

Macroscopic 

Etch by immersion 


HCl 

cone. 45 ml. 





HNOf 

cone. 15 ml. 





HaO 

25 ml. 



0. 

Vllella's etch 

HF 

cone. 2 pt. 

General 

Etch by immersion 



HNOt 

cone. 1 pt. 





Glycerine 8 pt. 
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Table II 

Etohina Characteristics of Constituents in Aluminum Alloys 


Constituent 

0.5%HF, swab for 

15 sec., wash in 
cold water 

. ■■■ .. . - .. 

l%NaOH. swab for 

10 sec., wash in 
running water 

20 %H 2 S 04 at 70*C.. 
immerse specimen 
for 30 sec., quench 
in cold water 

Silicon . 

Color lightened. 

Outlined. Unattacked. 
Color slightly light¬ 
ened. 

Unattacked. Color 
lightened. 

MgaSl . 


Outlined. Color Un¬ 
changed. 

Action violent. Some 
particles dissolved, 
any left have a 
blue color. 

CuAla . 

.Outlined. Part of 

pinkish tinge re¬ 
moved. Constituent 
light and clear. 

Outlined. Part of 
pinkish tinge re¬ 
moved. Constituent 
light and clear. 

Outlined. Part of 
pinkish tinge re¬ 
moved. Constituent 
light and clear. 

oAl-Mg .. 

Outlined. Slightly 
clearer and more 
watery. Black pits 
appear in particles. 

Not Outlined. Unat¬ 
tacked. Uncolored. 

Attacked vigorously, 
resulting in pitting. 
Some particles dis¬ 
solved. 

PeAla 

.Slightly darkened. 

Brown stains ap¬ 
pear on large pri¬ 
mary particles. 

Outlined. Slightly 
darkened. 

Heavily attacked. 
Particles often dis¬ 
solved or deeply 
pitted. Color dark¬ 
ened. 

a Al>Fe-Sl . 


Outlined. Not col¬ 
ored. 

Outlined. Blackened 
and attacked 

dAl-Pe-Sl . 

.Blackened and at¬ 
tacked. 

Outlined. Uncolored. 
Unattacked. 

Outlined. Slightly 
darkened and 
pitted. 

Al-Mn . 

darkened. 

Attacked, Colored 
brownish or bluish 
but coloring is un¬ 
even. 

Outlined. Uncolored 
Unattacked. 

NiAla .. ., 

blue and brown. 

Outlined. Darkened 
slightly. Not col¬ 
ored. 

Outlined Darkened 

slightly. Not col¬ 
ored. 

Al-Fe-Mn .. 

. Outlined. Colored 

brown. (Sometimes 
bluish.) 

Outlined. Particles 

pitted. (Often a 
rough blue color on 
a few particles ) 

Outlined. Unattacked 
Uncolored. 

Al-Cu-Nl . 

.Outlined. Unattacked. 

Darkened. 

Outlined. Slightly 
darkened. Not at¬ 
tacked. 

Outlined Slightly 
darkened Not at¬ 
tacked. 

a Al-Cu-Pe .. ., 

.Outlined. Blackened. 

Outlined. Unattacked. 
Uncolored. 

Outlined. Unattacked. 
Uncolored. 

/5A1-Cu-Pe ... 

. ... Outlined. Unattacked 
Uncolored. 

Outlined. Slightly 
darkened. 

Outlined and uncol¬ 
ored. Often show 
black cores which 
are probably FeAla. 

Al-Cu-Pe-Mn... 

Outlined. Colored 
light brown to 
black. Usually ap¬ 
pears roughened. 

Outlined. Uncolored. 

Outlined. Blackened. 

Al-Mn-Sl . 

. Outlined. Colored 

light brown to 
black. Usually ap¬ 
pears roughened. 

Outlined. Usually ap¬ 
pears rough and 
attacked. Slightly 
darkened. 

Outlined. Appears 
rough and attacked. 
Darkened slightly. 

Al-Cu-Mg . 


Outlined. Colored 
light brown. 

Outlined. Attacked. 
Blackened. 

CaSit . 

outlined. 

Outlined. Color un¬ 
changed. 

Outlined. Colored 
blue. Roughened. 

Al-Cu-Mn .. 

Blackened. 

Outlined. Unattacked. 
Uncolored. 

Outlined. Colored 
light brown. 

CrAlf . 

Uncolored. 

Outlined. Unattacked. 
Uncolored. 

Outlined. Unattacked. 
Uncolored. 


Al-Cr-Fe .Colored light brown. Not outlined. Unat- Outlined. Unattacked. 

Unattacked, tacked. Uncolored. Uncolored. 

(eonUnu04J 
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Table II—Continued 

Etching Characteristics of Constituents in Aluminum Alloys 


Constituent 

25%HN03 at 70‘’C.. 
immerse specimen 
for 40 sec., quench 
in cold water 

-- Reagent - 

10%NaOH at 70'’C., 
Immerse specimen 
* for 5 see., rinse 
in cold water 

0.5%HP. 1.5%HC1. 
2.5%HNOs, immerse 
specimen for IS sec., 
rinse in warm water 

Silicon 

.Outlined. Unattacked. 

Color lightened. 

Outlined. Unattacked. 
Color lightened. 

Outlined. Unattacked. 
Color lightened. 

MgaSi 

black. 

Outlined. Color light¬ 
ened. 

Outlined. Colored 
blue to brown. 

CuAla 

black. 

Pitted. Colored light 
to dark brown. 

Outlined. Constituent 
light and clear. 

aAl-Mg ... 

cles grayish and 
watery. 

Outlined. Unattacked. 
Uncolored. 

Heavily outlined. At¬ 
tacked by pitting. 

PeAla 

with Al-Pe-Sl Im¬ 
proved. 

Outlined. Colored 
deep brown. 

Outlined Uncolored. 
Slightly attacked.' 

aAl-Fe-Si . 

with FeAls Im¬ 
proved. 

Attacked. Blackened 

Heavily outlined. 
Darkened and 
roughened. 

^Al-Pe-Si . 

.Outlined. Uncolored. 

Unattacked. 

Outlined. Slightly 
darkened and at¬ 
tacked. 

Outlined. Slightly 
darkened and 
roughened. 

Al-Mn 

tacked. Uncolored. 

Colored blue or 
brown. 

Outlined. Unattacked. 
Uncolored. 

NiAls 

Unattacked. 

Colored blue to deep 
brown. 

Colored brown to 
black. 

Al-Pe-Mn . 

Uncolored. 

Colored deep brown 
to blue. 

Outlined. Attacked. 
Darkened. 

Al-Cu-Ni 

. .Blackened. Some par- 

Outlined. Unattacked. 

Outlined. Some large 


tides dissolved. 

Uncolored. 

pjirticles stained 
ui.evenly. 

a Al-Cu-Pe . 

.Outlined. Unattacked. 

Uncolored. 

Outlined. Blackened. 
Attacked. 

Blackened. 

/5A1-Cu-Fe . 

a u a 'pauaiijap 
tacked. 

Pitted. Colored light 
brown. 

Outlined. Blackened. 

Al-Cu-Fe-Mn. 

.Outlined. Unattacked. 

Uncolored. 

Outlined. Uncolored. 

Outlined Colored 
brown to black. 

Al-Mn-Si . 

rough. Darkened 
slightly. 

Outlined. Attacked. 
Color not changed. 

Outlined. Slightly 
darkened. 

Al-Cu-Mg . 

.Outlined. Attacked. 

Blackened. 

Outlined Unattacked. 
Colored brown. 

Colored brown to 
black. 

CaSia 

.Outlined. Unattacked. 

Uncolored. 

Outlined. Blackened. 
Attacked and 
roughened. 

Colored brown to 
blue. Mottled. 

Al-Cu-Mn . 

.Outlined. Unattacked. 

Uncolored. 

Outlined. Attacked. 
Blackened. 

Attacked. Blackened. 

CrAlr 

.Outlined. Unattacked. 

Uncolored. 

Outlined. Colored 
blue to brown un¬ 
evenly. 

Outlined. Unattacked. 
Uncolored. 

Al-Cr-Pe 

.Not outlined. Unat- 

tacked. Uncolored. 

Small particles col¬ 
ored brown to 
black. Large par¬ 
ticles, stained all 
colors. 

Outlined. Colored 
light brown. Not at¬ 
tacked. 
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Hardeners for Aluminum 

By H. O. Burrows* 

Alloying elements are commonly added to aluminum in the form of rich alloys 
containing aluminum and relatively large amounts of the alloying elements. They 
are usually made in one or two ways: (1) By melting both the aluminum and the 
element to be alloyed and mixing them in the molten condition; or (2) by melting 
the aluminum first, and when it has been heated to a relatively high temperature, 
adding the alloying element and stirring the mixture until the alloying element has 
been dissolved in the aluminum. 

Rich alloys, which are brittle and broken readily into small pieces to obtain the 
desired amount, are usually cast in large ingots. Where the rich alloys are not 
easily broken, it is customary to cast them in small notched ingots. 

Where the cooling characteristics of the rich alloys permit, a relatively uniform 
composition throughout the cross section of the ingot may be obtained. For example, 
alloys of aluminum with about 33-54% copper (the composition of the eutectic and 
the compound CuAl« respectively) solidify over a relatively narrow temperature range 
and are usually quite uniform in composition. Some other hardeners, particularly 
those of the hypereutectic composition, such as nickel-rich aluminum alloys and 
manganese-rich aluminum alloys, tend to segregate during solidification and care 
must be exercised in their use. 

Aluminum-Copper Hardeners—The most common copper-rich aluminum alloy 
is one containing approximately 50% copper and 50% aluminum. The purity of 
the alloy will depend upon the purity of the metals used and the care exerted to 
avoid contamination during the alloying operation. 

Various other copper-rich aluminum alloys, such as the 60-40 and 80-20 alumi¬ 
num-copper alloys, are used for making additions of aluminum and copper to zinc 
in the manufacture of zinc-base die castings. 


Composition Limits and Properties of Standard Aluminum-Copper Hardeners 




50-50 Al-CU 

Min. Max. 

Per Cent 

60-40 Al-Cu 

Min. Max. 

Per Cent 

80-20 Al-Cu 
Min. Max. 

Per Cent 


Cu 

49 00 51 00 

39.00 41 00 

19.00 21.00 


Pe 

0.75 

0.50 

0.50 


SI 

0.60 

0.50 

0.50 


Zn 

0.20 

0.30 

0.30 


Mn 

0.10 

0.05 

0.10 


Mg 

0.10 

0.05 

0.05 


N1 

0.10 

0.10 

0.05 


Pb 


0 01 

0.01 


8n 


0.01 

0.01 


Cd 


0.01 

0.01 


A1 

Remainder 

Remainder 

Remainder 

Melting range 


1010-1090*P. 

1010-1050'P. 

1010-1095»F. 

Brittle 


Yes 

Yes 

No 

Tendency to segregate 


Slight 

Slight 

Slight 

Usual size Ingot 


20-40 lb. 

Small notched 

Small notched 


Aluminum-Silicon Hardeners—The aluminum-silicon-rich alloys are used to add 
silicon to aluminum or to the various aluminum alloys. 

Composition Limits and Properties of Standard Aluminum-Silicon Hardeners 


85-15 Al-Sl 70-30 Al-Si 




Min. Max. 

Min. 

Max. 



Per Cent 


Per Cent 


Si 

10.00 15.00 

27.00 

32.00 


Cu 

0 20 


0.30 


Fe 

0.75 


1.00 


Mg 

0.03 


0.10 


Mn 

0.03 


0.10 


A1 

Remainder 


Remainder 

Melting range 

Brittle 


1070*F. 1070-1165*F. 

No 


1070-1510*F. 

No 

Tendency to segregate 

Usual Ingot size 


Slight 

8maU notched 


Decided 
8maU notched 


DiTlfllon, Alni n^"”™ Co. of Ainorioa, Clovolond. 
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Alnmlnuin-Nickel and Aluminum-Manganese Hardeners—Since nickel in con¬ 
centrations higher than 6% and manganese in concentrations higher than 2% raise 
the melting point of aluminum rapldly» nickel-rich aluminum alloys and manganese- 
rich aluminum alloys are generally made with concentrations of nickel and manga¬ 
nese not exceeding 10%. Occasionally a 25% nickel-rich aluminum alloy is employed. 

Composition Limits and Properties of Standard Aluminum-Nickel Hardeners 




90-10 Al-Nl 

Min. Max. 

Per Cent 

Min. 

75-25 Al-Ni 

Max. 

Per Cent 


N1 

9.00 11.00 

20.00 

25 00 


Mn 

0.10 


0.20 


Cu 

0.30 


0.30 


Pe 

0 75 


100 


Si 

0.50 


0.50 


A1 

Remainder 


Remainder 

Melting range 


1185-1305“P. 


1185-1720'»P. 

BrltUe 


No 


Slightly 

Tendency to segregate 


Considerable 


Decided 

Usual ingot size 


Small notched 


Small notched 


Composition Limits and Properties of Standard Aluminum-Manganese Hardener 


90-10 Al-Mn 
Min. Max 

Per Cent 



Cu 

0.50 


Pc 

1.00 

* 

Si 

0 50 


Mn 

5.00 10 00 


Mg 

0 50 


A1 

Remainder 

Melting range 


1217-1335*P. 1217-1475»P. 

Brittle 


No 

Tendency to segregate 


Decided 

Usual ingot size 


Small notched 


Aluminum-Copper-Zinc Hardeners—For zinc-base die casting alloys in which 
both aliuninum and copper are employed, the alloying elements are added by means 
of a rich alloy containing aluminum, copper, and zinc. Zinc is present in the rich 
alloy to lower its melting point and thus facilitate alloying with metallic zinc. 

Composition Limits and Properties of Typical Aluminum-Copper-Zinc Hardener 


31 Cu 15 Zn 54 A1 
Min. Max. 

Per Cent 



Cu 

30.00 

3100 


Zn 

14.50 

15.50 


Pe 


0.50 


Si 


0.50 


Mn 


0.10 


Pb 


0.01 


8n 


t.Ol 


Cd 


0.01 


A1 


Balance 

Brittle 



Slightly 

Tendency to segregate 



Slight 

Usual ingot size 



Small notched 


Aluminum-Zinc Hardeners—For zinc-base die casting alloys containing only 
aluminum, the alloying element is added in the form of a hardener composed of 
approximately 40% aluminum and 60% zinc. Only high purity materials may be 
employed in its manufacture. 
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Composition Limits and Properties of Aluminum-Zinc Hardeners 


40 A1 60 Zn 

Min. Max. 

Per Cent 



A1 

39.00 41.00 


Cu 

0.20 


Pe 

0.40 


SI 

0.2S 


Sn 

0.01 


Pb 

0.01 


Cd 

0.01 


Zn 

Remainder 

Melting range 


840»-990»P. 

Brittle 


Slightly 

Tendency to segregate 


Slight 

Usual Ingot size 


Small notched 


Aluminum-Iron Hardeners—^For certain types of casting alloys, the presence of 
about 1.25% iron is desirable as it is reported to increase the hardness and wear 
resistance of the alloy and decrease the tendency toward hot shortness. For these 
alloys, iron may be introduced into the mixture by means of an aluminum-iron 
alloy containing between 5 and 10% iron. 

The valuable properties of aluminum-bronze have been known for many years 
but one of the principal problems in producing good aluminum-bronze is getting 
the iron into solution. It has been found that iron may be introduced uniformly 
into the mixture through the use of an aluminum alloy containing approximately 
90% aluminum and 10% iron. 


Composition Limits and Properties of Aluminum-Iron Hardeners 




90-10 Al-Pe 

Min. Max. 

Per Cent 

50-50 Al-Pe 
Min. Max. 

Per Cent 

20-80 Al-Pe 

Min. 

Per Cent 

Max. 


Cu 


0 50 

1 00 


0.50 


Pe 

5 00 

10 00 

45 00 55 00 

70 00 

80.00 


SI 


0.50 

1 00 


1.00 


Mn 


0.10 

0.75 


0.75 


A1 

Remainder 

Remainder 

Remainder 


Melting range 


1210-1400-P. 

1210-1625-P 

2140-2230-P. 

2320-2460*P 2480-2580*P. 

Brittle 


No 

Yes 

No 


Tendency to segregate 


Considerable 

Slight 

Slight 


Usual mold size 


Small .notched 

20-40 lb. 

20-40 lb. 
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Temperature Measurements in Molten Aluminum and 

Its Alloys 

By Kirtland Marsh* 

Type of Pyrometer—^A thermoelectric pyrometer provides the most satisfactory 
means for determining the temperature of molten aluminum. The subject of 
thermoelectric pyrometers has been discussed in other sections of this Handbooli» 
so only those phases of the subject pertaining particularly to the measurement of 
the temperature of molten aluminum will be discussed. 

Cold Junctions—Since close temperature control is desirable (± 20®P. in the 
melting operation and rt 10®P. in the pouring operation), provision should be made 
for maintaining a constant cold Junction temperature for all thermocouples, or means 
must be provided to compensate for fluctuating cold Junction temperatures. Tills 
is easily accomplished and is mentioned only because it is a lequirement which is 
too often neglected altogether, or only partially met. Fluctuation of the cold Junc¬ 
tion temperature of a base metal thermocouple will produce errors in the tempera¬ 
ture reading of about the same magnitude as the fluctuation of the cold junction 
temperature. 

Thermocouple Protection Tubes—^Every base metal thermocouple in common 
use is readily attacked by molten alummum, some to a greater extent than others, 
but all to a sufficient extent to warrant the use of a suitable protection tube over 
the thermocouple wherever practicable. A thermocouple actually measures the 
temperature of its hot junction, so the protection tube and the hot Junction must 
become the same temperature as the material before a correct reading can be 
•obtained. A protection tube over a thermocouple materially increases the time 
required to secure a correct temperature reading. In the case of a melting furnace, 
the thermocouple and protection tube can be immersed as soon as the aluminum 
Is melted down and allowed to remam in the metal at least until it is ready to be 
poured, so that the 5 min. or more required for the protection tube and thermo¬ 
couple to reach the temperature of the molten metal is not a handicap. However, 
when it is desired to measure the temperature of the metal in a pouring ladle, 
time is an important factor and an improtected couple is generally preferred. 

Protection tubes are made preferably of grey cast iron. They are Inexpensive 
and more resistant to attack by molten aluminum than other alloys which have 
been tried such as steel, wrought iron, or heat resisting steel. Even the cast iron 
will not satisfactorily resist molten aluminum unless given suitable protective 
coatings. 

Protective Coatings for Tubes—A simple and inexpensive method of preventing 
me molten aluminum from dissolving or alloying with the protection tube consists 
of applying a wash made of hydrated lime or an aluminum pigment and an equal 
volume of water. The wash can be easily applied by a brush, particularly if the tube 
Is heated to a temperature under the boiling point of water (180-200®F.). Another 
method is to dip the heated protection tube once into the wash and quickly with¬ 
draw it before the tube is sufficiently chilled to prevent the rapid drying of the wash. 

If the thermocouple is for use in an open top melting pot and is suspended 
from a point above the pot, the above wash is very effective, but if the thermocouple 
is mounted in such a manner that the protection tube is subject to contact with 
solid objects, the wash will be easily abraded or knocked off. In such cases, a pro¬ 
tective coating much more resistant to abrasion can be made by mixing the lime 
with a solution consisting of 25% by volume of commercial sodium silicate and 75% 
water. This wash can be applied in the same manner as the lime and water wash, 
but the sodium silicate content should not be allowed to increase more than a few 
per cent by evaporation of the water, or a spongy and less satisfactory coating 
will result. 

Protection tubes should be recoated as often as necessary to maintain an effec¬ 
tive coating. Before a tube is recoated, it should be carefully cleaned to remove 
any aluminum which may cling to it, and also any previous coating which may 
have become loosened. Occasionally the entire tube should be scraped clean to 
remove any previous coat and any loose iron oxide scale, since a thick coat of 

*U. 8. Aluminum Oo., Muw Kaniington, Pa. 
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lime or loose scale will readily crack off while the tube Is being heated up In the 
molten metal. The lime wash is much more adherent to a new cast iron protec¬ 
tion tube which has been exposed to atmospheric influence long enough to become 
rusted, than to a smooth unrusted casting. The rusting should not be allowed 
to progress far enough to produce a loose scale. 

Thermocouple Holder—A large proportion of aluminum is melted in open-tQP 
melting pots. It is generally a simple matter to suspend a thermocouple over the 
pot 30 that it may be lowered into the metal or raised out of the way as required. 
A satisfactory protection tube and holder for open-pot melting furnaces are shown 
in Pig. 1. The holder may be suspended by means of a chain attached by screws 
at each end. The tube is readily removed from the holder so that replacement Is 
simple. 



Pig. 1—Protection tube and holder for thermocouple. This tube may be cast with a solid end or 

welded shut as Indicated. 

Thermocouples— The measurement of the temperature of molten aluminum In 
pouring ladles must be accomplished easily and quickly so that the use of a thermo¬ 
couple in a heavy protection tube is out of the question. Furthermore, many ther¬ 
mocouples themselves are sufficiently massive to require an appreciable length of 
time to attain temperature equilibrium in a bath of molten aluminum. 

The most common form of thermocouple consists of two wires of different 
chemical composition welded together at one end to form the hot Junction. The 
temperature actually measured is the temperature of the hot Junction. The cor¬ 
rect temperature of the molten aluminum is, therefore, not obtained until the 
thermocouple has been in the molten metal long enough for the hot Junction to 
reach the temperature of the molten metal. If, however, the two wires are not 
welded, the molten aluminum will complete the electrical circuit and the true 
temperature of the molten metal will be indicated in a much shorter time than in 
the case of a welded thermocouple made of wires of the same size or mass. 

A quick reading thermocouple can be made of No. 8 B. & S. gage chromel and 
alumel thermocouple wires. Both wires should be insulated with asbestos to within 
in. of the end. otherwise the hot Junction between the two wires may be 
formed at the surface of the molten aluminum. With the elements insulated, the 
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hot Junction will be at or close to the ends of the elements, so the temperature 
at any depth in the pouring ladle can be obtained by Immersing the couple to that 
depth. 

Thermocouple Insulations—Not all types of asbestos insulation are satisfactory. 
The best form is a continuous felted layer of asbestos on each wire. This can be 
obtained from the pyrometer manufacturers. 

The felted asbestos will become brittle and rub oft, but with reasonable care 
the wear on the asbestos insulation will about equal the erosion of the wires. If 
the insulation wears away faster than the wires are dissolved, the bare wire should 
be cut off to within M in. of the insulation, so that the hot Junction, formed by 
the molten metal, is well below the surface. 

Cleaning Thermocouples—Most of the molten aluminum which may adhere to 
the thermocouple when it is withdrawn should be shaken oft before the aluminum 
solidifies; otherwise the next time the couple is used a much longer time will 
be required to obtain a true temperature reading. 

The thermocouple should never be whipped against any solid object to remove 
the molten aluminum, because that would break oft the insulation. To remove 
the aluminum, move the couple rapidly in a direction parallel to its length and 
then suddenly stop it, in a manner similar to shaking ink from a fountain pen. 

Checking Pyrometers—The best pyrometers must be checked occasionally and 
they should be checked or calibrated at about the same temperature for which 
they are used. Because of the definite freezing or arrest points of pure aluminum 
and its alloys, it is a simple matter to calibrate the pyrometers in an aluminum 
foundry, as follows: 

Fill a small crucible or pouring ladle with molten pure aluminum or one of 
the alloys shown in Table I, and immerse the thermocouple to a depth of 6-8 in. 
in the molten metal. While gently stirring the molten metal with the thermocouple 
or a stirring rod, read the temperature as indicated by the instrument at % min. 
intervals. The temperature will drop at a relatively uniform rate until the freezing 
point of the metal is reached, when the drop in temperature will cease or become 
much reduced until the metal is entirely solidified. The temperatures given in 
Table I apply only to the beginning of the arrest period or to the point at which 
the direction of the time-temperature curve changes. If the mass of molten metal 
were great enough and it were vigorously stirred there would be a period during 
which the temperatme would not change, but in practice there Is generally only 
a change in the slope of the time-temperature curve. Enough metal should be 
used, stirring should be sufficiently vigorous, and the depth of immersion of the 
thermocouple in the molten aluminum should be great enough so that the change 
in slope of the curve will be sharp and well defined, rather than gradual or roimded 
off. No. 12 alloy does not give as sharp a change in slope as pure aluminum or 
the other alloys mentioned, but can be used if no other metal is available. The 
temperature as indicated by the pyrometer should agree with the temperature 
as given in the table, at the beginning of the arrest period, but if it does not the 
P3n:ometer is in error by an amoimt equal to the difference between the true tem¬ 
perature and the temperature as indicated. 

Although a p 3 rrometer in an aluminum foundry is not ordinarily used at tem¬ 
peratures as low as the freezing point of aluminum, the temperature at which it 
is used is sufficiently close to the freezing temperature that the error will be about 
the same. 

In order to obtain a definite arrest point, the metal in the crucible should be 
stirred continuously by moving the couple back and forth. A heavy protection 
tube cannot be used over the couple, for this would almost entirely obliterate the 
arrest point on the time-temperature curve. The quick reading couple can be 
immersed directly in the molten aluminum, and the welded couples used in pro¬ 
tection tubes in the melting pots can be immersed in the same manner if they are 
first given a protective .coating of lime wash. The coating should be perfectly 
dry before the couple is immersed, and the coating must not be rubbed off while 
the couple is in the metal. 

Not all alloys of aluminum have a sufficiently definite arrest period during 
solidification to make them suitable for freezing point calibrations. Furthermpre, 
since the arrest period occurs at different temperatures for different alloys, the 
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metal selected must be of known composition or the freezing temperature must 
be determined experimentally with a pyrometer of known accuracy. It is generally 
possible to secure enough new metal, either commercially pure aluminum or one 
of the alloys mentioned in the table, for a freezing point determination. 

It is not necessary to allow the metal to completely solidify in making a freezing 
point determination, for with a reasonable amoimt of metal, the arrest period will 
extend over several minutes, and as soon as it is definitely reached, the couple 
may be withdrawn and the metal dumped out of the crucible before it becomes 
solid. 

Table I 

Freezing Points of Aluminum and Its Alloys 


-Composition by %— -x 

Zn, Pe. Mn, Total Im- Arrest Point, 

A1 Cu SI max. max. Mg max. purities Alloy •F. 


89-95 . 0.05 Pure A1 1220 

99.2 . 0.8 Comm, pure A1 1216 

67.0 33.0 . 0.05 Al-Cu eutectic^ 1018 

67.0 33.0 . . 0.8 Al-Cu eutectic* 1010 

91.1 -89.6 7.0-8 5 . 0 2 . .... 1.7 No. 12 1160 


86.15-85.15 0.151 12.0-13.0 0 2 0.8 • 0 7 .... No. 47 not 

modified 1071 

’Made from pure (09.95%) aluminum. 

sMade from commercially pure (99.2%) aluminum. 

IMaxlmum. 

•Trace. 


If the zero setting of the instrument is properly maintained, any change in 
calibration would ordinarily be gradual imless due to accident, in which case the 
error would probably be large enough to be apparent without an actual calibration. 
In some large aluminum foundries, the quick reading couples for taking pouring 
temperatures are checked once a day. The writer recommends the calibration of 
all quick reading couples at least once a week, and of all others, at least once a 
month. 
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Aluminum Die Castings 

By G. M. RoUason' and Sam Tour* 

Introduction—In die casting aluminum a hydrostatic pressure, usually in the 
neighborhood of 400-500 psi., is applied to the molten metal to force it into and 
hold it in the cavity of a metallic mold or die until solidihcation takes place. The 
use of this applied pressure involves specialized equipment and results in a product 
rather sharply differentiated from that of any other casting process. For certain 
applications, where a somewhat higher cost is Justified, a more massive type of die 
casting machine, using pressures of 2000 psi. and upwards, has been developed. 

The special characteristics of die castings offer a number of economic benefits 
where a metallic piece or part is used in large quantities. The die casting process 
affords: 

1. Means of producing pieces at an extremely rapid rate with uniformity of 
material, appearance, and dimension. 

2. Reduction or total elimination of the necessity for machining operations 
beca^ise of dimensional accuracy, ability to cast threads and core holes. 

3. Means of producing Integral pieces of different kinds of metal by casting 
into position the studs, bushings, and Inserts. 

4. Production of castings with thin and light sections. 

5. Parts formed by assembly of sheet metal or stampings can be produced in 
one die casting where the integral construction gives greater strength and rigidity 
at considerably lower cost per piece without the need for an expensive series of 
punching, forming, and drawing dies, and the necessary jigs and fixtures usually 
employed. 

6. Smooth surfaces permitting low cost of finishing operations. 

7. The accurate reproduction of engraved or ornamental designs. 

The initial cost of aluminum alloy die castings is slightly more than that of other 
common white metal die castings. To offset this cost differential, aluminum alloy 
die castings offer the advantages of light weight, superior resistance to corrosion, 
resistance to the effect of moderately elevated temperature, much higher degree of 
permanency of dimension and shape, and superior electrical and thermal con¬ 
ductivity. 

Based on these characteristics, aluminum die-castings have found commercial 
application in the manufactme of household utensils and appliances, including 
washing machines and vacuum cleaners; automobile parts, such as hydraulic brake 
pistons, brackets, housings, pumps, carburetor bodies, and hardware; airplane en¬ 
gine parts; outboard motors; portable tools; electrical equipment; cases and frames 
for instruments and meters; gas burners; binoculars; typewriter and business- 
machine parts; rubber molds. 

Scope and Limitations—In designing or considering the use of die castings for 
a given purpose, the following general characteristics should serve as a guide, but 
in complicated, elaborate or doubtful cases, advantage should be taken of the expe¬ 
rience of a die casting engineer. 

The principles of die design and construction used in commercial work 
have proven applicable to successively larger and larger pieces. Aluminum die cast¬ 
ings have been produced weighing 19 lb. with overall dimensions 36x12x9 in. 
Dimensions in one direction may exceed these considerably, and castings have been 
made of over 40 in. in length. Castings 25 in. in length are quite common. The low 
limit on size of die casting depends on economy and dimensional accuracy. For 
very small work, stampings or screw machine products should be considered. 

Section Thickness-~-On large aluminum die castings, metal thickness can be 
reduced to dimensions of 0.085-0.100 in. With sections of less than 6 in. in 
length or width, the metal thickness may run as low as 0.050-0.065 in. It is 
usually desirable in designing die castings to keep wall thickness fairly uniform 
or at least to avoid abrupt changes in thickness. It Is also desirable to keep 
sections as light as possible, consistent with requirements of strength and rigidity. 

Dimensional Accwrocy—Commercial aluminum die castings are generally pro¬ 
duced to tolerance limits of plus or minus 0.0015 in. per linear in. of dimen¬ 
sions. These limits are governed by the rules for shrinkage which are established 


'Manager, Die Casting Div., Aluminum Co. of America, Qa rwood, N. J. 

Wice-Pres., Lucius Pitkin, Inc., New York. 

The A.S.M. does not undertake to insure anyone utilizing information published in this 
article against infringement of any patent or assume any such liability, also the publication of 
this article does not constitute a recommendation of any patent, proprietary application, or 
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by experience. When once the shrinkage of a particular casting has been deter¬ 
mined by successive trial and re-working of the dies, much closer limits can be 
maintained on dimensions of 3 In. or more. Dimensions measured perpendicular 
to the parting line of a casting are maintained within limits of minus nothing 
plus 0.010 of an In. in the largest castings, down to minus nothing plus 0.003 of 
an In. on small pieces. 

Die castings have been produced for special purposes In commercial quantities 
with limits of plus or minus 0.001 of an in. across the parting line, but such close 
tolerances are not general. Each Individual job must he engineered with specific 
tolerances In mind. 

Cores —^The coring of required holes or cavities in a die casting, wherever pos¬ 
sible, not only reduces machining operations, but saves metal weight and permits 
the beneficial chilling action of the steel cores to be exerted throughout a greater 
part of the casting. Slight drafts are used on the cores to permit their with¬ 
drawal without injury to core or casting. 

Draft on Die Casting Cores 

Approximate Dla. of Hole Amount of Draft, per in. of Depth 

Less than Vs In.*. 0.01&-0.020 in. on dla. 

Vb-1 in. 0.010 in on dia. 

More than 1 In. 0.010-0.030 in. on dia. (depending on size 

and design) 

*Small holes for tapping are usually cast to root dla. of thread with standard 
draft added. 

Standard drafts may be reduced where necessary, probably involving more 
frequent replacement of cores. 

Alloys—The great bulk of aluminum alloys used in die castings fall into three 
main groups: 

1. Aluminum-copper alloys. 

2. Aluminum-silicon alloys. 

3. Combinations of 1 and 2, that Is, aluminum-copper-silicon alloys with or 
without further additions of nickel or other elements. 

Aluminum-Copper Alloys —Copper is added to aluminum in amounts varying 
from 4-14% and occasionally higher. The constitution of aluminmn-copper alloys 
is described elsewhere by Dix and Richardson in National Metals Handbook. The 
effect of increasing additions of copper is to render the resulting alloys progressively 
harder and less ductile. At the same time, increase in copper content lowers the 
melting point, increases fluidity, reduces shrinkage and thereby Improves die cast¬ 
ing properties up to the point where excessive hot shortness sets in, making It 
impossible to eject the casting from the die without breakage. Copper has a tend¬ 
ency to reduce the corrosion resistance of aluminum. 

Aluminum-Silicon AZZoys—Silicon is added in amounts varying from 5-13%. 
The effect of increasing additions of silicon to aluminum is a progressive harden¬ 
ing and improvement in casting properties. At the same time the corrosion resist¬ 
ance Is maintained at a high level. ^ 

The ease of casting Increases with greater additions of silicon up to the 
eutectic composition. The constitution of these alloys has been described by Dix 
and Heath* and by Gwyer and Phillips*. The eutectic composition is indicated 
at 11.6% silicon, both with and without the presence of commercial amounts of 
iron. This composition is widely used in commercial practice on account of the 
facility with which it handles in the casting operation. Although chill casting 
and die casting probably displace the eutectic composition and temperature to the 
“modified*' point (13-14% Si), results in practice are that with 13% silicon, cast¬ 
ings may show some free silicon (with consequent decrease in ductility) at points 
where the chilling is, for some reason, insufficient, wlille with silicon from 11-12,3% 
free silicon is much less evident, and the casting and physical properties are 
entirely satisfactory. 

The aluminum-silicon alloys offer, in general, resistance to corrosion which is 
superior to that of the alloys of which copper is a constituent. For maximum cot¬ 
's. R. Dix, Jr., and A. C. Heath, Equilibrium Relations In Alumlnum-snicon and Aluminum- 
Iron-Silicon Alloys of High Purity. Proc. Inst. Metals Dlv.. A.I.M.S., 1928, v. 78, p. 164. 

«A. Q. O. Owyer and H. W. L. Phillips, Constitution and Structure of the Commercial Alumi¬ 
num-Silicon Alloys, J. Inst. Metals, 1926, v. 86, p. 283. 
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rosion resistance, zinc, tin, and particularly copper should be substantially absent 
or held to an absolute minimum. 

Aluminum-Silicon^Copper, and Aluminum-SilicOn-Copper-Nickel AWoys—Whlle 
the series of aluminum-silicon alloys combine advantages in casting properties and 
corrosion resistance over the series of aluminum-copper, the latter are occasionally 
preferred for special purposes such as ease of machining and brighter color. Silicon 
imparts a slightly bluish tinge to the aluminum alloys. The commercial use of 
the aluminum-silicon-copper series, therefore, has been a natural and successful 
result of efforts to combine the advantages of both the preceding types. Nickel 
additions to aluminum die casting alloys are especially useful in brightening the 
color. A comparatively wide variety of analyses used in commercial practice for 
these alloys Is largely a reflection of varying individual preferences among manu¬ 
facturers and users. Some typical alloys are given in Table I. 

The alloys of aluminum with one or more of the elements copper, silicon, and 
nickel cover all but a smaU percentage of present commercial alloys. Other elements 
such as manganese, iron, zinc, and tin, except where present in small amoimts as 
impurities, are not usually found. 

Magnesiiun has not hitherto been used extensively as an alloying element in 
aluminum die casting because the resulting alloys tend to be sluggish and are diffi¬ 
cult to cast. Changes in die casting methods are tending to overcome this difficulty 
and may result in a more extensive use of this class of alloys. They offer the advan¬ 
tages of good physical properties and retain good color and luster after polishing. 

Impurities in Aluminum AUoys—Aliuninum alloy die castings are not critical 
to the presence of small amounts of impurities which may be present in commercial 
grades of primary aluminum or of the better grades of secondary aluminum, as has 
been idiown by the extensive test program carried out by Committee B-6 of the 
AB.TM. 

Secondary aluminum alloys are used extensively and quite satisfactorily in the 
production of commercial aluminum die castings. With the use of proper remelting 
conditions and adequate analytical control, scrap aluminum of suitable purity and 
cleanliness can be used, either with or without addition of primary aluminum, for 
the production of the alloys commonly called for in commercial speciflcations. Clean 
sheet clippings constitute an excellent source of secondary aluminum. Clean scrap 
castings of known composition may also be used to the extent that the composition 
corresponds or can be corrected' by the addition of other metal, to that of the 
desired aUoy. Because of the tendency of the alloys to pick up iron during the die 
casting process, the iron content of the alloy ingot should be held as low as com¬ 
mercially practicable. 

Commercial die castings usually contain more than 1% of iron regardless of 
the original source of the metal. Iron is absorbed by the molten alloy from the 
melting pot and other parts of the die casting machine. The amount which may 
be present without harmful effect varies to some extent with the nature of the 
alloy. In some die casting alloys, the maximum percentage of iron is specified 
as 2.5%; in only one commercial alloy (No. IX, Table I) is the limit set at less 
than 2% r(1.8%). Iron acts as a hardener in all of the alloys and when present in 
excessive amount, causes the alloy to be sluggish in the casting process and reduces 
the elongation and shock resistance of the resulting die casting. 

Manganese has an effect somewhat similar to iron, but 0.75% or less in the 
aluminum-silicon alloys is of some slight advantage in counteracting the coarsening 
and embrittling effect of excessive iron. Small additions of chromium may also be 
made to these alloys to accomplish the same result. 

Nickel is not regarded as a harmful element in those alloys containing copper. 

Zinc is undesirable, producing **hot-shortness’’ in the casting operation, and its 
presence in amounts exceeding 1% indicates heavy use of low-grade aluminum scrap. 
Zinc is preferably kept below 0.75%. 

For some applications in which the requirements are unusually exacting, it may 
be desirable to limit the impurities more closely than is necessary for the general 
run of commercial die castings. 

'iTypical Commercial Alloys—The selection of aluminum die casting alloys for 
various purposes has resulted In wide variety of mixtures. Committee B-6 of the 
A.S.TM. conducted a large number of physical tests on about 12 different mixtures. 
Eight of these alloys, as given in Table I, are quite reijresentative of the range 
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Table I 






Aluminum Die Casting Alloys 



Alloy 


Nominal Composition. % 


NO. 


Copper 

Silicon 

Nickel 

Aluminum 

IV 

• Al-Sl Series . 

• . 

5 


Balance 

V 


12 


t$ 

VI 

vnj 

Al-Cu-Si Scries .. 

|4 

3 

5 

.... 

44 

44 

VIII 1 
IX] 

Al-Cu-Si-Nl. 

. ir 

1.5 

1.75 

2 25 

4 

44 

44 

XI 

Al-Cu-Si Series .. 

2 

8 


44 

XII 

Al-Cu Series . 

. 7 

1.5 

.... 

44 


of present commercial die casting alloys. Compositions may vary somewhat from 
those in the table according to particular requirements. 

Alloy No. IV, V, VII, and XII, as given in Table I, are the most extensively used, 
but No. VT, VIII, and IX together with slight variations or combinations have certoin 
applications. 

Physical Properties—It should be thoroughly understood that mechanical prop¬ 
erties quoted for die casting alloys are usually based on tests of special test bar 
specimens. Differences of several thousand psi. are found between flat test speci¬ 
mens % X in. in the test section and round test specimens % in. dia. in the 
test section. Individual specimens cut from die castings give widely different 
results, depending on casting thickness and manufacturing practice. The results 
of tension and impact tests on bars that were tested without machining, as given 
in Table II, are most useful as a comparison of the physical properties of different 
compositions in pressure-cast test pieces under identical conditions. 

Table n 

Physical Properties of Aluminum Die Castings' 


Charpy Impact, 

Pt-lb. to 

Ultimate Strength Elongation Break Specimen 

Alloy Psl. (y 4 In. Round In 2 In., (Vi^Vi'^Sq. 8p.Gr. 

No. Specimen) % Specimen) (Approx.) 


IV . 29,000 3.5 4.5 2.70 

V . 33,000 1.5 2.0 2.66 

VI . 30.000 3.5 5.0 2.75 

VII . 32,000 2.0 2.5 2.78 

VIII . 29,000 4.0 4.5 2.72 

IX . 31,000 1.5 2.0 2.87 

XI . 32,000 1.7 3.0 2.68 

XII. 33,000 1.0 1.5 2.85 


'Specimens pressure-cast and tested without machining. 


Selection of alloy for a given die casting depends largely on the type, size, and 
use of the casting. In addition to casting and physical properties, consideration 
must often be given to such items as color, machinability, ease of plating, surface 
hardness, and resistance to corrosion. 

Machining Aluminum Die Castings—Extensive machining operations on die 
castings are not usually called for and ordinarily consist of light turning, reaming 
or edge milling, and the tapping or milling of internal threads. External threads 
are usually cast with sufiftcient accuracy to require only light chasing. The gen¬ 
eral principles of tool design given by R. L. Templin elsewhere in A.S.M. Metsds 
Handbook for machining aluminum are applicable to the machining of aluminum 
die castings. 

For turning operations on aluminum-silicon alloys, tool bits or tips of the 
tungsten carbide materials have been found to last from ten to twenty times longer 
without regrinding than the best grades of high speed steel with the same feeds 
and slightly higher cutting speeds. 

Finishing Aluminum Die Castings—For many uses the natural flnish of alumi¬ 
num alloys, as produced from the dies, is satisfactory. When desired, a wide choice 
of special flnishes are available at varying costs. Commercial finishing operations 
are as follows; 
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5 Sand Blasting-Sand blasting can be performed in any standard equipment 
uribieh is suitable to the size and quantity of the work. A fine dean sand should 
be used (such as No. Hint) and renewed frequently to avoid discoloration. 
A sand blasted surface tends to show finger prints and other handling stains, 
which can be overcome by dipping the sand blasted die casting into a thin oil. 
Sand blasting forms an excellent preparation for painting, enameling, and lac¬ 
quering. 

Painting and LacgucHng—These operations can be applied by ordinary standard 
methods of spraying, brushing, or paint dipping. Chemical treatment of the surface 
is not necessary for good paint adherence, and the only precaution to be observed 
is the cleaning of the surface (by sand blasting or washing with commercial 
cleaners). If this cleaning is not feasible, a priming coat of asphaltum-base paint 
may be applied directly to the surface of the casting. Anodic treatment (see below) 
forms an excellent base for painting on die castings to be subjected to exceptionally 
severe weathering or corrosive conditions, but is ordinarily not necessary. 

The mechanical properties and dimensions of aliuninum die castings are not 
adversely affected by temperatures (400-500°F.) used in ordinary Japanning 
operations. 

Scratch Brushing —^The finish commonly known as “scratch brush” or satin 
finish is similar in appearance to roughly etched glass. As the name implies, 
this finish is accomplished by a revolving wire scratch brush. Caution should 
be exercised to have castings thorouglily cleaned of oil or dirt. The most satis¬ 
factory scratch brush finish is obtained on castings which have been first subjected 
to an acid dip (See “Bright Dipping”). 

Bright Dipping—Bright dipping is commonly practiced to Impart a dull white, 
somewhat satiny appearance to various fabricated forms of aluminum, including 
die castings. Alloys used in the latter usually contain a certain percentage of added 
silicon. Therefore, it is necessary after etching the castings with caustic or alkaline 
cleaning solution that the acid bath used for brightening the castings should consist 
of a mixture of hydrofluoric and nitric acids, which dissolves the silicon set free by 
the etch. A muriatic-nitric acid mixture is commonly used for aluminum sheets 
and aluminum-copper alloy castings. The hydrofluoric-nitric mixture necessitates 
the use of a dipping tank lined with chemically pure lead. 

Failures to produce satisfactory results in bright dipping aluminum-silicon alloy 
die castings are sometimes attributable to attempts to use muriatic Instead of hydro¬ 
fluoric acid or to use the latter in a stone crock or the like, or by using acid which 
has become neutralized or diluted, or by using acid which has a top coating of oil 
accumulated by dipping improperly cleaned castings. 

In handling the hydrofluoric-nitric acid mixture great care must be exercised 
not only for the protection of clothing but to avoid severe acid bmns. 

Ball BurnishingSaM burnishing affords a highly economical means of putting 
a satisfactory grade of polishing on small die castings, although it is not equal to 
the regular emery, polish, and color-buff operations. The castings are agitated in 
a wood-lined barrel with a soap solution and steel balls. 

Anodic Treatment and Coloring—Aluminum die castings can be anodically 
treated to produce an artificial film of oxide on the surface for protection against 
corrosion or a surface that can be dyed or painted. 

Polishing —The following polishing operations impart the highest degree of 
mirror-like flnish to die castings such as vacuum cleaner parts, domestic utensils, 
and ornamental work: 

1. Emery—(glued rag wheel) 

2. Emery—(felt wheel) 

3. Buff—(stitched rag wheel) 

4. Color—(built-up rag wheel) 

The flrst emery operation may be conducted with No. 100 emery or coarser, 
depending on the amount of preliminary dressing of the surface necessary to remove 
nicks, scratches, and die checks. However, before proceeding to buff and color, 
the entire surface should be ground with emery of No. 150 grade or finer. On cast¬ 
ings with plain uninterrupted surfaces, the felt wheel emery operation can fre¬ 
quently be omitted. Otherwise it Is useful in avoiding “drag marks” due to rag 




ALUMINUM DIE CASTINGS 


1307 


wheels catching In the edge of cored holes. A somewhat lower grade of finish 
can be accomplished at considerable saving in cost by eliminating the emery oper¬ 
ations and simply buffing and coloring. 

Plating of Aluminum Die Casfinflrs—Aluminum die castings can be plated with 
any of the common plating metals such as nickel, brass, chromium, and silver. The 
following procedure should be sufficient to enable any experienced plater to obtain 
satisfactory results: 

1. Grind and buS to required finish. 

2. Remove grease with an organic solvent or by dipping for a short time in a hot, mildly 
alkaline cleaner. A good cleaner consists of 1>3 oz. per gal. each of sodium carbonate and 
trlsodlum phosphate. 

3. Rinse In clear cold water. 

4 . Dip in the following solution: 


Nitric acid (sp.gr. 1.42). 3 parts 

Hydrofluoric acid (48-62%). 1 part 

Temperature . 75-80*»P. 


The proper timing on this dip must be carefully determined by experiment, as It Is the Im¬ 
portant step in the plating procedure. This Is accomplished by plating samples at different tlmea 
of dip, observing them, breaking them, and noting the adhesion. A properly dipped sample will 
show no flaking of the nickel from the aluminum and should polish readily to a high finish. 
Under-dipped samples show poor adhesion, while over-dipped ones do not polish readily to a 
high luster. Each alloy composition will have a dipping time most suited to it. Although the 
differences between alloys are slight, the dipping range for each alloy Is wide. Usually the proper 
time of dip lies between 15 and 30 sec. Due to the wide dipping range the effect of temperature 
on the action of the dip Is not very great, but as a rise In temperature speeds up the action of 
the dip, a correction In the dipping time Is sometimes necessary. 

5. Rinse In clear cold water. 

6. Plate at 15 amps, per sq.ft. In the following nickel bath: 


Single nickel salts (nickel sulphate). 19 oz. per gal. 

Magnesium sulphate . 10 oz. per gal. 

Ammonium chloride . 2 oz. per gal. 

Boric acid . 2 oz. per gal. 


The time of plating should be determined to give the desired corrosion resistance. A time of 
plating of 1 hr. Is suggested, but this can be reduced later If It Is found that thinner plato 
meets the service requirements. It is advised that racks with spring brass holders be used, such 
as are customary for chromium, to facilitate handling and insure a good contact. Other nickel 
solutions such as used on zinc may be substituted for the above. 

7. Rinse In cold water and dry by means of a hot water dip. 

8. Polish nickel. 

9. Clean and plate with any desired metal, such as brass, chromium, bronze, or sliver, using 
standard commercial methods for plating these metals. 

Chromium Plating —Chromium can also be plated directly on aluminum die 
castings using the following steps: 

1. Grind and buff to desired finish. 

2. Remove grease by dipping a short time in a hot, mildly alkaline cleaner. Same cleaning 
solution as given for nickel plating. 

3. Rinse In clear cold water. 

4. If the aluminum surface Is not white, dip in the following solution for a short time: 


Nitric acid (sp.gr. 1.42).3 parts 

Hydrofluoric acid (48-62%). 1 part 


If the surface Is still not white, as Is occasionally the case, the work should be briefly dipped 
in equal parts of concentrated nitric and sulphuric acids. 

5. Rinse in clear cold water. 

0. Plate In an ordinary chromium bath. If a polished finish Is desired, use the bath cold 
and polish the work with a good grade of chromium polishing compound. Hot chromium baths 
give whiter deposits which are difficult to buff. 

A S to 15 minute chromium plate from a cold bath may be used for work to be buffed. Hot 
chromium solutions are best suited for heavy deposits. 

Oxidized and Colored Finishes —and colored finishes on copper, brass, 
and silver plated aluminum die castings can be produced by using the same methods 
commonly employed in obtaining these finishes on the solid metals, or plated base 
metals other than aluminum. Oxidized finishes should be protected by a thin coat 
of lacquer. 
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Cold and Hot Forming Aluminum Alloys 

By C. F. Nasrel, Jr.,* and P. V. Farag^hcr* 

General—Aluminum and its alloys, like other metals, strain harden when 
worked below their annealing temperatures. The increase in the tensile strength 
based on the strength of the alloy in the annealed (or heat treated) temper is 
directly proportional to the amount of cold work expressed as the fractional reduc¬ 
tion of the initial cross sectional area. This direct proportionality applies through¬ 
out most of the range normally used in commercial manufacturing operations. For 
higher reductions the tensile strength increases more rapidly than would be indi¬ 
cated by this relationship. 

The yield strength of annealed (or heat treated) material, that is, the stress 
which produces a permanent set of 0.2%, is Increased materially by the first small 
amounts of cold work, succeeding reductions producing relatively less effect, until 
after about 20% reduction in cross sectional area the rate of increase in this prop¬ 
erty parallels quite closely the increase in tensile strength. 

The elongation decreases with increasing amounts of cold work, and, as in the 
case of the yield strength, the first small amount of cold work produces a rela¬ 
tively greater effect (in this case, a decrease) than subsequent reductions of equal 
amount. The first reduction of 20% usually reduces this property to about % of 
its initial value or even less; while after a reduction of about 60%, further cold 
working causes little additional change in this property. 

From the foregoing discussion it will be seen that the higher the tensile strength 
in the annealed (or heat treated) temper, the greater the amount of hardening when 
the metal is subjected to cold forming operations. The workability of a material 
cannot be judged, however, from its tensile strength alone, nor is the per cent 
elongation an adequate criterion. The spread between the yield strength and the 
ultimate tensile strength, or perhaps the ratio of these properties, has considerable 
bearing on the amount of cold forming which can be done without failure. Other 
qualities which are not determined in the tension test or by other standard meth¬ 
ods of test, used in the inspection of metal products, also have an effect, since 
alloys having substantially the same physical properties may have markedly differ¬ 
ent forming characteristics. 

Cold Working—The relative ease of forming the various grades and tempers, as 
well as the amoimt of forming which can be done, varies with the nature of the 
operation, and the type and condition of the equipment. Consequently, the trial 
of samples on the tools which are to be used in production finally determines the 
suitability of an alloy for a given application. 

Ease of forming is one of the qualities of aluminum which has contributed to 
its widespread use. This quality is retained in varying degrees in different com¬ 
mercial alloys. 

For drawing or stamping operations, the tools may be of cast iron, semisteel, 
or tool steel. For difficult jobs the condition of the surface of the die, punch, and 
blank holder may determine the difference between successful operation and fail¬ 
ure. For difficult work the tools should be of tool steel and should be well pol¬ 
ished. A slight Increase in the radius around which the metal is formed may 
overcome difficulties experienced in forming the harder alloys on tools originally 
designed for more workable metals. 

For most drawing operations the light lubricating oils, known as “metal oils”, 
give excellent results. For difficult work, tallow mixed with a small amount of 
mineral oil is recommended. 

Bending equipment and forming rolls used for other metals are used success¬ 
fully to form aluminum alloys. The radius for bends, in terms of the section thick¬ 
ness, is usually greater for heavy sections than for thinner. The actual radius 
required for a given material can be determined by trial. The following table will 
serve as a preliminary guide in the choice of an alloy for a required bend or of 
the radius to be used with the aluminum alloys in common use: 


^Technical Department, Fabricating Div., Aluminum Co. of America, Pittsburgh. 
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Approximate Radii lor 90® Cold Bend of Aluminum and Aluminum Alloy Sheet 

forming operation, type of forming equlp- 
2? Minimum working radius for given material or hardest 

MDdIttons S fabriwtlon. * ^ «“»? by actual trial under eontemplaM 


Alloy and Bend Alloy and 

Tempert Classification* Temperf 


Bend 

. Classification* 


2&-0 

A 

2S-%H 

B 

2S-*/3H 

B 

2&-%H 

D 

2S<H 

P 

3&-0 

A 

3S-%H 

B 

3S>V2H 

C 

3S~%H 

E 

3S-H 

G 

48-0 

B 

4S-^H 

D 

4S-yaH 

E 

48-%H 

G 

4S-H 

H 

178-01 

B 

17&-T1. • 

H 

178-RTi 

J 


A17S-0 

B 

A17&-T 

P 

24S-0» 

B 

24S-T1. • 

J 

24S-RTI 

K 

51S-0 

A 

51S-W 

P 

51S-T 

k 

528-0 

A 

62S-%H 

C 

52S-y2H 

D 

52 S- 3 / 4 H 

P 

52S-H 

0 

538-0 

A 

53a-W 

P 

53S-T 

G 


Composition of Alloys 

2S~-Commerclally pure Al—Min. of 99% Al. 

3S—Mn 1.25%. Balance Al and Impurities. 

4S-~Mn 1.25%, Mg 1%. Balance Al and impurities. 

17S—Cu 4%, Mn 0.5%, Mg 0 5%. Balance iU and impurities. 

A17S—Cu 2.5%, Mg 0.3%. Balance Al and impurities. 

24&->Cu 4.2%, Mn 0.5%, Mg 1.5%. Balance M and Impurities. 

51S—Si 1.0%, Mg 0.6%. Balance Al and impurities. 

52&—Mg 2.5%, Cr 0.25%. Balance Al and impurities. 

63S—Si 0.7%, Mg 1.25%, Cr 0.25%. Balance Al and impurities. 

*For corresponding hend radii see following table: 

fDesIgnatlon of Symbols: O = annealed; H = fully cold worked (hard); ViH; %H; %H = In¬ 
termediate degrees of cold working between “O” and **H”; T = heat treated and aged; RT = heat 
treated, aged, and cold worked; W = precipitation heat treatment. 


Radii Required for 90® Bend in Terms of Thickness, t 


Approximate Thlckness- 


BdcS Gage 

In. 

26 

0.016 

A 

20 

0.032 

A 

14 

0.064 

A 

8 

0.128 

Vs 

5 

0.189 

A 

2 

0.258 

Va 

8 A 

0 

0 

0 

0 

0 

0 

S B 

0 

0 

0 

0 

0 -lt 

0 -lt 

8 c 

0 

0 

0 

0 -lt 

0 -lt 

Mit-lV4t 

a D 

0 

0 

0 -lt 

Vat-lJ^t 

lt-2t 

lMit-3t 

S B 

0 -lt 

O-lt 

Vkt-lMit 

lt-2t 

iyit-3t 

2t^t 

3 F 

0 -lt 

%t-iyit 

ltr-2t 

l',4t-3t 

2t-4t 

2b-4t 

G G 

%t-iyat 

lt-2t 

IMit-at 

2t-4t 

3t-5t 

4t-6t 

W H 

lt-2t 

lVit-3t 

2t-4t 

3t-5t 

4t-6t 

4t-6t 

S ^ 

mt-3t 

2t-4t 

3t-5t 

4t-6t 

4t-6t 

5t-7t 

& K 

2t-4t 

3t-5t 

3t-6t 

4tr-6t 

6t-7t 

6 t-10t 


^Alclad 17S and Alclad 24S can be bent over slightly smaller radii than the corresponding 
tempers of the uncoated alloy. 


^Immediately after quenching, these alloys can be formed over appreciably smaller radii. 


Hot Forming—The wrought aluminum alloys are of two tyipes: 1. Those whose 
various tempers are produced by definite amounts of strain hardening by cold work; 
and 2. those which are susceptible to heat treatment processes. The use of hot 
forming is more limited in the case of the first class than in that of the second. 
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Aluminum alloys are plastic at elevated temperatures up to a temperature 
range just below the melting point, within which they become brittle or *‘hot short". 

Hot forming has a limited application among the alloys which depend upon 
strain hardening for their harder tempers. In the soft tempers all of them have 
good forming qualities; if they are heated in the harder tempers, care must be 
taken to avoid heating to the annealing temperature, otherwise they will be soft¬ 
ened and will remain soft on cooling to room temperatures. Considerable improve¬ 
ment in the bending qualities will be gained by working at a temperature of 300- 
400*‘F., in which range there is little loss in strength and hardness on cooling to 
ordinary temperatures. At temperatures above 600**F. they are quite plastic, but 
on cooling to ordinary room temperatures they are practically in the annealed state. 

In the case of the heat treatable alloys, heating may affect not only the me¬ 
chanical properties but in some of the alloys may also impair their normal resist¬ 
ance to corrosion. Heating to 400^F. materially improves the forming qualities of 
the heat treatable alloys, and if held at this temperature for not more than a half 
hour, the loss in tensile properties does not exceed a few per cent of their normal 
values. In the case of 53S, 51S, and 27S, there is little change in the resistance to 
corrosion of the material, but in 17S and 24S this property is Impaired appre¬ 
ciably, and particularly in the nature of the attack. 

At temperatures in the heat treatment range the heat treatable alloys are quite 
plastic and can be severely and easily deformed. They may be reheat treated 
after forming or the heat may be removed by the forming dies with sufficient 
rapidity to constitute a quench (U. S. Patent 1.751,500), sq that the properties of 
the heat treated tempers are developed after suitable ac^g. For some operations, 
somewhat lower forming temperatiures give better results, in which case the part 
may be reheated to the heat treatment temperature and quenched in the die. This 
avoids the possibility of distortion which frequently results when the part is 
quenched in water. For success with this method, the dies must contain sufficient 
metal to provide a rapid cooling of the alloy. 
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Heat Treatment of Wrought Aluminum Alloys 

By C. F. Nagel, Jr^* and P. V, Faragher* 


Since the articles for the individual aluminum alloys give the temperature 
ranges for heat treatment and the physical properties thus obtained, this article 
will discuss the heat treatment processes t which are actually used and* the geneml 
principles involved. 

General—There are several alloys of aluminum which can be wrought into 
desirable commercial forms and which can have their physical properties improved 
by heat treatment. In every case the hardening constituents in these alloys are 
substances whose solid solubility in aluminum is distinctly higher at elevated t«n- 
peratures than at room temperatures. There are no phase changes in solid alumi* 
num below the melting point, consequently grain refinement is not a factor in the 
improvement in properties. In aluminum alloys heat treatment is simply a 
means of more efficiently distributing the alloying Ingredients so that they more 
effectively perform their function of hardening the metal. 

Because of the complicated equilibrium relations which exist between the liquid 
and the solid which freezes from it, and the fact that equilibrium conditions are 
not maintained during the rapid freezing of commercial rolling ingots, the per¬ 
centage of alloying elements varies from the center to the outside of the individual 
graifis. An appreciable percentage of the added hardening elements is present in 
the form of relatively large particles of a rich alloy, or of eutectic, distributed 
throughout the cast ingot. These conditions persist in spite of the fact that the 
total amoimt of the hardening elements is completely soluble in solid aluminum 
at temperatures just below the melting point when equilibrium conditions are 
established. 

The working of the alloy tends to break up the cast structure of the ingot and 
thereby increase the rate of solution of the alloying constituents when the metal 
is subsequently heated. In general, the heat treating temperature is made as high 
as possible without melting any of the eutectic material which is present in a 
particular alloy. At the high temperature, solution and diffusion t^e place to 
produce practically a homogeneous solid solution. The alloy is then quenched so 
that there is not time for the hardening elements to precipitate from solid solution 
during the cooling period, in accordance with their lower solubility at lower tem¬ 
peratures. This process is called “solution heat treatment.” 

On standing at ordinary temperatures the alloying constituents tend to pre¬ 
cipitate from solid solution and to agglomerate into larger particles in accordance 
with their true solubility relations at room temperatures. In some of the alloys 
the rate of this change is so slow at room temperatures, that they must be heat^ 
slightly (around 300®P.) to increase the rate of these processes. It should be noted 
that the larger particles formed during “aging” or “age hardening” at room tem¬ 
peratures, or “artificial aging” (commonly called “precipitation heat treatment”) at 
slightly elevated temperatures, are usually too small to be resolved by the micro¬ 
scope. By prolonged heating it is possible, in all cases, to cause growth to a size 
visible under the microscope. The size of particle which results from aging or from 
proper precipitation heat treatment is more effective in hardening the metal than 
the molecules of alloying constituents which are present in solid solution and also 
more effective than the larger particles which result from prolonged heating or 
“overaging.” 

The foregoing outlines the theory presented by Merlca and his associates to 
explain the observed facts in the heat treatment of aluminum alloys. It may not 
completely describe the phenomena which occur, but with the slip interference 
theory of Jeffries and Archer, which pictures the particles as keying the crystal 
planes against slip, it gives a mechanical analogy which is easy to remember and 
explains the nomenclature in common use for these processes. 


*Teehnioal Department, Fabricating Division, Aluminum Co. of America, Pittsburgh. 
tAttention Is called to the fact that certain heat treatment processes and the heat treatment 
of certain alloys are subject to patent restrictions. The responsibility for securing the necessary 
authority to use the practices described rests solely with their user. 
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Thermal Treatment Processes—Three types of thermal treating processes are 
applied commonly to wrought aluminum alloys: 

1. Solution heat treatment consists in heating the alloy to a temperature at which certain 
eonstituents go into solution, usually upwards of 900*P., followed by quenching to maintain con¬ 
stituents in solution and thus Increase the mechanical properties above those of the soft or 
annealed temper. 

3. Precipitation heat treatment, required by certain alloys, consists in heating them ordi¬ 
narily after the solution heat treatment, at a moderate temperature, usually around 300*P., to 
reprecipitate constituents and to further Increase their strength and hardness, although usually 
at some sacrifice in elongation. In some cases the process of fabrication leaves the alloy in a 
state of partial supersaturated solid solution, and the application of a precipitation heat treatment 
alone results in hardness and strength increases of practical importance. 

3. Annealing consists In heating the alloys to remove strain hardening resulting from cold 
working the metal or to remove the effects of heat treatment, or both. 

Thermal Treating Practice —Solution Heat Treatment Furnaces —^Aluminum 
alloys are commonly heat treated in molten salt baths or in air furnaces. The 
salt bath consists either of fused sodium nitrate, or, if the bath is also to be used 
for annealing, a mixture of equal parts of sodium and potassium nitrates. Provi¬ 
sion should be made for the proper circulation of the bath throughout the im¬ 
mersed load of metal to insure uniform temperatures in all parts of the bath. The 
bath in a steel or cast iron tank is heated with gas, oil burners, or electricity. 

Air furnaces are usually heated electrically with the elements having low energy 
input per unit of radiating surface or so shielded that they do not radiate directly 
onto the charge. The furnace design must be such that the temperature in aU 
parts of the working zone is within the range specified for the heat treatment of 
the alloy. Better results are obtained if the furnace is provided with means for air 
circulation. Other methods of heating which give uniform temperatures through¬ 
out the furnace are satisfactory, but less convenient in operation. 

For heat treating small parts such as rivets, a small gas or oil heated pot of 
molten nitrate or lead is frequently used. The parts are placed in a steel tube 
with the bottom closed and the top covered, the tube immersed in the bath to 
within a short distance of the top. 

Precipitation Heat Treatment Furnaces—Precipitation heat treatment is usually 
carried out in a furnace or oven heated electrically or by pipes containing steam 
under pressure. Provision for circulating the air is usually made to provide a 
uniform temperature throughout the furnace as well as more rapid heat transfer. 

If electrical heating is used, the units should be of the type having a low energy 
input per unit of area. The baffles used to direct the air circulation may also serve 
to minimize direct radiation to the charge. 

If steam is used, the temperature is readily controlled by proper regulation of 
the steam pressure. Except in the case of heavy stock in which minor surface 
action is of no consequence, furnaces in which the steam coxhes in contact with 
the charge are not used. 

For small articles an oil bath serves adequately. Gas or oil fired furnaces may 
be used only if designed so as to permit the required temperature control. 

Annealing FwrTiaces—Annealing furnaces are usually oil or gas fired, since the 
permissible temperature range for this operation is more than for the solution or 
precipitation heat treatment processes. Electric furnaces are also used. 

Pyrometric Fguipmenf—Since accurate temperature control is essential for best 
results, all pyrometers are calibrated at regular frequent intervals. Automatic tem¬ 
perature recorders are desirable, if not essential, to provide a record of the heating 
period as a means of insuring that the material has been heated for the required 
time at the desired temperature range and that it has not been overheated. Fur¬ 
nace operation is simplified by automatic temperature regulating equipment, but 
manual control is possible. 

Solution Heat Treatment—Wrought aluminum alloys in large tonnage are heat 
treated successfully without difficulty. Therefore, the following detailed instruc- 
tlons and precautions should not be interpreted to mean that proper heat treat¬ 
ment of wrought alloys is a difficult process which cannot be carried out under 
commercial conditions. Proper practices are necessary to get satisfactory results, 
but with ordinary care the required methods are established readily on a normal 
operating basis. 

The temperature of the salt bath or of the furnace should not be higher than 
the maximiun heat treatment temperature specified for the alloy, either when the 
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load is ixiserted, or at any time during the heat treatment period. This 
temperature is chosen as high as possible without exceeding the melting point of 
the eutectic which is present in the alloy. If this eutectic is melted during heat 
treatment, the mechanical properties and usually the surface appearance of the 
alloy are seriously injured. 

If the alloy is not heated to the minimum temperature specified, the full 
mechanical properties are not developed and, in some cases, the resistance to corro¬ 
sion of the resulting product is below standard. 

It is not possible to obtain satisfactory results by heat treating successively 
different parts of a piece of metal. It must be uniformly heated througnout and 
quenched in all parts in the same operation. 

The heating time varies with the nature of the product, the alloy, the type of 
furnace, the size of load and other factors. It is essential that all parts of the 
load be heated for a sufficient time to insure the development of the properties 
required for the alloy. This time of heating, after all of the load has reached the 
heat treatment temperature range, may be as little as 5 min. for thin gage 17S 
sheet (Cn 4%, Mn 0.5%, Mg 0.5%, balance Al) heated in a nitrate bath, to as much 
as 2 hr. for thick 24S plate (Cn 4.2%, Mn 0.5%, Mg 1.5%, balance Al), or 5-12 hr. 
for forgings of heavy section heated in air furnaces. This distinction between salt 
baths and air furnaces is made because of the slower rate of heat transfer in the 
latter and the element of uncertainty that all parts of the load are actually at 
the required temperature. The actual times required will be ascertalnerj from 
experience in operating the available equipment with the types of material which 
are being used. The consistent development of the desired mechanical properties 
in the product is the criterion. 

In the case of Alclad products, the minimum possible time should be used in 
order to avoid diffusion of the allojdng constituents of the core through to the sur¬ 
face. Since different thicknesses of metal require different times of heating, it is 
preferable that Alclad products of greatly different thickness shall not be heat 
treated in the same load. 

Quenching-^MX^r heating the alloy for the required time, it is removed and 
quenched. The time interval from the removal of the load from the heating bath 
or furnace until it is completely immersed in the quenching medium should be as 
short as possible, and in any event should not exceed a few seconds. Particularly 
in the case of thin material, the use of guard sheets will minimize the loss of heat 
during the period of transfer. Allowing the metal to cool in the air is equivalent 
to quenching from a lower heat treatment temperature, and both mechaniwd prop¬ 
erties and resistance to corrosion may be impaired. Quenching in hot water or oil, 
or in air, may develop the required physical properties, but the resistance to cor¬ 
rosion is usually less than that of material quenched in cold water. Such practice 
may be necessary, however, in some instances to avoid warpage. Relatively slow 
cooling from the solution treatment may be permissible with 53S (Si 0.7%, Mg 1.25%, 
Or 0.25%, balance Al) and 14S (Cn 4.4%, Si 0.8%, Mn 0.75%, Mg 0.35%, balance Al) 
forgings, since the resistance to corrosion of these materials does not seem to be so 
dependent on cooling rate as that of some of the other heat treated alloys. 

If the metal has been heated in a nitrate bath, it must be thoroughly washed 
to remove the salt completely since otherwise it may initiate corrosion of the mate¬ 
rial. For this purpose, warm water (150°P.) may be used after the metal has been 
quenched in cold water, because of the greater solubility and higher rate of solu¬ 
tion of the salt at higher temperatures. 

Precipitation Heat TreatmentSome of the alvuninum alloys age harden at ordi¬ 
nary room temperatures, others must be heated to higher temperatures to develop 
their maximum properties. The temperature range and time vary with the dif¬ 
ferent alloys and are shown on the data sheets for the alloys. 

Annealing—^HYiC annealing practice varies depending upon the condition or 
temper of the alloy. The strain hardening resulting from working alloys which 
were originally in the soft temper may be removed and the alloy completely soft¬ 
ened by heating to a temperature in the range of 640-670*’P. Heating above 670®P. 
causes partial solution heat treatment and consequently prevents complete soften¬ 
ing; at temperatures below 640*P. annealing is not complete. 

This same practice, applied to the alloy which has been subjected to the solu¬ 
tion heat treatment, will remove most of the effects of heat treatment as well as 
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any subsequent strain hardening, so that It is suitable for all but the more severe 
fozmLng operations. If, however, the heat treated alloy must be completely an¬ 
nealed, It must be heated for 2 hr. at 750-800*'F., then slowly cooled (not faster 
than 50”F. per hr.) until a temperature of SOO'^F. has been reached. The rate of 
further cooling to room temperature is not important. 

Nomenclature—The various wrought aluminum alloys commercially available 
in this country at the present time are designated by the principal manufacturer 
with a number followed by the letter to indicate that the symbol applies to 
wrought material. The number may be preceded by a letter to indicate a some¬ 
what modified composition from that of the parent alloy, for example, AI7S. 

The various tempers are designated by letters following the alloy symbol and 
separated from it by a dash, for example, A17S-T. Where more than one heat 
treatment is applied, the different heat treatments may be indicated by a numeral 
following the letter, for example, 11S-T3. 

The temper resulting from complete heat treatment (Including whatever 
aging is necessary to develop the maximum properties from heat treatment) is 
designated by the letter “T”. The letter “W” is used only with the alloys which 
require precipitation heat treatment to develop their maximum properties to indi¬ 
cate that they have been subjected only to the solution heat treatment, for exam¬ 
ple, 53S-W. In some of these alloys there is some aging at room temperatures even 
though precipitation heat treatment is necessary to develop their higher properties. 
In these cases, the properties specified for the “W** temper are those which the 
material will have after a few days when this aging is practically complete. The 
soft temper which results from annealing is designated by the letter “O’*. 

The alloys 17S and 24S age spontaneously at room temperatures, consequently 
there is no **W** temper. Immediately after quenching they are more plastic and 
more easily formed than after they have had time to age. (See the article in this 
handbook “Cold and Hot Forming of Aluminum Alloys.**) Aging of these alloys, 
as measured by the change in physical properties, is at first quite rapid and pro¬ 
ceeds at a gradually diminishing rate until in about four days it is practically 
complete. 

Nitrate Hasard—^Although fused nitrate baths are commonly used in the heat 
treatment of steel as well as aluminum, it is felt that attention may well be called 
here to certain dangers in their operation. Care should be taken to prevent con¬ 
tact of the fused salt with carbonaceous or organic material (wood, charcoal, coke, 
oil, or cloth) or with red hot iron or steel. Articles to be heat treated, or sludge, 
should not be allowed to lie on the bottom of the tank, especially if the tank is 
underfired, as they are apt to cause the tank to become locally overheated and be 
burned through. The possibility of combustible gases accumulating around the 
tank should be guarded against, and it is desirable to have at some distance from 
the tank a gas or oil shut-off valve which can be operated in emergency. Care 
should be taken not to put anything wet into the nitrate bath. Extra sacks of 
nltotte should be stored in a dry place and at a distance from the tank. Care 
should be exercised in adding fresh salts to the bath if at all wet; this is best 
done when the bath is frozen. In melting a solid bath, the salt must melt freely 
at the sides of the tank before melting at the bottom, to avoid generation of pres¬ 
sure and possible explosion. In case of a nitrate fire, avoid the use of water or 
of any fire extinguisher containing water. Perhaps the best fire extinguisher is dry 
sand, a supply of which should be kept near the tank. 
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Machining Aluminum and Aluminum Alloys 

By B. L. Templin* 

General—^Aluminum and most of its commercial alloys have good machining 
characteristics but these characteristics differ somewhat from those of the other 
commonly used metals. While the tools ordinarily used for cutting steel will often 
give satisfactory results on aluminum and its alloys, best results will be obtained 
If the methods herein described are followed. 

A free machining aluminum alloy is available with machining characteristics 
that make it better suited than the other aluminum alloys for many of the opera¬ 
tions performed on high production machine tools. 

The following instructions are divided into two parts. Part I describes recom¬ 
mended tools and procedure for general machine shop practice. Part n deals 
specifically with automatic screw machine practice. 


Part I 

General Machine Practice 

Tool Materials—Plain high carbon tool steels perform satisfactorily in the 
machining of aluminum and most of its alloys, and this tool material is widely used. 
For quantity production work, however, high speed tool steels have replaced plain 
high carbon tool steels to a large extent. Tools tipped with cemented tungsten car¬ 
bide show a marked improvement over both high carbon and high speed tools. Their 
cutting edges remain sharp much longer without regrinding and they produce a 
better surface finish. In fact, tungsten carbide tools are necessary for best results 
with aluminum alloys of a high silicon content. 

Tool Shapes in General-Tools for cutting aluminum and its alloys, with the 
exception of the free cutting alloys, should have appreciably more top rake and side 
rake than those for cutting steel. Clearance is also important. In many cases the 
shapes are not appreciably different from those of the tools commonly used for 
cutting hardwoods. 

Top Rake—Often the top rake is called “hook" because of the hook-like appear¬ 
ance it gives to the tool. It should vary from 30-50"’, depending on the type of tool 
used, as required by the nature of the work. 

Clearance—The clearance should be about 8-10®. This angle, plus the top rake 
angle indicated, leave about 32-52® for the total included angle of the cutting edge 
of the tool. 

Clearance is important and must be carried around the side of the tool which 
advances into the work. If too small, the side of the tool will rub against the work 
and generate heat. If too large, the tool may tend to dig into the work and chatter. 

Side Rake—A side rake of from 10-20® materially assists in the cutting action 
of the tool, since it tends to produce a slicing action and thus causes the tool to 
cut the metal more freely. Planer finishing tools have been ground with a side rake 
as high as 60®, in order to take full advantage of the free cutting characteristics of 
aluminum. 

The cutting tool angles previously described apply to machining aluminum in 
general. While there are some tools to which these angles may not be adapted, 
they can be applied to many types to produce the best results. Specific values for 
the different angles are governed by the work to be done and the requirements of 
the machine in which the tool is used. 

Tool Finish—In all cases it is essential that the cutting edges be keen, smooth, 
and free from grinding wheel scratches, burrs, or wire edges. Too much emphasis 
cannot be given to this requirement, because on it aepends to a large extent the 
success of machining aluminum and its alloys. Keen edges are best obtained by 
finish grinding on a fine abrasive wheel, then hand stoning with a fine oilstone, or 
lapping, taking care that neither the angles nor the contour of the cutting edge 
are appreciably modified during the finishing operations. 

*Ohlef ISngineer of Tests, Aluminum Company of America, New Kensington. Pa. 
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Lathe Tools—Outside turning tools for use in a lathe when machining aluminum 
and its alloys may be of the form shown in Fig. 1. but tools of this kind, when 
prepared from the usual tool bit stock, require considerable grinding in order to 
produce the desired shape, and it is sometimes difQcult to maintain the values for 
the different angles when regrinding. A better tool is shown in Fig. 2. The bit 
of this tool is made from annealed high carbon or high speed steel. Resharpening 
is readily accomplished by holding the bit by its shank in the chuck or collet of 
a tool grinding machine or lathe, and grinding off the outside diameter until a 
keen edge is obtained. After each grinding, the tool should be stoned as previously 
indicated. When using such a tool and resharpening procedure, it is comparatively 
easy to maintain the desired shape throughout the useful life of the tool. Also, 
this tool has proved more economical than those ground from square or rectangular 
tool bit stock, and possesses certain adjustable features. When the clamp screw of 
the tool bit holder is loosened, the bit may be rotated to various positions and thus 
be adjusted to different working conditions. Tools of this form may be used for 
both rough turning and finishing cuts, but where the same tool is used for both it 
should be restoned before using as a finishing tool. With some modifications, either 
of these two forms of tools may be adapted for boring operations. 



Fig. 1—Lathe Cool that may be used with aluminum. 

Fig. 2—^Lathe tool recommended for use with aluminum. 

Fig. 3-»Planer and shaper tool for machining aluminum. 

Fig. 4—Planer tool for roughing aluminum. 

These tools, like most others suitable for machining aluminum and its alloys, 
tend to produce continuous chips, which usually are curled only a little when the 
tools are functioning properly. Decreasing the top and side rake angles tends to 
curl the chips more and hence to break them up. The extent to which this may be 
done and yet obtain the desired surface finish depends largely on the particular 
alloy that is being machined. 

Parting tools for machining aluminum should have from 12-20** top rake 
and should be stoned so that their cutting edges are keen and smooth. With such 
tools the front clearance angle should be decreased to about 5-6**. 

Facing tools should be groimd so as to have a side rake similar in amount to 
that Indicated for the top rake of the outside tools. 

Planer and Shaper Tools—The tool shown In Fig. 2 can be readily adapted to 
planer and shaper work by using a holder, as shown in Fig. 3. Here again the 
tool may* be used for both roughing and finishing work when machining aluminum, 
but a side cutting tool, as shown in Fig. 4, can be used to better advantage for 
heavier roughing cuts. 
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When finishing aluminum in a planer or shaper, care must be used to prevent 
the tool striking or rubbing on the finished surface during the return stroke of the 
tool. If the tool strikes, the work may be scratched and the thin edge of the 
tool broken. 

Milling Cutters—Milling cutters, straddle mills, end mills, and similar cutters 
work to best advantage in machining aluminum and its alloys if they are of the 
coarse tooth spiral type and have a considerable amount of top rake on their cutting 
edges. In some instances milling cutters with nicked teeth assist in decreasing the 
chip size. Face milling cutters should be designed so that the inserted teeth have 
appreciable top and side rake. The helical milling cutters, primarily designed for 
machining steel, work especially well with aluminum and its alloys if the cutting 
edges are provided with suitable top rake. Tlie same may be said of staggered tooth 
milling cutters. 

Threading Tools—Excellent threads may be chased even in the softest aluminum 
with an engine lathe using a single pointed threading tool having considerable top 
and side rake. Hand and machine taps will produce smooth and accurate threads 
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Fig. V-Types of twist drills, %-ln. dla. Prom left: Single flute, 40** spiral angle; double flute 
or standard, 24® spiral angle; and special double flute, 47® spiral angle. 

in aluminum if they are of the spiral flute, ground thread type. Experience has 
shown that such taps preferably should have a right-hand spiral flute when intended 
to cut a right-hand thread and the spiral angle should be similar to that used in 
an ordinary twist drill. Taps which have a short spiral ground on the front end, 
such as the “gun" tap or spiral pointed tap, will often work satisfactorily in alumi¬ 
num when there is room for the chips to be forced ahead of the tap and when the 
thread to be cut is not tapered, but taps of this type are not satisfactory for taper 
threads or for use as bottom taps. When using spiral fluted taps, especially In 
automatic screw machines, it has been found advantageous to grind a top rake on 
the back of the lands so that there will be less tendency for the tap to tear the 
threads when backing out of the work. 

Thread chasers for self opening die heads and collapsible taps should be 
ground with appreciable top and side rake. Certain makes of these tools lend them¬ 
selves more readily than others to modifications of their cutting angles. 

Twist Drills—Like all other cutting tools for aluminum, twist drills should have 
keen edges, and a copious amount of cutting compound should be used. The best 
drill for aluminum is one in which the flutes have a large spiral angle, that is, 
more twists per inch than the ordinary twist drill. Ordinary drills are suitable when 
the holes are not deep, and for some work the single fluted twist drills used on 
hardwood will work satisfactorily. Polished flutes both Improve the cutting action 
of the drill and assist materially in chip removal. 

When the hole is deep in proportion to its diameter, it may be necessary to with¬ 
draw the drill from the hole occasionally to dispose of the cuttings A high speed 
and light feed are also helpful, especially for small size drills. Examples of twist 
drills suitable for use on aluminum and its alloys are shown in Pig. 5. 
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Reamers—Reamers of the spiral fluted type, such as are generally used for 
machining steel, produce the best results on aluminum. 

Saws—Since sawing is fundamentally a cutting operation, the principles which 
govern the shape of machine cutting tools for aluminum should be followed, as far 
as practical, in the selection of saws for sawing aluminum. The front of the saw 
teeth should have considerable top rake or hook and generally some side rake, the 
latter depending upon the type of saw tooth used; a hook angle of from 10-25** is 
recommended. To use a saw with so much hook, the sawing machine must be 
provided with a positive feeding device to prevent the saw from feeding into the 
work too rapidly, and the work must be held firmly. For some of the rougher 
classes of work where it is desired to feed the work by hand, the saw teeth should 
have little, if any, hook, but never a negative rake. 

It is important that proper clearances be provided on the sides of the teeth, 
otherwise the teeth will drag in the saw cut and cause the saw to overheat. Saws 
for cutting aluminum should have comparatively coarse teeth with curved gullets 
free from sharp comers and burred edges to eliminate danger of chips sticking. 

Circular saws for aluminum may be operated at peripheral speeds of 10,000-15,000 
f.pjtn. Speeds in the neighborhood of 5,000 f.p.m. or more are recommended for band 
saws. To obtain high saw speeds, it is, of course, important to have a machine free 
from vibration, because this will cause fatigue failure of saw blades or saw teeth. 

A relatively fine feed, in comparison to the peripheral speed, generally should 
be used to avoid large cuttings. The feed will depend largely upon the kind of work. 

A cutting lubricant or coolant is necessary for some classes of work, especially 
when sawing large, heavy sections. Mineral base lubricating oils, thinned with 
kerosene, provide satisfactory lubrication when fed to the sides of the saw blade. 
Soluble oil cutting compounds have also been found satisfactory. In some instances, 
an occasional application of paraffin wax or heavy grease will provide ample 
lubrication. 

Hand hack saw blades of the “wavy-set” type work especially well with 
aluminum. 

Files—Files with single cut coarse teeth, having considerable top rake, or “hook”, 
work best on aluminum and its alloys. Such files, with deeply cut curved teeth, about 
10 teeth per inch, are the best general purpose files. They remove metal rapidly, 
without the teeth loading, and produce a smooth finish. The long angle lathe file 
is also excellent for filing aliuninum, especially for fine work. Files of this type 
generally have a pitch of about 14 to 20 teeth per inch with single cut teeth, cut 
at an angle of about 45-55°. This side rake angle causes the files to cut freely and 
helps to drive the cuttings from the teeth. 

Ordinary files with single cut fine teeth do not work well on aluminum, and 
those with double cut teeth, whether fine or coarse, are no better because the teeth 
load with cuttings. 

Grinding Wheels—Good results are obtained with commercial silicon carbide 
grinding wheels. The advice of the supplier should be obtained in selecting the 
proper grade of each commercial make of wheel. 

Once a grinding wheel has been selected, there are three variables which affect 
the quality of a finish, namely, wheel speed, work speed, and grinding compound. 
A solution of soluble cutting oil and water works well as a grinding compound. 
It is important that the fine grindings of aluminum be strained from the com¬ 
pound before re-using, in order to prevent deep scratches on the finished surface. 
Wheel speeds of about 6,000 f.p.m. have given good results, but both wheel and work 
speeds can best be set by the experienced operator according to his own good 
Judgment. 

Cutting Speeds and Feeds—Wide ranges for cutting speeds and feeds may be 
used in machining aluminum and its alloys. The particular values for speed and 
feed are usually dependent on the character of the work, the type of tool, the 
lubricant, and the machine on which the work is done. Generally, aluminum can 
be machined to best advantage by using comparatively high speeds and fine to 
medium feeds; usually the finer the feed, the higher the speed should be. 

A considerable amount of heat may be generated with tools which produce a 
tightly curled chip, and this may necessitate using a slower speed to prevent over¬ 
heating of the tool and work. When using the slow speeds and coarser feeds, a 
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heavy cutting compound is preferred; this applies particularly to tapping operations. 
An increase in the amount of metal removed from the stock in a given time may 
often be accomplished by Increasing the speed rather than the feed when using 
the tools described. 

When using heavy, coarse-feed cuts in engine lathe work, a common occurrence 
with aluminum, as with most other metals, is the excessive friction set up on the 
lathe centers because of the expansion of the metal with rise in temperature. Ball 
or roller bearing tall stock lathe centers assist in decreasing this trouble. 

Cutting Lubricants—Some of the alloys of aluminum have been machined suc¬ 
cessfully without any lubricant or cutting compound, using tools of the form 
described, but in order to get the best results, some form of lubricant is desirable. 
Kerosene oil will often serve, but usually it works better when mixed with pure 
lard oil. A satisfactory mixture for general use will be obtained by using equal 
parts of kerosene and lard oil. For heavy cuts and slow feeds such as in roughing 
work or tapping, pure lard oil has been found to give satisfactory results. For mill¬ 
ing, sawing, and drilling, the soluble cutting oils are satisfactory and more econom¬ 
ical than the kerosene or kerosene and lard oil lubricants. A continuous and copious 
supply of lubricant should be fed to the tool, in order to produce the best results. 
Cutting compounds of paraffin oil, such as are used in machining brass, may be 
found unsatisfactory for machining many of the aluminum alloys. 


Part II 

Automatic Screw-Machine Practice 

Stock—The heat treated aluminum alloy, 17S-T, (nominal composition: 4% cop¬ 
per, 0.5% manganese, 0.5% magnesium), has been used almost exclusively for screw 
machine stock, but a recently developed alloy, 11S-T3 (nominal composition: 5A% 
copper, 0.5% lead, 0.5% bismuth) is supplementing it in many applications. The lat¬ 
ter alloy is well suited because its chips are small. Both alloys have similar cutting 
characteristics in respect to surface speed, lubricants, and types of tools used, but the 
free machining alloy has greater flexibility in respect to tool angles and tool feeds. 

Drills—Standard twist drills are satisfactory for shallow holes, but for deep 
holes it is preferable to use straight fluted drills or twist drills with less twist, which 
have larger flutes to provide greater chip clearance. The flutes should be polii^ed 
to offer freer passage for the chips. 

For deep drilling, the drill must be withdrawn from the hole for chip removal 
and for lubrication of the point. It is safe practice to drill to a depth of four 
times the drill diameter on the first entrance, one and one-half to two times the 
diameter on the second entrance and three-fourths to one times the diameter on the 
third entrance. 

Form and Cut-off Tools—Form and cut-off tools need not have top rake for 
the free machining alloy. For the other alloy a top rake of 5° is advantageous for 
penetration of the material and production of a smooth flnish. In all cases, a side 
clearance of will aid in producing a smooth finish. Front clearance angles 
are determined by the design of the screw machine and the tools, and the angles 
generally used in screw machine practice are satisfactory for the aluminiun alloys. 

The side pressure of the form cutting tool, when used without support for the 
work, will spring the stock and break it off if the ratio of the formed length to the 
smallest diameter is too great. The limit for this ratio is 2V4 for the free machining 
alloy and 2% for the other alloy. 

Box Tools—Box tool holders are designed so that the tool is usually set with 
a clearance angle of 8° but for some roughing tools this angle may be greater. 
The angle of the cutting edge with respect to the tool shank should, of course, 
correspond to the clearance angle so that the edge of the blade is parallel to the 
axis of the work. The cutting edge may be ground square with the tool shank, or 
with a slight rake angle, for the free machining alloy. For the other alloy, a small 
groove or “hook” is ground Just behind the cutting edge in order to make a thin 
cutting edge and to provide considerable rake. This makes the tool cut more freely 
and forms the chips into helical colls, which are guided out of the holder and aw^ 
from the work. For long, heavy cuts the feeding cams may be notched to proviae 
an interrupted feed to break the cuttings. 
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Threading Tools—Taps with ''hook*' as supplied by the maker may be used, 
but it is important that they be the ground thread type, with smoothly polished 
flutes to allow freer exit of the chips. Thread chasers should be provided with 
15-25® top rake or “hook”. Taps and chasers should be tapered or chamfered at 
least for one thread at the leading end of the tool so they will start more easily. 

Surface Speed of Stock—^Aluminum alloys can usually be machined using the 
maximum spindle speed available in all standard types of automatic screw machines, 
for turning, drilling, forming, and cutting off. They have been machined at 800 
stock surface feet per minute, with no indication that such speed is excessive. How 
much this may be exceeded has not been determined. For threading and tapping 
operations, each type of machine has a suitable speed which is considered good 
practice for machining aluminum as well as all other materials. This speed is 
approximately one-third of that used for other operations. 


Table I 

Approximate Feeds for Standard Tools for Machining 
the Free Machining Aluminum Alloys—11S-T3 


Cut Dia. Feed per 

Tool Width or Depth. < of Hole, Revolution, 

in. in. in. 


Box Tools 
One chip finishing 


0.012 

0.010 

0.008 

0.008 

0.006 


Center Drills 


). Under Vs 0.004 

) . % and over 0.008 


Cut-off Tools 

Circular. . 0.0036 

Straight. A-Va . 0.003 


1 

1 


ooooooooo 

ooooooooo 



brills. j 

1 


Form Tools. I 

1 

‘/ 8 -V 4 0.002 

%-‘/2 . . 0.0012-0.0016 
%-% 0.001 

1 0.001 

Reamers. ( 

0.003-0.004 Under Vs 0.007-0.010 

0.004-0.008 Vb and over 0.010 


The lighter weight of aluminum, about one-third that of other commonly used 
metals, is an advantage when using high spindle speeds. Its lower inertia causes 
less wear on the spindles, belts and motors, especially when quick changes in speed 
are involved. 

Tool Feeds—Tool feeds vary with cutting conditions, as well as with require¬ 
ments of tolerance and finish. The feeds shown in Table I for the free machining 
alloy are approximate and may have to be altered to meet different situations. In 
some cases, the same feeds may be used for the screw machine alloy that is not 
free machining, but generally they should be about 15% less. 

Cutting Compounds—Cutting cbmpounds which are used for other metals are 
generally suitable for the aluminum alloys. A cutting compound that produces 
satisfactory results consists of paraffin oil, to which 5-10% of lard oil is added. 
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Spinning of Aluminum 

By L. J. Weber* 

The forming of aluminum to useful shapes is commonly done by means of 
draw presses, hammering and spinning, or combinations of these methods. Spin¬ 
ning can be used only for shaping roimd and oval symmetrical articles. The equip¬ 
ment consists of a lathe, spinning chucks, and spinning tools. For small production 
the cost per piece is lower when produced by spinning than by other methods of 
forming. 

The aluminum best suited for spinning is commercially pure aluminum in the 
annealed condition. Usually the shape can be spun without an intermediate anneal. 
If greater strength is desired in the finished article an aluminum alloy containing 
1.25% manganese can be used. This alloy strain hardens more rapidly than the 
commercially pure aluminum, so more chucks may be necessary and on deep items 
an intermediate anneal may have to be used. In case annealing is necessary a fast 
method of heating such as immersion in a molten salt bath should be used in order 
to avoid grain growth. The temperature may vary between 650 and 750"P. and the 
time from 30 seconds to several minutes, depending on the thickness of the metal. 
A welding torch may be used on large items. A simple method for determining the 
correct temperature is to heat the metal until it will scorch a pine stick. 

The drive on the lathe headstock should provide speeds of 1200, 1800, and 2400 
r.p.m. The higher speeds are for spinning small items and thin sheet while the 
lower speed is for large items and thick sheet. 

The chucks may 
be made of wood, 
cast iron or steel 
depending on the 
number of pieces to 
be made and the 
desired finish. Hard¬ 
ened steel chucks 
with a high polish 
produce the best sur¬ 
face finish. 

The approximate 
reduction per chuck 
for different shaped 
shells is illustrated in 
Fig. 1, In case the 
items have reentrant 
angles a sectional 
chuck is necessary as 
otherwise it could 
not be removed from 
the spun article. 

Great care must be 
used to have the sec¬ 
tions fit perfectly or 
else the offset at 
the Joint will be 
impressed on the 
spim article. 

At times the 

articles are such that a roll instead of a sectional chuck can 
be used. The roll has the contour desired in the finished shell. 

It is held against the aluminum to be spun by an offset spindle. g 

This method has the advantage over the sectional chuck in 
that it increases production by eliminating the assembling and operations \or rou 
disassembling of the sectional chuck. It has the disadvantage spinning, 
that the spinning can not be done for some distance from the 
bottom as this is the space occupied by the back block. It also requires that the 
opening in the finished article be large enough to permit the entire mechanism to 

•The Aluminum Cooking Utensil Co., New Kensington, Pa. 
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be removed readily. In order to avoid spinning to the bottom of the article, drawn 
shells may be formed at the bottom by bulging and the top spun to the required 
shape using a roll. The sequence of operations for a percolator made in this way 
Is shown in Fig. 2. 

Hickory sticks are usually used for the breakdown of the circles, then steel 
forming tools are used. Alloy steels intended for wear resisting applications may 
be used but satisfactory tools can be made from carbon 
steels (1.1% carbon). 








1 ,- 






Fig. ^Hand spinning tools. 


Fig3 


The shape of the tool depends on the shape that is 
to be produced as well as on the preference of the oper¬ 
ator. A tool with a flat surface on one side and half 
round on the other made from % in. dia. rod is suitable 
for most work. Such a tool is illustrated in Fig. 3. 

The lubricant used for spinning may be cylinder oil, 
roll neck grease or soap depending on the thickness of 
metal and the extent to which the metal is to be 
deformed. Thick metal and the more complicated shapes 
require the heavier lubricants. 

In case the spinning is done on drawn shells, care 
must be exercised to avoid die scratches or similar sur¬ 
face defects. *rhese will act as stress raisers and in some 
applications may cause cracking. 

The flow of aluminum during spinning is regulated 
In the same way as for other metals. The sequence 
in spinning necessary to keep the metal under control is 
illustrated in Fig. 4. If the flare is too large excess 
thinning will occur while if it is too small the shell 
will buckle. 

Commercial production experience has shown that to 
produce a wall thickness of 18 gage (B. & S.) in the fin¬ 
ished work, the original circle should be 16 gage. This amount of thinning is consid¬ 
erably less than is ordinarily encountered when spinning copper or brass. If the 
amount of reduction is much more than two gages difficulty may be encountered 
because of fractures. The use of several chucks aids to prevent thinning of the 
metal and at the same time prevents the formation of buckles. 





Fig 4 

Fig. 4—Flare on edge to 
keep metal under control. 








A1 5801 


PROTECTION OP ALUMINUM AND ITS ALLOYS 


1328 


Protection of Aluminum and Its Alloys 
Against Corrosion 

By W. L. Fink* 

There Is a widespread belief that aluminum and its alloys need no protection 
against corrosion. There are, however, conditions under which protection is neces¬ 
sary to maintain a satisfactory appearance and to preserve the metal. The conditions 
under which it is necessary to protect aluminum come under two general plassifica- 
tions—^those which damage or prevent the formation and repair of the protective 
oxide coating, and those conditions which set up electrolytic cells. 

Aluminum is inherently a very reactive metal, and it is resistant to corrosion only 
because it is protected by a very thin oxide film which forms spontaneously in air. 
Obviously, erosion or abrasion which constantly removes this protective surface film 
and exposes underlying reactive metal, will greatly accelerate corrosion. (This is 
not to be confused with periodic cleaning, which is beneficial.) Moreover, solutions 
which are sufiQciently acid or alkaline either dissolve the film or weaken it to such 
an extent that corrosion occurs. Also, environments free from water and/or oxygen 
prevent the formation and repair of oxide coatings and thus accelerate the attack. 

Since aluminum is anodic to most other metals, the aluminum will suffer elec¬ 
trolytic attack if it is exposed to an electrolyte while in contact with heavy metals 
such as copper, tin, and lead, which are cathodic to aluminum. A similar condition 
develops when salts of such heavy metals are in the solution contracting the alumi¬ 
num. The metallic ions are reduced to the metal by the aluminum at certain points 
over the surface, thus forming minute electrolytic cells which may result in relatively 
deep pits. Appreciably less than one part per million of copper or tin in the solution 
will thus greatly accelerate the pitting of aluminum. 

Electrolytic cells can also be set up by variations in the concentration of the 
solutions in contact with the metal. For example, a layer of dirt, thermal insulation, 
or similar absorbent material will hold solutions in contact with the aluminum 
and, at areas of good contact, will shield the aluminum from oxygen. The areas 
thus shielded will be anodic to the adjacent surfaces and will corrode electrolytically. 
Crevices in joints will give rise to similar cells. 

Design and Maintenance—The most elementary way to protect aluminum is to 
avoid the causes of corrosion which have just been mentioned or to minimize their 
effect by careful design and use. Designs which avoid contacts between dissimilar 
metals, insure adequate drainage and ventilation, and facilitate inspection and 
cleaning, will aid greatly in minimizing corrosive attack. Dissimilar metals can be 
insulated and the crevices sealed with nonhygroscopic insulation. Sisalkraft paper, 
rubber, synthetic rubber, and fabrics impregnated with synthetic resin varnish or 
marine glue are suitable for such use. Contamination by harmful heavy metal salts 
can often be avoided by making, storing, and transporting the material in aluminum, 
or in suitably painted or enameled containers. 

Periodic cleaning will destroy the electrolytic cells caused by dirt or reduced 
heavy metals. The type of cleaner to be used varies with the conditions. For remov¬ 
ing heavy metals, an abrasive cleaner such as steel wool, is satisfactory. For 
removing dirt and maintaining the appearance of architectural parts, a liquid wax 
is a satisfactory cleaner. A thin layer of wax is left on the surface which facilitates 
subsequent cleaning. Uninhibited alkaline cleaners should be avoided or used with 
caution, because they attack aluminum. 

Solutions which attack aluminum because they are too alkaline, too acid, or 
contain chlorides and heavy metal salts, can frequently be Inhibited by the addition 
of small amounts of sodium silicate, sodium chromate or certain colloids. Alkaline 
cleaners containing sodium carbonate or trisodium phosphate, can usually be 
inhibited by the use of N or GO gradest of sodium silicate. Corrosion by water 
which is recirculated as in air conditioning systems and which has picked up acid 
(CO, and SO,) and heavy metals, can be inhibited by the addition of sodium 
chromate. The addition of a little water to anhydrous organic liquids will frequently 
greatly reduce the rate of reaction. 


•Aluminum Research Laboratories, Aluminum Co. of America, New Kensington, Pa. 
tPhiladelphia Quartz Co., designations. 
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It is often possible to eliminate local electrolytic cells and make the entire 
surface equipotential by making the aluminum parts cathodic either by applying 
an external current or by connecting the aluminum to a more anodic metal, such 
as zinc. This is the procedure which has long been followed to prevent the cor¬ 
rosion of steel boat hulls adjacent to bronze propellers and fittings and to protect 
pipe lines. 

When care in design and use is inadequate or is too expensive, and where the 
use of inhibitors is impossible, the aluminum alloys may be protected from the 
corroding media by suitable coatings. These coatings will be considered under three 
headings:, Oxide coatings, metallic coatings and paint coatings. 

Oxide Coatings—Since it is the natural oxide him on aluminum which makes 
it corrosion resistant, a method of securing better protection is to improve the oxide 
him. This can be done by boiling aluminum and its alloys in certain chemicals 
such as solutions of chromates and carbonates. The processes of this type known as 
Alrok* produce oxide hlms affording substantial protection. 

More protective oxide coatings can be formed on aluminum by making the 
article the anode in a suitable electrolyte such as sulphuric acid, chromic acid, 
or oxalic acid. The coatings used to the greatest extent in this country, England, 
and Germany are described in references 1, 2, and 3. 

Both the chemically produced and the anodically produced oxide him can 
be Improved by after treatments known as sealing.^ Dichromate solutions are among 
the most effective sealing solutions for enhancing the resistance to corrosion. 

Although substantial protection is afforded by the oxide coatings in many 
environments, they do not afford perfect protection against all corrosive environ¬ 
ments. A collection of dirt on an anodically coated surface exposed to an industrial 
or sea coast atmosphere will cause local break down of the coatings and pitting 
of the metal. In order to maintain an excellent appearance, it is therefore necessary 
to keep the surfaces clean. A liquid wax (such as Johnson’s liquid wax) is one of 
the most satisfactory cleaners for this purpose. The him of wax left from one 
cleaning facilitates the next. 

Metallic Coatings—Metallic coatings can be divided into two classes: those 
which are anodic to the aluminum alloy on which they are applied, and those which 
are cathodic. The protection afforded by the latter is purely mechanical. As soon 
as the coating is perforated at any point, the coating actually accelerates the cor¬ 
rosion of the exposed base metal by electrochemical action. On the other hand, 
coatings which are anodic to the base metal afford electrolytic protection after 
the coating is perforated. For this reason, coatings which are anodic are much 
more protective under severe corrosive conditions. 

The most satisfactory of the metallic coatings are aluminum or aluminum alloys 
which are anodic to the base metal and fabricated integrally with it. The best 
known of these alloys are Alclad* 17S-T* and Alclad 24S-T. The outstanding protec¬ 
tion afforded is illustrated by the fact that 14 gage (0.064 in.) tensile specimens of 
Alclad 17S-T have been exposed for 8 years to the continuous spray of the 20% 
sodium chloride solution at room temperature without suffering any measurable loss 
in tensile strength. 

On rolled shapes, castings, and assemblies which can not readily be made as 
clad products, aluminum, aluminum alloys, zinc and cadmium may be applied in 
the form of a sprayed coating.® There are on the market several guns for applying 
such coatings. Careful preparation of the surface, as by grit blasting, is necessary 
in order to obtain satisfactory adherence of the coating. Moreover, sprayed coatings 
are porous so that it is necessary that the alloy used in the coating be anodic to the 
imderlying metal. However, when the coating metal is suitably selected and properly 
applied, excellent protection is afforded. Sprayed coatings of aluminum have com¬ 
pletely protected aluminum-copper and aluminum-silicon cast alloys against a 20% 
salt spray for 4 years. 

Metallic coatings can also be applied to aluminum by electroplating.^ Nickel 
and chromium have been used extensively and offer adequate protection if condi¬ 
tions are not too severe. However, both of these metals are cathodic to aluminum 
and, therefore, do not offer the electrolytic protection against corrosion which is 
afforded by zinc or cadmium. 


^Registered Trade Mark, Aluminum Co. of America. 
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Paint Coatings—The most widely used coatings are paint coatings.' For best 
results, the surface of the aliuninum should be given a suitable preparation for 
painting, an inhibitive primer should be used, and the top coats should be highly 
impermeable to moisture. 

The best surface treatments are those which render the surface passive or 
chemically inert. Of these, the anodic coating is outstanding. It is widely used for 
aircraft parts* where section thicknesses are relatively small and low factors of 
safety are used so that little corrosion can be tolerated. Oxide coatings formed by 
the chemical dip method also fiunish good*surfaces for painting. Another good 
method for preparing the surface is the use of phosphoric acid solutions. There are 
a number available on the market. 

The best Inhibitive primers are zinc chromate primers such as those»covered 
by the Navy Aeronautical specihcations P27b. The zinc chromate in the primer acts 
as a corrosion inhibitor which maintains the passivity of the aluminum surface 
and prevents reaction with water or solutions which diffuse through the paint film. 

An excellent paint for the top coats is aluminum paint made with a synthetic 
resin vehicle. This paint is highly impervious, and the metallic film which is 
formed by leafing of the aluminum bronze powder protects the vehicle from ultra¬ 
violet light, thus prolonging its useful life. 

The above painting procedure is recommended for severe corrosive conditions. 
For less severe exposures a variety of materials are satisfactory.' Aluminum paint or 
other specially designed primers may be used. Primers containing lead compounds 
should not be used on aluminum. Some of the finishing coats may be oil base paints, 
long oil varnish enamels, and pyroxylin lacquers. It is important with the pyroxylin 
lacquers to select a primer which is compatible with the finishing coats. 

Many of the processes described in the above article are covered by United 
States letters Patent. 
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Low Melting Alloys 

By Kent R. Van Horn* 

General—The expression *'low melting metal” is generally applied to alloys having 
a melting point or solidification range below the melting point of pure tin, 449'’F. 
(231^'’C.). The low melting or fusible alloys usually consist of binary, ternary, and 
quaternary mixtures of bismuth, cadmium, lead, tin, and in some instances a 
quintary alloy with mercury. 

Since Charpy’s^ constitutional studies in 1898, the metals of the low melting 
group (bismuth, cadmium, lead, and tin) have been thought to form simple 
eutecUferrous systems, that is, the presence of intermetallic compounds or solid 
solutions was not observed. Recently, limited solid solubilities have been discovered 
in some of the binary systems which, however, would not affect the commercial 
applications of the alloys. 

Metallic alloys which are completely molten at temperatures appreciably lower 
than the melting points of the component metals have long been recognized. It is 
known that a binary eutectic has a lower melting point than either of the con¬ 
stituent elements, and that the further addition of one or more low melting metals 
may form a ternary or polynary eutectic with a still lower melting point. 

A striking example of the lowering of the melting point of the component 
metals is illustrated by the bismuth-lead system. Bismuth melts at (271®C.), 

lead at 621®P. (327.5°C.), and the resulting eutectic at 255.2°F. (124°C.). The six 
binary eutectic temperatures of the low melting metals range from the Bi-Pb eutectic 
at 255.2*P. (124*0.) to the Cd-Pb eutectic at 478.4*P. (248*0.). The addition of a 
third component, either cadmium or tin to the binary Bi-Pb eutectic decreases the 
melting point to the ternary Bi-Od-Pb eutectic at 196.7*P. (91.5*0.) or the Bl-Pb-Sn 
eutectic at 204.8®P. (96®0.). Parravano* with the aid of three-dimensional diagrams 
established the composition of the quaternary eutectic to be bismuth 49.5, lead 
27.27, tin 13.13, and cadmium 10.10%, melting at 158*P. (70"C.). Budgen**, with 
apparently sensitive thermal equipment, determined the freezing point of this 
eutectic to be 149.9'’P. (65,5*0.). Consequently, 149.9*P. was generally considered 
to be the lowest temperature at which the quaternary mixture of the fusible metals 
remains molten. Recently, Thompson" and Smith and Walker’* confirmed Parra- 
vano’s value of the freezing point (which was selected for the accompanying com¬ 
pilation). The melting points, however, of the low melting alloys can be lowered even 
to room temperature by the further addition of mercury. The introduction of 
16% mercury to mixtures approximating the quaternary eutectic, that is. Wood's 
and Lichtenberg’s alloys, decreases the temperature of complete solidification to 
131 *P. (55*0,). Low melting alloys can be obtained in a pasty condition at room tem¬ 
perature by the addition of about 50% mercury. 

Composition and Melting Points—Table I is a list of the low melting alloys of 
commercial purity. Alloys prepared from high purity metals would, of course, have 
a higher melting point or range. The temperatures of the melting points were 
obtained from the literature references included in this article, and may be sub¬ 
ject to inaccuracies. A number of the alloys were thought to possess definite 
melting points at the time of publication, but have later been proved to soften 
and gradually liquefy over a solidification range which may or may not be appre¬ 
ciable. The temperature of the melting range, when present, would be useful, but 
authentic data are not yet available. Smith and Walker” are methodically procuring 
this information. Also the determination of the temperature of a eutectic, having a 
sharp melting point under equilibrium conditions, may be subject to under-cooling 
phenomena and consequent variable results. 

Uses of Low Melting Alloys^—Low melting alloys have a wide variety of practical 
applications. Perhaps the chief use is in soldering operations where the lead-tin 
alloys constitute the majority of the soft solders employed. Improved solders are also 
obtained by the replacement of tin by small quantities of cadmium. Bismuth is 
sometimes partially substituted for tin, which produces a soft solder that has the 
capacity to wet copper and brass. Rose's and Newton’s mixtures are alloys of the 
bismuth-lead-tin class used as soft solder in the pewter trade. An extraordinary 
solder application is due to the ability of certain fusible alloys, especially Wood’s,** 


•Aluminum Research Laboratories, Aluminum Co. of America, Cleveland. 
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Table I 

Low Meltinsr Alloys 


Melting Point 
•F. *0. 

B1 

—Composition, %— 
Cd Pb 

Sn 

Hg 

140 

60 

63.6 

• •. • 

17 

19 

10.5 

164.4 

68 

50 

12.6 

25 

12.5 

.... 

154.4 

68 

50.1 

10 

26.6 

13.3 

.... 

158 

70 

49.6 

10.10 

27.27 

13.13 

.... 

158 70 

(Approx.) 

45.3 

12.3 

17.9 

24.5 


158 

70 

44.6 

«... 

30 

16.9 

6-10 

159.8 

71 

38.4 

16.4 

30.8 

15.4 

.... 

167 

76 

27.6 

34.5 

27.6 

10 

.... 

170.6 

77 

60 

6.2 

34.5 

9.3 

.... 

176 

80 

35.3 

9.6 

35.1 

20.1 


179.6 

82 

60 

7.1 

42.9 

.... 

.... 

196.7 

91.6 

61.6 

8.1 

40.2 


.... 

197.6 

92 

60 

.... 

30 

20 

.... 

199.4 

93 

50 

.... 

25 

25 


201.2 

94 

60 


31.2 

18.8 

.... 

203 

95 

50.1 

16.6 


33.3 


203 

95 

65.6 

11.1 

.... 

33 3 


203 

95 

60 

25 

.... 

25 


204.8 

96 

52.6 

.... 

32 

15.5 

.... 

208.4 

98 

47 

.... 

25.3 

17.7« 

. . 

212 

100 

40 

.... 

20 

40 


212 

100 

60 

.... 

32.2 

17.8 

. 

212 

100 

63.8 

.... 

15.4 

30.8* 

.... 

212 

100 

60 

.... 

12.5 

37.6* 

.... 

212 

100 

69.4 

.... 

14.8 

25.8S 


212 

100 

57.2 

.... 

17.8 

25** 


212 

100 

53.6 

.... 

20 

26 51 


212 

100 

60 


40 

10k 


212 

100 

50 


28 

22 


217.4 

103 

53 9 

20.2 


25.9 

‘9Sb 

221 

105 

48 

.... 

28.5 

14.5 

226.4 

108 

42.1 


42.1 

15.8 


235.4 

113 

40 

.... 

40 

20 

.... 

242.6 

117 

36.5 

.... 

36.5 

27 


253.4 

123 

33 3 

.... 

33.3 

33 3 


255 2 

124 

55.5 

.... 

44.5 

33.3 


261 

127 

22 2 


44.5 


266 

130 

30.8 

.... 

38.4 

30 8 


269 6 

132 

28.5 

.... 

43 

28.5 


280.4 

138 

67 



43 


287.6 

142 

.... 

182 

30 6 

51.2 


289 4 

143 

21 


42 

37 


291.2 

144 

20 


40 

40 


291.2 

144 

60 

40" 

3*8* 

43 * 


298.4 

148 

19 

.... 


300.2 

149 

25 


50 

25 


303.8 

151 

18.1 


36.2 

45 7 


305 6 

152 

23.5 


47 

29.5 


307.4 

153 

14.8 

.... 

40.2 

45 


309 2 

154 

15 3 


38 8 

45 9 


309.2 

154 

14 


43 

43 


311 

155 

17.3 


34.6 

48 1 


311 

155 

16 


36 

48 


316.4 

158 

16.6 


33.2 

50.2 


318.2 

159 

10.8 

.... 

43 2 

46 


320 

160 

13.7 


44.8 

41.5 


320 

160 

10.6 


42 

47 5 


320 

160 

11.2 


44.4 

44 4 


321 8 

161 

10.2 


41 

48 8 


323.6 

162 

10 


40 

50 


329 

165 

13.3 


46.6 

40.1 


329 

165 

11.4 

.... 

45.6 

43 


332.6 

167 

11.7 


46.8 

41.5 

. .. 

341.6 

172 

12.8 

.... 

49 

38.2 


350.6 

177 


32 

50” 

68 


352.4 

178 

1*2.5 

.... 

37.5 


361.4 

183 


.... 

38 

62 


27.6 

.... 

27.6 

45 

.... 



25 

.... 

25 

50 

.... 



47.4 

1*3.2 

19.4 

20 

.... 



27.2 


59.2 

13.6 

.... 


Name 


Anatomical Alloy 
Wood*! Alloy* 

Llpowitz*! Alloys 
Quaternary Eutectic Alloy 
Very Fusible Alloy 

Fusible Tea Spoons 
Fusible Alloy 


Ternary Eutectic Alloy 
Onion’s or Llchtenberg's 
Alloy for Fine Castings 
D’Arcet’s Alloy for 
Fine Castings 
Newton’s Alloy 
Fusible Alloy 
Fusible Alloy 
Fusible Alloy 
Ternary Eutectic Alloy 


Alloy for Fine Castings*^ 


Rose’s Alloy* 

Ternary Eutectic Alloy 
Matrix Alloy"* 

Bismuth Solder 
Binary Eutectic Alloy 


Binary Eutectic Alloy 
Ternary Eutectic Alloy 


Binary Eutectic Alloy 


•Temp, also given as 149.9®F. (6^6 C.) 
*>Tcmp. also given as 149®P. (65 C.) 
<>Softens and can be kneaded 
^Also given as melting at 206^5* 

•Softens at 212®F. (100*C.) without melting 
^Softens at 212*F. (100®C.), 9 tLBily oxidized 


Binary Eutectic Alloy 

Binary Eutectic Alloy 
Bismuth Solder 
Bismuth Solder 
Guthrie’s Alloy 
Alloy for Fine Castings 

__2®F. (100*C,) 

>*Becomes nearly fluid at 212«F, (100*C.) 
iBecomes quite liquid at 912«F. (100*C.) 
kBecomes soft, but does not melt 
'Becomes very liquid at 212®F. (100*C.) 
nSolidiflcatlon range 221-248®F. (106-120*C.> 
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to wet glass. The glass is not affected in making seals and connections in glass 
apparatiis, because the alloys melt at low temperatures. 

Low melting alloys are employed in the manufacture of safety devices for fire 
extinguishers and sometimes in boiler and electrical installations. The melting 
of the fusible alloy head in a sprinkler causes the release of water pressure and 
the operation of the alarm system. Different low melting alloys can be selected, 
depending on the desired operating temperatures. 

A number of the low melting alloys have excellent casting characteristics. Lipo- 
witz’s. Wood’s and other alloys approaching the composition of the quaternary 
eutectic are used for castings, statuettes, and dental work. Lead-tin antimony, lead- 
zinc and lead-tin-bismuth alloys are employed for making foundry patterns. The 
Pb-Sn-Bi eutectic expands on cooling and is used for taking impressions that necessi¬ 
tate a faithful reproduction of the finest details. The expansion of the mixture is 
characteristic of other alloys containing over 50% bismuth metal, which, in the pure 
state, expands 3.42% on freezing. The addition of mercury to a ternary or quater¬ 
nary alloy lowers the freezing range sufficiently to permit the reproduction of 
anatomical and botanical specimens such as leaves and flowers. The classical magic 
spoons which melt in warm water are examples of fusible alloys to which mercury 
has been added. 

During the war, gasoline tanks^* of a complicated design were made by the 
electrodeposition of copper plate on a low melting alloy casting, which was subse¬ 
quently removed by immersing in boiling water. 

Low melting alloys such as Wood’s and Lipowitz’s are frequently used for 
mounting small or irregular specimens in physical testing and metallographic labo¬ 
ratories. The casting and removal of the low melting alloy at temperatures approxi¬ 
mating 158'’P. (70®C.) will not generally impair the final result. 

Recently, antimony has been substituted for cadmium to obtain a higher 
strength in a mixture (Matrix Alloy) approximating the quaternary eutectic ratio 
of the low melting metals. Matrix Alloy is frequently employed to locate dies in die 
shoes, guide pins in die plates and punches in punch plates. 

Constant temperature baths of low melting alloys are used In quenching, draw¬ 
ing, and annealing operations in the heat treatment of steel and nonferrous metals. 
A number of alloys with various solidification temperatures are now at the dis¬ 
posal of the metallurgist. 


References 

'W. T. Brannt. The Metallic Alloys. 3rd Edition. 1908. 

>A. Humbolt Saxton. Alloys. 1st Edition, 1910. 

•a. H. OuUiver, MetaUle Alloys. 1913: 3rd Edition. 1919. 

«E. P. Law. Alloys and Their Industrial Applications. Ed. 4, 1919. 

■S. L. Hoyt. Metallography. 1920. 

HHias. Vicers, Metals and Alloys, 1923. 

international Critical Tables, 1927, ▼. 11. v 

*0. Charpy, Sur les Etats d'Equilibre du Systeme Temere; Plomb'Etain-Bismuth, Acad, des 
8 ol., Compt. rend.. 1898, ▼. 126. p. 1562. 

*N. Parravano and Q. Sirovlch. Quaternary Alloys of Lead-Cadmium-Bismuth-Tln. Oasz. 
chlm. Ital.. 1913, v. 43, 1, p. 630-716. 

10Q. K. Burgess and P. D. Merica, An Investigation of Fusible Tin Boiler Plugs, J., Ind. Eng. 
€hem.. 1915, v. 7, p. 824. 

uM. Waehlert. Ueber lelchtsehmelsbare Le^erungen, Metall, 1920, p. 230. 

Sigma, Les Alliages Fuslbles, La Metailurgle, 1931, v. 63, p. 2145. 

UA. Lassieur. On Alloys with Very Low Melting Poldts. Recherches et inventions, 1922, v. 3, p. 304. 
i«Wm. Campbell. A List of Alloys. Proe.. A.8 T.M., 1922. v. 23. pt. 1, p. 313. 

UA. H. Munday, C. C. Bissett, and J. Cartland. White Metals., J., Inst. Metals., 1923, ▼. 2, p. 160. 

P. Budgen. Properties of Fusible Alloys. J.. Soe. Chem. Ind., 1924. v. 43. p. 300. 
lii. A. Welo, Wood’s Metal as a Sca> In Vacuum Apparatus, J., Optical Soe. of Am., 1924, 
V. 8, p. 453. 

P. Batmatd. Properties of Fusible Alloys, Brass World, 1938. v 34. p. 363. 

A. Ragiits. Preparing Thin Specimens for Mlerosooplo Examination, Mining and Met., 

in», T. 10. p. m? 

O. T^|gn|||0tt, Use of Bismuth In Fusible Alloys, U. 8. Bur. Standards. Giro. No. 388, 1930. 
**W. C. ipnd A M. Walker, private eommunleatlon. 

*nB. J. Damls,'2hisible Alloys Containing Tin, Intern. Tin Research Development Council Bull., 
1937, Series B, No. Oir 




Od 1245 


ooNSirrunoN op cadmium-nickel alloys 


1331 


Constitution of the Cadmium-Nickel Alloys 

By Dr. Carl E. Swartz^ 

Very little information on the cadmium-nickel system is available. The diagram 
reproduced in Fig. 1 is a modification of the original work of Voss in 1908. 

Up to 7 or 8% nickel, cadmium and nickel are completely miscible when in the 
molten condition. On cooling a eutectiferous system between cadmium and the 
intermetallic compoimd NiCdt is found to exist. This compound decomposes at 
490^C. into a cadmium-rich liquid and a second intermetallic compound (of unknown 
composition) richer in nickel than NiCdr. The eutectic between cadmium and 
NiCdt is located at 0.25% nickel and melts at 318*C. The solid solubility of nickel 
in cadmium is nil. The dotted portions of the diagram have been located only 
approximately. 

Extension of the diagram beyond the limits shown would necessitate working 
under pressures sufficient to suppress the vapor pressure of the cadmium existing 
at and above the high liquidus temperatures. It is doubtful as well whether these 
regions richer in nickel would be of more than academic interest because of the 
brittleness of the alloy. 
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Fig. 1—Cadmium-Nickel Constitu¬ 
tion Diagram. 
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Properties of the Cadmium«Nickel Alloys 

(With Special Reference to Their Use as Bearinf Liners) 

Bj Dr. Carl E. Swarts* 

General—The cadmium-nickel alloys are the only binary alloys of white metal 
used at the present time for linings in heavy-duty sliding-type bearings. Depend¬ 
ing upon the type of service anticipated, the composition may run from approxi¬ 
mately nickel to 3%, the balance being cadmium. 

The general casting characteristics of the alloys are very good. The physical 
properties are satisfactory. The compression strength, hardness and ductility are 
considered to be rather high. With the additional advantage of high fatigue resist¬ 
ance and elevated melting temperature, the system offers bearing alloys which have 
given and are giving a good account of themselves. 

Structure—The alloys consist of a matrix of cadmium and the compound NiCdv 
anal 3 rsing 0.25% Ni. When more than 0.25% N1 is present, excess of NiCdr forms 
grains in the shape of cubes or idceleton cubes. These have a hardness comparable 
to that of the average Intermetallic compound, while the matrix is soft and ductile, 
but tough. The microhardness numbers (Bierbaum scratch hardness) for NiCdt is 
260 and the matrix 55. The antimony-tin in babbit is 204 and the matrix 61. 

Bond—^The alloys are the only white metal bearing alloys in commercial use 
which are directly bonded to iron and steel. That is, all other alloys have a differ¬ 
ent metal or alloy forming the bond, rather than forming it directly. In fact, the 
alloy is being used to bond other cadmiiun-base alloys to steel. The type of bond 

itself is also unique, in that it is a 
solution-type rather than the type In 
which an intermetallic compotmd is 
formed with the iron. The nickel soaks 
into the iron surface slightly, after 
which the cadmium alloys with the 
nickel. As a result of this solid solu¬ 
tion, the bond is much more ductile 
than ordinarily found and conse¬ 
quently appears to be much stronger. 

Bonding is done in the manner 
conventional for other white metal al¬ 
loys. The steel backing material after 

Table I 


Physical Properties of Cadmium-Nickel 








28 

■lemp., 

100 

200 

300 

Tensile strength, psl. 





1.3% Ni.. bal. Cd. 

. 16.400 

10.500 

3.300 

600 

3% Ni., bal. Cd. 

Yield strength, psl. 

. 22,900 

14,300 

3,300 

700 

1.3% Ni., bal. Cd. 

. 11,700 




3% Ni., bal. Cd. 

Elongation in 2 in., % 

. 16.600 




1.3% Ni., bal. Cd.. 


38 

111 

162 

3% NI., bal. Cd. 

Reduction of area, % 

. 6 

13 

65 

313 

1.3% NI., bal. Cd. 


52 

76 

78 

3% Ni., bal. Cd. 

Brinell hardness number 

. 6 

17 

42 

83 

1.3% Ni., bal. Cd. 

3% Ni., bal. Cd. 

Rockwell hardness, B scale 

V 4 in. ball, 100 kg. load 


22 

6.6 

1.8 


38 

8.3 

1.9 

1.3% Ni., bal. Cd. 





3% Ni., bal. Cd. 

Fatigue strength, lb. 

1.8% Ni., bal. Od. 

Bolidifleatlon range, *C. 

1.3% Ni., bal. Cd. 

. 84 

. 3,800 

.398-318 

(20.000.000 

reversals) 


8% Ni., bal. Cd.. 




..... 


Coeffielent of linear expanalon 

1.3% Wi., bal. Od..2.64 X 10-< (e0-140*C.) 


*MetaUurglft, Oleveland Oraphlte Bronse Go., Cleveland. 
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Fig. 1—Stress-strain relationship in com¬ 
pression for cadmium-nickel alloys. 
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fluxing is dipped in the cadmium-nickel alloy. After it is heated to the bath tem¬ 
perature, a thin layer of the cadmium-nickel alloy is deposited on the steel surface. 
The steel is then removed and while hot, cadmium-nickel of the same composition 
Is cast onto it in the required thickness. 

Physical Propcrtics—Typical values of physical properties at various tempera¬ 
tures are shown in Table I. The stress-strain relationship in compression Is given 
in Fig. 1. All values In both tension and compression were obtained at a testing 
speed of 0.05 in. per in. of gage length. Standard specimens of 2 in. gage length 
and 0.505 in. dia. were used for tension tests. Compression tests were made on 
specimens 1 in. dia, and 2 in. long. 

Although all cadmium-base bearing alloys are susceptible to corrosion at ele¬ 
vated temperatures when lubricated under certain conditions, this property has not 
proved serious in most installations. 
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Physical Constants of Calcium 

By C. L. Mantell,* and Charles Hardyt 

Introduction—In its commercial forms, calcium on freshly cut surfaces is 
white, approximating the color of silver. Fractured surfaces are more brilliant 
than steel. Upon exposure to the air, particularly in the presence of small quan¬ 
tities of moisture, the metal tarnishes with the formation of thin films of oxide 
which are bluish gray. These fihns are quite protective against further attack. 

In contradistinction to sodium, calcium metal may be handled in a manner 
similar to magnesium and aluminum; that is, it may be touched and come in 
contact with the skin without danger. It can be machined in a lathe, turned 
into shapes, drilled, threaded, sawed, extruded, drawn into wire, pressed, and 
hammered into plates. 

In its commercial forms, calciiun is available as the direct product from the 
electric furnace, or as a remelted material, or as a sublimed material, in chips, 
slugs, rods, and sticks. 

Atomic Weight—The atomic weight of calcium is 40.07 and ite atomic number 
is 20. Its minimum nmnber of isotopes is two, whose mass niuhbers in order of 
intensities of the mass spectrum lines show values of 40 and 44.* 

Crystal Form—Prom X-ray studies of calcium, A. W. Hull,* found that the 
crystals are in the cubic system with a face-centered cube lattice, with four 
atoms per elementary cube, a side of which is 5.56A and the smallest distance 
apart of the atoms 3.93 A. W. L. Bragg* gave a value of 1.70 A for the atomic ratio. 

I>eiisity—The specific gravity of calcium is 1.55. Impure material is slightly 
higher. According to Graf,* the alpha phase in extruded calcium wire at 450®C. 
gives a specific gravity value of 1.48, while the beta phase at 480''C. gives a value 
of 1.52. 

Compressibility—The compressibility or percentage change in volume with unit 
change in pressure of 1 megabar (0.987 atmospheres; 14.504 psi.) of calcium is 
given as* 

Cubical, at 30*C., 0 atmosphere pressure. 

Cubieal, at 30*0., 11,600 atmosphere pressure. 

Cubical, at 30*C.. 99>493 atmosphere pressure. 

1 dVrc. 

where /5 =- V - 

VOl.cm. dP.tni. 


T. W. Richards* gives the average compressibility of calcium at 20®C. to be 
5.7 X 10-* between 100 and 500 megabars per sq.cm. Small amounts of carbides, 
chlorides, iron, and related materials increase the hardness of commercial calcium. 

Thermal Expansivity—The thermal expansion of calcium is given* as 0.000025 
cm./cm./®C., while P. W. Bridgman* found the coefficient of cubical expansion from 
0-21 ®C. to be 0.000717. The linear coefficient of expansion of solid calcium between 
0 and 300®O. is given as 220 x 10**.* 

Freezing Point—The freezing point of pure calcium is given in terms of a 
melting point at 810®C. W. Guertler and M. PiranP give a value of 809°C. Accord¬ 
ing to recent Investigations of Antropoff and Falk, the true melting point of nitride- 
free sublimed calcium is at a temperature of 851^0. ± l^ 

Specific Heat—The specific heat of calcium is 0.157 for the range from —185*- 
20*’C., and 0.149 from 0*-100*C. 

The heat of evaporation is given as 4.53 x 10* calories per mole.** 

Entropy—The entropy of calcium is given by G. N. Lewis** as 10.64 for the solid 
afid 36.71 for the vapor at 25*’C. and one atmosphere pressure. 

Boiling Point—The boiling point** of calcium is 1170®C. N. B. Pilling** gives 
the following vapor pressures in millimeters of mercury, calculated from the rate 
of evaporation in a vacuum: 


= 6.885 X io-« 
0 = 6.300 X 10-« 
^ = 6.8 X 10-* 


^Consulting Metallurgist, and tPres., Hardy Metallurgical Co., New York. 
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At 

300*C. 

. 9.6 X 

oooo 

At 

400*C. 

... 4,9 X 

At 

800*C. 

. 2.7 X 

At 

600*C. 

. i.a X 

At 

700*C. 

. o.lfl 

At 

800-0. 

. 1.8 


At 

900*0. 

. 10.6 


At 

1000*0. 

.47.2 



The latent heat of vaporization is 399 kilojoules per g. atom.^ 

Thermal Conductivity—^The thermal conductivity of calcium is low as com* 
pared to silver or copper, being of the same order as sodium and the alkAll metals. 

Electrical Resistance—In comparison with slher and copper, calcium is a poor 
conductor of electricity. It has an electrical resistance at O^’C. of 3.43 micro* 
ohms./cm.* according to J. H. Goodwin.” Its temperature coefficient of electrical 
resistance is 0.00457. In the case of metal containing 1.08% chlorine, P. Brace** 
found an electrical resistance of 6.77 mlcro-ohms/cm.» at 22®C. The pressure coeffi¬ 
cient of resistance of calcium increases with rising temperature, while the electrical 
resistance increases with rising temperature. The electrical conductivity of calcium 
at 20'’C. is 45.1 on the basis of silver of the same area and length being taken 
as 100. The conductivity is exceeded only by. that of silver, copper, gold, and 
aluminum. For the same length and weight of metal with calcium taJken as 100, 
silver is 32.5. 

Electrochemical Equivalent—Calcium occurs as a bivalent ion in all its com¬ 
pounds. The values in various units for the electrochemical equivalent (defined 
as the number of grams deposited per second by a current of one ampere) are 
given below.” 


Mg. per coulomb . . 0.20762 

Coulomb per mg. .. .. 4.81640 

O. per ampere-hr. . 0.74745 

Ampere-hr. per g. .. 1.33789 

Lb. per 1000 ampere-hr. .... 1.64784 

Ampere-hr. per lb. . 606.86 


Electrolytic—According to the usual terminology, calcium is electronegative to 
elements it displaces in solution, and electropositive to those which displace it 
from solution. In simple solutions, calcium is electronegative to all of the base 
metals and the precious metals, and electropositive to the alkali metals. It shows 
an electrode potential of —2.76 volts.” 

Mechanical Properties—Calcium shows a tensile strength of 8700 psi. Calcium 
metal is much harder than sodium, but softer than aluminum and magnesium. 
Its hardness characteristics are much closer to aluminum and magnesium than 
they are to sodium. Under 500 kg. load, sections machined out of the calcium 
cabbage as obtained from the furnace show a Brinell hardness of 17. Under the 
same conditions, sodium is so soft that measurement cannot be made, the hardness 
being under 1 on the Brinell scale. Pure aluminum, according to Edwards, Prary, 
and Jeffries,” has a Brinell hardness of 25; while magnesium, according to the 
volume on magnesium published in 1923 by the American Magnesium Corporation, 
shows a Brinell hardness of 30, and measurements by the Dow Company on Dow 
magnesium show 32. On the Rockwell B scale, calcium in machined sections shows 
hardnesses from 36*40. On the Shore scleroscope, calcium shows hardnesses from 
7-9 when the normal hammer is used, and 11-12 when the magnifying hammer 
is employed, as compared to values of 20-23 for magnesium. 

Distilled calcium shows an elongation of 53%, while extruded wire gives 61%, 
98.5% calcium 30.5%, and impure materials (94-96%) show no elongation.” The 
tensile strength of distilled calcium was 6,050 psi., its elastic limit 1,465 psi. With 
the loading speed of 4 mm. per minute, distilled calcium is more ductile than 
aluminum of 99.6% purity and less ductile than lead, but it has a greater elongation 
than both. The modulus of elasticity of distilled calcium varied between 32 x 10* and 
38 X 10* psi. No creep was observed on loading calcium at room temperature with 
less than 570 psi. Crushing tests showed complete recrystallization of calcium at 
300**C. and above during deformation. The pressure required for deformation de¬ 
creases with the temperature and has a sharp break at 440*’C., which corresponds 
to beta-gamma transformation temperature. Gamma calcium deforms plastically 
under very small loads. Calcium wire could be easily extruded between 420 and 
460’'C. It had an elastic limit of 5,500 psi. and a tensile strength of 8,000 psi. 
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Chemical Properties-~Calcium at elevated temperatures oxidizes readily. This 
action is exceedingly rapid at its melting point, SIO^'C., so that the material cannot 
be cast by the usual foundry methods. When melted in the absence of air, oxidizing 
influences, or reactive gases, it can be cast into various shapes. Recently, melting 
and casting procedures employing protective fluxes have been worked out for the 
production of cast forms of the metal from the irregularly shaped cabbages sep¬ 
arated from the furnace electrodes. 

Calcium is more active chemically than its sister metals barium and strontium. 
Due to its low atomic weight, 40 lb. of calcium is equivalent in reducing power to 
137 lb. of barium, a ratio of more than 3:1. It is much cheaper than barium and 
for chemical purposes is the most economical of the alkaline earth metals. 
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The Copper Industry 

By Wm. G. Schneider* 

History*—Copper, known to the Greeks as chalkos and to the Romans as aes 
Cyprium or metal of C 3 rprus, from which our name for the metal was derived, was 
certainly one of the first metals reduced to the service of mankind. Where it was 
first produced is not known. Many of the ai^ient peoples used it and according to 
Prof. Gowland/ the Chaldeans had developed* the art of working it to a high d^;ree 
as early as 4500 B.C. According to the same author, the mines of the Sinai Peninsula 
were systematically worked as early as 3733 B.C. and probably much before that 
time. Cyprus yielded copper to the Egyptians 3000 B.C. and from Egypt the use 
of copper and bronze spread north through Palestine into Europe. 

In America copper was used by the pre-Columbian peoples and by the Indians 
long before the arrival of Europeans. The native metal, especially that from the 
Lake Superior region, was widely distributed first by the glaciers and later through 
trade. According to Rickard,* who has recently reviewed the matter, it is doubtful 
if the Indians did much, if any, mining prior to the arrival of the white man. He 
credits Cuba with the first mine, opened in Santiago province in 1534, and notes 
the discovery of copper in Massachusetts in 1632. According to Rickard, mining 
began at Simsbury, Conn., in 1709, and in New Jersey some time before 1719. 
After an abortive attempt to mine the Lake Superior deposits, made in 1771 by 
Alexander Henry and Alexander Baxter, these ores remained untouched until 1846 
when, following the explorations of Douglas Houghton and inspired by his enthu* 
siasm, the Cliff mine was opened. 

Copper seems to have been used first for ornament, and later for tools and 
arms. Discovery of the hardening effect of tin produced bronze which gave various 
peoples in succession important advantages in war. When, where, and how brass 
was discovered is not known, but the early and long used method of preparation 
was one of direct reduction from a mixture of copper or some of its ores and cala¬ 
mine (zinc carbonate). It was only in 1781 that Emerson invented the process of 
direct fusion of the metals. 

The copper, brass, and bronze industries which were well established in Roman 
times, passed into eclipse during the Dark Ages, but came to the front again after 
900 AJD. At the time of the discovery of America the arts of manufacture were well 
understood and came to us from Europe. According to Rickard the manufacture 
of pins from native copper by Yorkshire wire drawers was started at Lsmn, Mass., 
in 1666 by Nathaniel Robinson, and brass is reported to have been cast in the 
foundry of John Winthrop in the same town two years before. Both brass and 
copper kettles were hammered out at Philadelphia as early as 1725. By 1750 Water- 
bury. Conn, had an establishment where knee and shoe buckles were made, watches 
repaired and imported brass buttons sold. Brass sheet rolling was first done at 
Waterbury in 1802, since which date Connecticut has continued to be the center of 
American brass manufacture.* 

Early American production was based mainly upon scrap and imported ma¬ 
terials. While persistent search was made elsewhere and various small mines were 
opened, it was not tmtil after the development of the Lake Superior district that an 
adequate domestic supply of metal became available. These mines yielded nearly 
6,000,000 lb. of copper in the first decade. Following the extensive development of 
this region the n^es of Mont., Ariz., Utah, and Nev., each in turn, became im¬ 
portant. Other states producing smaller amounts were N. M., Cal., Tenn., Colo., 
Idaho, and Alaska. 

Occurrence—The average copper content of igneous rocks has been estimated 
by P. W. Clark at 0.010%. The metal content of copper ores of the United States 
for 1929 averaged 1.41% copper, 0.0067 oz. of gold, and 0.262 oz. of silver per ton. 
The value of the gold and silver was estimated to equal 28 cents per ton of copper 
ore. Julihn* reviewed the development of the technology of copper production and 
showed how it has permitted the working of leaner ore without increasing the cost 
per pound of copper. 

More than 95% of all copper produced is obtained from sulphide, oxide, car¬ 
bonate, silicate, sulphate minerals contained in copper ores. The sulphides are by 
far the most important with the others following in the order given. 

*The American Brass Co.. New York. 
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Extraction and Reflninf—After mining, concentrating and smelting, the blister 
copper is electrolytlcally refined and then cast into commercial shapes which may 
have a purity of 99.95% copper. In this process, the valuable metals consisting 
mainly of gold and silver are recovered and impurities removed. Copper is also 
recovered from its ores by direct leaching, electrolytically depositing the metal from 
the resulting solutions, and then casting into commercial shapes, such as wire bars, 
Sngots and ingot bars, cakes, and billets. Copper from the refinery is also available 
as cathode and shot. Various grades of copper are furnished such as Electrolytic, 
Lake (from northern Michigan) Oxygen free, Deoxidized, Phosphorized, and Casting. 

Production of Copper—The figures of the American Bureau of Metal Statistics 
show the following production in tons of 2000 lb.: 


Year United States World 


1929 . 1,028,348 2,118,209 

1930 . 710,690 1,734,745 

1931 524,631 1,487,993 

1932 . 255.509 998.103 

1933 . 233,649 1,146,260 

1934 . .. 240.099 1,395,825 

1935 380,100 1.608.867 

1936 614,971 1,836,480 


Principal Products—Copper is used as such in the form of wire, sheet and strip, 
rod, tube, anodes, castings and for alloying purposes. The copper used for fabrica¬ 
tion meets the specifications of the A.S.TM. which require a copper content of 
at least 99.900% with contained silver being counted as copper. Aside from the 
products of copper mentioned above it is furnished in fabricated form or as castings 
alloyed or mixed with other metals such as zinc, tin, nickel, silicon, aluminum, man¬ 
ganese, iron, beryllium, cadmium, chromium, lead and others. The principal alloys 
obtainable in various fabricated form such as sheet or strip, pipe or tube, rod or 
wire, extruded shapes, are classed mainly as muntz metal, yellow brass, cartridge 
brass, low brass, rich low or red brass, silicon brass, commercial bronze, gilding metal, 
Tbbin bronze, naval brass, manganese bronze, phosphor bronze, silicon bronze, alumi¬ 
num bronze, nickel silver, and cupro nickel. Castings of various other compositions 
are also obtainable, made up of copper and the metals mentioned above. 

Uses--Copper and its alloys generally speaking may be worked and fabricated 
by the usual metal working processes such as rolling, extruding, drawing, stamping, 
spinning, forging, casting and die casting. Copper or its alloys may be welded by 
various methods, soldered and brazed. 

Copper has the highest electrical conductivity, 100%, of all of the commercial 
metals. On a strength basis its conductivity is more than 200% of that of aluminum. 
Copper is the metal used most extensively by the electrical industry where con¬ 
ductivity is involved. 

Copper also is the best conductor of heat among the commercial metals. Be¬ 
cause of this property it or its alloys are used for heat exchange piuposes, cooking 
utensils, radiators and for heat dissipating equipment. 

Copper and its alloys have excellent corrosion resisting qualities where exposed 
to all types of atmospheric and potable water conditions. Therefore, they are most 
suitable and extensively used in the building industry for roofing and flashings, 
gutters, leaders, termite shields, screening, water and drainage pipes and tubes, 
heating lines, hardware, lighting fixtures, windows and sash, ornamental effects, 
store fronts and for wires and other items too numerous to mention. 

Copper and its alloys exposed to oxidizing conditions soon take on a beautiful 
green patina which when once formed prevents further action. The longevity of 
copper roofs may be attributed to the fact that the patina protects the imderlylng 
metal. Aside from atmospheric conditions copper and its alloys are used in chemical 
plants, underground and under many other varied conditions where because of 
their corrosion resisting properties the service rendered is satisfactory and eco¬ 
nomical. 

Copper and its alloys have a wide range of physical properties. Tensile 
strengths varying from 30,000 psl. for soft copper up to 200,000 psi. for the heat 
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treated copper-beryllium alloy are obtainable with other physical properties liuctu* 
ating depending on alloy composition, temper, and heat treatment. 

Statistics—Table I compiled by the American Bureau of Metal Statistics esti¬ 
mates the use of copper either as such or in the form of its alloys. 


Table 1 

Estimated Use of Copper in the United States 

(In tom of 2,(MNr lb.) 


Purpose 

1927 

1928 

1929 

1030 

1931 

1932 

1933 

1934 

1935 

1936 

Electrical mfres. (a)... 

.196,500 

213,000 

261,000 221.000 

162,000 

90,000 

90,000 

101.000 128.000 

164,000 

Telephones and tele- 











graphs . 

..93,000 

119,000 

164.000 122.000 

70,000 

27,000 

18,000 

18,000 

18,000 

26,000 

Light and power 











lines (b). 

.103,000 

115,000 

127,000 

130.000 

85,000 

49,000 

33.000 

36,000 

55,500 

72,000 

Wire cloth. 

. 6,400 

7,100 

9.000 

9,200 

4,900 

4.200 

5,000 

4,600 

5,600 

6,500 

Other rod and wire.... 

. 76,050 

87,100 

106,200 

93,700 

55.000 

30,000 

46,000 

40,000 

48,000 

90,000 

Ammunition . 

. 4,600 

8,200 

6,900 

5,100 

5,000 

3,900 

10,500 

13,500 

13,700 

11,900 

Automobiles (e). 

.100,800 

127,400 

138,200 

87,000 

61,600 

32,300 

49,000 

63,000 

95,000 

108,000 

Buildings (e). 

. 52,800 

62,000 

59,000 

50,000 

45,000 

29,000 

36,000 

36,000 

49,000 

71,000 

Castings, n.e.s. (d). 

. 67,200 

72,500 

79,500 

65,400 

36,000 

27,000 

36,000 

36.000 

36,000 

39,000 

Clocks and watches.... 

. 5,000 

4,600 

4,300 

2,600 

2,000 

1,500 

2,800 

2,200 

2,400 

3,400 

Coinage . 

850 

800 

1,200 

850 

100 

100 

100 

900 

1,500 

2,000 

Copper-bearing steel... 

. 1,600 

1,600 

2,600 

1,900 

1,200 

800 

1,500 

2,100 

2,300 

8,900 

Flre-llghtlng apparatus. 

. 2,500 

2,300 

2,400 

1,700 

1,300 

1,000 

1,100 

1,000 

1,200 

1,300 

Radiators, heating. 

850 

1,100 

2.100 

3.000 

1,700 

1,000 

2,400 

1,000 

1,100 

2,000 

Radio receiving sets... 

. 4,500 

8,400 

15,500 

13,000 

10,000 

7,000 

11,500 

12,500 

16,000 

24,000 

Railway equipment (f). 

. 8,000 

6,000 

9,600 

8,600 

1.800 

700 

800 

2,100 

1,800 

4,000 

Refrigerators (h). 

. 15,800 

13,800 

17,200 

15,000 

13,000 

9,000 

11,400 

15,700 

15,400 

15,000 

Shipbuilding (h). 

. 6,000 

1,600 

2,400 

5.000 

3.200 

2.100 

1,800 

3,200 

1,100 

5,000 

Washing machines (h) 

. 3,800 

4,200 

4,500 

1,200 

1,600 

1,500 

1,000 

1,400 

1,300 

1,500 

Water heaters, hou8e< 











hold . 

. 3,000 

2,600 

3,300 

1,800 

1,400 

1,000 

1,500 

1,500 

1,500 

1,500 

Air conditioning (gXh). 








3,800 

4,800 

6,400 

Other uses. 

. 63,800 

65,800 

70,000 

57,000 

40,666 

27,366 

40*666 

42,000 

46,000 

59.000 

Mfres. for export. 

. 57,400 

66.600 

74.900 

71.100 

48.200 

22,600 

15.600 

25,500 

29,500 

31,600 

Total . 

.862,450 990,700 

1,159,800 956,150 

650.000 368,000 415,000 463,000 674,700 

749,000 

Use in pounds per per¬ 











son . 

. 14.59 

16.53 

19.08 

15.52 

10.43 

5.90 

6.60 

7.31 

9.01 

11.60 


(A) Generators, motors, electric locomotives, switchboards, light bulbs, etc, (b) Transmission 
and distribution wire and bus bars; accounting only for the public utility companies, (e) Does not 
include starter, generator, and Ignition equipment, (d) Bearings, bushings, lubricators, valves and 
flttings. (e) Excludes electrical work, (f) Includes air conditioning beginning with 1933. (g) Other 
than railway, (h) Exclusive of electrical equipment. 


Use of Copper in the United States by Percentage 


Purpose 

1926 

1927 

1928 

1929 

1930 

1931 

1932 

1933 

1934 

1935 

1936 

Electrical manufactures. 

. 22.09 

22.78 

21.50 

22.50 

23 11 

24 91 

24.46 

21.69 

21 81 

22.27 

21.90 

Telephones and telegraphs.. 

. 11.43 

10.78 

12 01 

14.14 

12.76 

10.77 

7.33 

4.34 

3.89 

3.13 

3.47 

Light and power lines. 

. 13.41 

11.94 

11.61 

10.95 

13 60 

13 08 

13.32 

7.95 

7.78 

9.66 

9.61 

Other wire. 

. 9.72 

9.45 

9 51 

9.94 

10.76 

9 21 

9.29 

12.29 

9.63 

9.33 

12.89 

Automobiles . 

. 11.48 

11.69 

12.86 

11.92 

9.10 

9.48 

8.78 

11.81 

13.61 

16.53 

14.42 

Buildings . 

. 5.52 

6.12 

6.26 

5.09 

5.23 

6 92 

7.88 

8.67 

7.78 

8.53 

9.a 

Refrigerators, automatic_ 

. 1.65 

1.83 

1 39 

1.48 

1.57 

2.00 

2.45 

2.75 

3.39 

2.68 

2.00 

Other uses. 

. 19.11 

18.76 

18 14 

17.52 

16.43 

16.21 

20.35 

26.74 

26.60 

22.74 

22.01 

Manufactures for export_ 

. 5.59 

6.65 

6 72 

6 46 

7.44 

7.42 

6.14 

3.76 

5.51 

6.13 

4.22 

Totals . 

.100.00 

100.00 

o 

o 

o 

o 

100.00 

100.00 100.00 

100.00 100.00 

100.00 100.00 100.00 
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^ Constitution of Copper-Aluminum Alloys 

By H. C. Jennison* and Cyril Stanley Smitht 

Because of their industrial importance the constitution of the alloys of copper 
and aluminum rich in copper has been studied repeatedly. The work of Stockdale/ 
which is a model of accurate work by the classic methods of thermal analysis and 
microscopic examination of quenched samples, includes brief references to the earlier 
work and established the diagram for the copper-rich alloys which has not been 
appreciably changed by more recent work. His work forms the basis of the diagram 
which is shown in Fig. 1. 

The liquidus slopes gradually down from the melting point of copper to a 
eutectic point at 8.4% aluminum where the liquid solidifies at a fixed temperature 
(1031°C.) to a mixture of alpha containing 7.4% and beta containing 8.8% aluminum. 
The liquidus and solidus are close together through the entire alpha and beta 
range and the alloys are therefore free from segregation on casting, an important 
commercial consideration. Rising from the eutectic point the liquidus reaches a fiat 
maximum above the pure beta phase at 1048^0. and about 12.5% aluminum and 
then falls once more toward the region of the gamma phase. 

The limit of solubility of aluminum in the alpha phase is 7.4% at 1031 *0. 
and increases lineally to about 9.5% at 570*0. Stockdale believed the solubility limit 
to be 9.8% at temperatures of 530*0. and below, but the solubility 9.5% at a temper¬ 
ature of 570*0. is in agreement with his experimental results and it is unlikely that 

the solubility would continue to 
increase below the eutectold 
temperature which is now 
known to be higher than he 
assumed. Obinata and Wasser- 
mann studied the location of the 
alpha boundary by X-ray meth¬ 
ods and gave the results shown 
as a dotted line in Pig. 1. They 
state that there is no change 
of solubility below 650*0. and 
consider the solubility limit at 
the eutectold point and below 
to be 9.43%. This is in good 
agreement with Stockdale’s fig¬ 
ure at 570*0. Inasmuch as 
X-ray studies on alloys quenched, 
from high temperatures are 
somewhat uncertain (on account 
of partial transformation) par¬ 
ticularly when the diffusion rate 
is high, it Ls felt that preference 
should be given to Stockdale's results above the eutectold temperature. 

It should be pointed out that in other similar systems, notably the copper-tin 
system, when the rate of transformation has been accelerated by cold working, the 
solubility at low temperatures has been found to be much less than previously 
suspected. It is not unlikely that the same situation exists in the system at present 
under consideration. Obinata’s and Wassermann’s* alloys were slowly cooled and 
annealed for long periods without any intermediate cold working. 

The feature of greatest interest is the eutectoidal decomposition of beta which 
takes place at a temperature in the neighborhood of 570*0. and at a composition 
of 11.8-11.9% aluminum.* 

The beta phase cannot be retained by quenching but gives rise to a structure 
bearing microscopic resemblance to martensite in steel. Although the mechanism of 
transformation has been studied repeatedly it is still somewhat obscure, but it can 
be said that there are at least three distinct transitional phases Involved, each with 
a structure derived from one of the three equilibrium phases.^ It is owing to the 
presence of these phases that the mechanical properties of the alloys are susceptible 
to improvement by heat treatment. 

-Deceased. fResearch metallurgist, American Brass Co., Waterbury, Conn. 



Pig. 1—Copper-aluminum constitution diagram. 
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The recent work by Dowson* indicates a greater complexity than suspected by 
Stockdale in the alloys from 15-17% aluminum above 963*’C. On the basis of 
microscopic, thermal and dilatometric work, Dowson introduced the phase which, 
following him, is called X in Fig. 1. It decomposes eutectoidaUy at 963^C. to beta 
and gamma. This X phase is formed peritectically at 1036'’C. and it gives rise to 
gamma by another peritectic reaction with liquid at 1022*’C. Gamma itself gives 
rise to delta at a temperature between 780-873°C. depending on composition although 
these two phases are very similar to each other and no structural difference is to 
be found by the examination of quenched samples. 

The arrangement of the gamma + delta field has been studied by Stockdale* 
and particularly by Hisatsune.^ The works of Tazaki* and Matsuyama* are both 
in Japanese and difficult of access, and therefore have not been criticaUy reviewed 
for this article. There seems, however, to be nothing in either diagram inconsistent 
with the interpretation shown in Pig. 1. 

The crystal structures of the phases under consideration have been studied by 
a number of workers. Obinata and Wassermann* showed that the lattice parameter 
of the face centered cubic alpha phase increases lineally with increasing aluminum 
content from 3.608 A at 0% up to 3.658 at 19.6 atomic per cent aluminum, the limit 
of solubility. The beta phase'* is body centered cubic with random atomic arrange¬ 
ment and a cube edge of 2.94 A at 580''C. A phase beta^ of the same lattice but 
with an ordered arrangement of atoms exists transitionally below the eutectoid 
point while the beta' phase which forms at lower temperatures bears some relation 
to alpha. The delta phase" has, in common with many other alloys with an electron- 
atom ratio of 21:13 or 1.62, the complex cubic structure typified by gamma brass. 
This contains 52 atoms in a unit cube of parameter increasi^ from 8.865-8.700 A as 
the aluminum Increases from 16.5-19.0 weight per cent but beyond that point (with 
no metallographic distinction) a slightly different structure appears in which 
progressively fewer atoms are associated with the unit cube, which departs slightly 
from true cubic symmetry and shrinks somewhat in size. 

See page 1222 for a discussion of the aluminum end of this diagram. 
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Constitution of the Copper-Beryllium Alloys 

By H. C. Jennison* and H. F. Sillimant 


Lebeau'** appears to have been the fbrst to study the alloys of beryllium and 
copper. He prepared a series of alloys containing up to 10% beryllium and recorded 
their color, malleability, tarnish resistance, and solubility in acid. 

The first diagram of thermal constitution was published by Oesterheld* in 1916. 
Bassett^ and Corson,* In papers dealing with the mechanical properties of beryllium- 
copper alloys, later noted that the limit of alpha solubility above 650°C. is at a 
higher beryllium concentration than shown by Oesterheld. Corson also suggested 
that the solidus and liquidus over the beta field needed modification. 

Masing*** and his associates redetermined the diagram in 1928 and 1929, and 
made several important changes in the form and position of the boundaries of the 
alpha and beta fields. In 1932, Borchers* published a diagram which agrees closely 
with that of Masing except for a modification of the solidus and liquidus over the 
beta field. 


Tanimura and Wassermann* Investigated the alpha field by X-ray methods 
and found evidence that the alpha-alpha plus beta boimdary is at a slightly lower 
beryllium concentration than shown by either Masing or Borchers. 

In the diagram here reproduced the alpha phase boundary is drawn as a mean 
of the results of Masing, Borchers, and 
Tanimura and Wassermann. 

As may be seen from the diagram, the 
solubility of beryllium in copper increases 
with temperature. Alloys containing up 
to about 2.4% beryllium retain a pure 
alpha structure when quenched from a 
suitable temperature above the alpha 
boundary. In this condition the alloys 
are malleable and ductile, and are capa¬ 
ble of being wrought into a variety of 
forms. Upon reheating such material at 
temperatmes between 250 and 400®C. pre¬ 
cipitation of the gamma phase occurs, 
bringing about a noteworthy increase in 
the tensile strength, elastic limit, hard¬ 
ness, and related properties. 

The alpha plus beta alloys also show 
precipitation hardening effects but brit¬ 
tleness increases rapidly with the percent¬ 
age of the beta phase in the structure so gram, 
that alloys containing more than 3% beryllium cannot be cold worked. 

Alloys in the beta, beta plus gamma, gamma, and gamma plus delta fields are 
too hard for fabrication. Castings containing 4-11% beryllium respond to heat 
treatments analogous to those applied to steel and may find some uses where small, 
extremely hard articles are required. 

Of the above alloys, those containing 0.6-11.2% beryllium have an alpha plus 
gamma structure at temperatures below 575®C. The form and distribution of the 
gamma phase in the microstructure may be varied widely by reheating (below 



Precipltatkm Hardening of 2.15% Beryllium-Copper Alloy Sheet 


Quenched Prom 800*C. 
Quenched Prom 800*C. Reheated 2 hr. 300*C. 


TentUe strength, psl. 70.000 

Yield point, 0.75%, psl. 31,000 

Young's modulus, psl. x 10**. 18.0 

Kongatlon, % In 2 In. 45.0 

Rockwell hardness. 069 

Brlnell hardness. 110 


175.000 

134,000 

18.0 

6.3 

0103 

340 


•Deceased. fAmerlcan Brass Co., Waterbury, Conn. 
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575*C.) material previously auenched from temperatures near the melting range* 
The temperature and time of this reheating govern the precipitation and thus the 
resulting properties of the alloys. As an example, the preceding table gives some of 
the mechanical properties of an alloy containing 2.15% beryllium, first as quenched 
from 800*^0. and then as reheated for 2 hr. at 300^C. after quenching from 800*0. 
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Constitution of CoppeivCadmium Alloys 

By Cyril Stanley Smith* 

The alloys of copper and cadmium have not been subject to extensive investiga¬ 
tion. Heycock and Neville^ studied the molecular depression of copper on the freez¬ 
ing point of cadmium, and Sahmen* published a complete diagram in 1906. This 
showed the existence of compounds CuiCd and CusCda, the first forming peritec- 
tically from copper and liquid, and the second forming directly from the liquid. 
Sahmen found a eutectic between these two compounds and another close to the 
cadmium end of the diagram between CvbCd* and cadmium. 

In 1913 Bomemann and Wagenmann* carried out an investigation on the elec¬ 
trical conductivity of the alloys in both the solid and molten state and also deter¬ 
mined the melting points and boiling points of a few of the alloys in the neighbor¬ 
hood of CusCdt. Their results 
indicate unmistakably the exist¬ 
ence of molecular association 
t800 corresponding to the presence of 
the compound CusCd* in the 
f600 liquid state. 

A careful examination of the 
1400 cQuilibrium relations by Jenkins 
and Hanson* gave the diagram 
1200 shown in Pig. 1. This diagram 
differs from that of Sahmen 
principally in the introduction of 
1000 a new constituent, gamma, which 
corresponds closely to the com- 
soo pound CU 4 C(L, but exists over a 
composition range of about 2% 
600 at 200*’C. Sahmen supposed cad¬ 
mium to be insoluble in solid 
400 copper, but Jenkins and Hanson 

Q 10 206040 5060208090 100 introduced the alpha field, con- 
Per Cent Codmium sisting of copper with a maxi- 

Flg. l~-Copper-cftdinlum rooBtltutlon diagram (Jenklna mum Of 2.7% cadmium in solid 
and Hanson). solution at all temperatures be¬ 

tween 200*0. and the peritectic temperature, 549*0. The portion Qf the diagram 
from 45-75% cadmium is redrawn on a larger scale in Fig. 2, which shows more 
clearly the gamma field. The beta phase corresponds exactly to Sahmen’s Cu^Od 
and has no appreciable variation in composition. 




'Research Laboratory, American Brass Oo., Waterbary, Conn. 
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long annealing at temperatures near the highest at which it is stable. Under ordi¬ 
nary conditions the only constituents in cast alloys within this range of compo¬ 
sition are beta and delta, which form a metastable eutectic at a temperature of 
540*Cn 4**C. lower than the freezing point of the stable gamma plus delta eutectic. 
Ihe molten alloys containing above 25% cadmium have a high vapor pressure, 
and, although no actual determinations have been recorded, the boiling point curve 
at atmospheric pressure evidently comes close to the Uquidus at this point. 

Owen and Pickup^ have reexamined the.alloys by X-rays but were unable to 
determine the crystal structure of the beta, gamma and epsilon phases by the powder 
method used. By measurements of the parameter of samples annealed for pro¬ 
longed periods at various temperatures, they established the limit of the alpha phase 
to be 1.2, 1.0 and 0.5% cadmium at temperatures of 500, 400, and 300*C. r^peetively. 
Their resiilts are plotted in Fig. 3. This sloping alpha boundary is mudh more 
probable and more in keeping with the properties of the alloys than the vertical 
line given by Jenkins and Hanson. The work of Pogodin, Micheeva and Kagan, 
according to an abstract,* places the alpha boimdary at 1.0% cadmium at room 
temperature increasing to 1.2% at 250°C., 1.6% at 400*C., 2.1% at 475®0., 2.5% at 
525'’C., and 2.8% at 550‘'C. These solubilities are higher than those reported by 
Owen and Pickup at low temperatures. It seems likely that the lower solubility ctf 
the latter investigators is more nearly correct. 

Richards and Evans* studied the resistivity, temperature coefficient of resistance, 
thermoelectric force, Hall coefficient, density and specific heat of a complete series 
of alloys. The curve for each of these properties showed a discontinuity at the 
phase boundaries according to the diagram of Jenkins and Hanson, with which 
they are in complete accord. The alloys were tested in the form of cast plates 
which were thoroughly annealed until no further change in conductivity took place. 
There was little change in conductivity on annealing save with the alloys con¬ 
taining 56-64% cadmium where the metastable beta plus delta eutectic in castings 
gives rise to the stable gamma form. 

The crystal structure of most of the phases is unknown. The delta phase, 
which is shown to range around CUBCdt (73.92% cadmium) rather than CusCkU 
(72.7% cadmium), was studied by Bradley and Gregory,* who found it to be cubic 
of the gamma brass type. There are 48 atoms in the unit cube, which has a 
parameter of 9.635 A, corresponding to a density of 9.0 g. per cc. CiuCds 
differs from AgtZm, AuiZm and, by analogy, from duZm in the division of the 
copper atoms among' the four groups of structurally equivalent positions in the 
lattice. In CiuCd« 16 copper atoms are divided equally by two sets of positions, only 
one of which is occupied by copper in CiuZng, while the remaining two structurally 
equivalent locations, containing 12 and 24 atoms respectively, seem to be occupied 
Indiscriminately by a group of 4 copper and 32 cadmium atoms. 
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Constitution of Copper-Chromium Alloys 

By H. C. Jennison* and Cyril Stanley Smitht 

The chromium-copper diagram has not been established with great accuracy. 
The commercially useful alloys contain less than 1% chromium and the only 
published data on this part of the system are those of Corson.* 

Studies of the complete diagram were made by Hindrichs* and Siedschlag.* Both 
these investigators agree in showing a copper-rich eutectic at 1075-1076%C. and a 
two-liquid field existing above a monotectic horizontal at 1465-1468°C.» but, whereas 
Hindrichs considers the two-liquid zone to extend from 1 or 2% up to more than 
95% chromium, Siedschlag considers it to stretch from 37 or 38% chromium to 93% 
chromium. The latter figiures seem to be more nearly correct. Beyond the monotectic 
point the liquidus rises rapidly to the melting point of chromium. The solubility 
of copper in chromium has not been determined, but is probably very small. 

The melting point of the copper-rich eutec¬ 
tic can be stated with some certainty as being 
at 1076*C. The composition of the eutectic, 
however, is in doubt. Siedschlag stated that 
microscopically an alloy containing 1% chro¬ 
mium showed primary copper and one with 2% 
chromium contained primary chromium. There 
is no evidence to place the eutectic composition 
more exactly within these limits. In Pig. 1 it is 
arbitrarily shown as 1.5%. 

The solid solubility of chromium in copper 
shown in Fig. 1 is that given by Corson. 
Without giving experimental details, he states 
that the solubility is 0.8% chromiiun at 1000®0., 
0.5% at 900"O., 0.25% at 800"C., and 0.05-0.1% 
at 500®C. Extrapolation of the curve passing 
through these points indicates a solubility of 
about 1.25% at the 1076®O., the eutectic tem¬ 
perature. 

There is some indication that these solu¬ 
bility figures are slightly high but in the absence of other determinations they must 
be accepted. 



Fig. 1—Chromium-copper constitution 
(Uagram. 
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Constitution of Copper-Lead Alloys 

By G. C. Holder* 

Copper and lead in the solid state are practically insoluble. The eutectic point 
of this series of alloys is near the lead boundary and contains 0.06% lead. This 
eutectic freezes at 326^*0., which is l^C. lower than lead; freezing point being 327*0. 

On the horizontal line of the liquidus at 952°C., a three phase equilibrium 
monotectic reaction occurs, and the two conjugate liquid solutions contain about 
7.5-62% copper respectively. According to W. Claus, 1600®C. is the maximum critical 
point for homogeneity in accordance with results obtained by electrical conductivity; 
and with fall in temperature, two distinct liquid layers start forming at 999®C. 

Between 100 and 62% copper, the alloys form a homogeneous solution above the 
liquidus curve. Temperature gradient to the liquidus causes a separation of copper 
crystals from the mother liquor and continues until a concentration of 62% copper 
is reached. Further reduction of heat causes the second liquid layer to form as 
copper continues to crystallize. Because of the presence of three phases, this 
crystallization takes place at a constant temperature of 952*C.; and when the first 
liquid phase is exhausted, only the second phase remains with the frozen copper. 
A continued temperature fall produces further separation of copper until the eutectic 
point at 326°C. is reached and final solidification occurs. Alloys of less than eutectic 
concentration have a normal freezing procedure. 

Copper and lead have similar face-centered crys¬ 
tal structure. X-ray diffraction of copper-lead alloys 
show no homogeneity as the line patterns of the 
two base metals are compared with the alloy and 
show no shift in line patterns; whereas, if a com¬ 
pound were formed or if a solid solution were present 
to any appreciable degree, a shift of line patterns 
would be in evidence. 

In an alloy containing 15% lead, fair uniformity 
is obtained with moderate rate of cooling. The 30% 
lead alloy, chilled, is also fairly uniform, but be¬ 
yond 30% lead the use of fluxes; such as, manganese, 
arsenic, nickel, and lithium, or combination of these 
fluxes with temperature control, are advantageous 
to reduce segregation. Almost any range of hardness 
can be produced; as for example, an alloy of 74% 
lead, 20% copper, 6% nickel, together with arsenic 
produces an alloy that has twice the hardness of 
lead, good ductility, and lead sweating temperature 
of about 900®F. (480®C.). SulphUr is also used, but 
produces a brittle product. 
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Constitution of Copper-Manganese Alloys 

By Cyril Stanley Smith* 

Althoiigh Valenciennes, Heusler, Moissan, and others made and examined 
copper-manganese alloys as early as 1870, the first attempt to determine the con¬ 
stitution of the series was by E. A. Lewis,* who foimd a marked minimum in the 
Iiqi44u5 at 47% manganese which he interpreted as indicating a eutectic between 
solid .actions of copper with 5% manganese, and manganese with 20% copper 
respeetivdly. S. Wologdine* criticized Lewis’s work and himself suggested a dia¬ 
gram with a minimum melting point at 40% manganese and a maximum corre¬ 
sponding to a compound MmCu at 78% manganese. The existence of this com¬ 
pound has been negated by the work of subsequent investigators, and it is probable 
that Wologdine’s alloys absorbed carbon in amounts sufficient to give the spurious 
arrests he observed in his thermal curves. 

In 1908 the diagrams of Sahmen* and Zemczuzny, Urasow and Rykowskow* 
were published, both of which showed a continuous series of solid solutions, the 
liquidus and solidus Joining at a minimum point at 35% manganese and 866*’C. 
(Sahmen) or 30.3% manganese and 868°C. (Zemczuzny). The diagrams agreed 
very closely on the copper-rich side of the minimum point. There was some differ¬ 
ence between the liquidus temperatures on the manganese side of the diagram, 
but the principal discrepancy between the two diagrams lay in the solidus, which 
Sahmen showed as practically horizontal up to 70% manganese (in approximate 
agreement with Lewis) while Zemczuzny showed the solidus to rise close to the 
liquidus. Both investigators claimed that the alloys could be rendered micro¬ 
scopically homogeneous, and Zemczuzny’s diagram seemed more in accordance 
with this, and was generally accepted until very recently. 

When the constitution 
diagrams began to be criti¬ 
cally examined in the light of 
crystal structure, it was ap¬ 
parent that the two metals 
manganese and copper, could 
not be Isomorphous at all 
temperatiures, for copper is 
face-centered cubic and the 
crystal structure of manga¬ 
nese in its low temperature 
modifications is far more 
complicated. Bain*- * and 
Patterson* found the man¬ 
ganese lines to appear on 
X-ray diffraction patterns 
of the alloys at 50-60% 
manganese, although Pat¬ 
terson found a change in 
the copper lattice even after 
it had presumably been ren¬ 
dered Invariant by the ap¬ 
pearance of manganese. 

0 10 BO 50 40 50 00 70 50 90 100 Microscopic work by Cor- 

Percent Manganese,By Weight son« by Smith" placed 

Pig. l^opper-Manganese Constitution Diagram. the solubility limit at 800*C. 

at approximately 30% man¬ 
ganese, and it became evident that tlie diagram needed reexamination. A diagram 
was then published by Ishiwara*** ** which outlined definitely the heterogeneous 
areas in the diagram, but later Persson and Ohman'* and Sekito*^ showed that it is 
not impossible for copper and gamma manganese, stable at high temperatures, to 
be isomorphous, and Persson** put forward the results of some X-ray determinations 
to prove that this was actually so. 



•Reiearch lAboratorj, American Braaa Co., Waterbury. Conn. 
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The diagram shown in Fig. 1 is slightly modified from that of Ishiwara. The 
liquidus is drawn as an average through the points of all investigators, as also to 
the solidus on the copper-rich side of the minimum melting point. The melting 
point and temperatures of the transformation of pure manganese are those given 
by Oayler,^ neglecting two points which do not seem to be accompanied by a clumge 
of crystal structure. Ishiwara placed the minimum point at about 34.5% and 
850°C., but the higher temperature, sed**, has been adopted since the other investi¬ 
gators agree so well on this. The temperature of the gamma eutectoid, is that of 
Ishiwara, 830**. The limit of the alpha phase drawn through Ishiwara's experimental 
points (confirmed by the single approximate points of Smith and Corson) intersects 
the liquidus and solidus at the minimum point, a condition that is thermody¬ 
namically possible only as the limiting case. Copper is soluble in the gamma form 
of manganese, stable between 1191^C. and the melting point, and depresses the 
transformation point to about 830® with 19% copper, where it decomposes by a 
eutectoid reaction to beta manganese and the alpha solid solution. Beta man¬ 
ganese later changes to alpha manganese at a temperature of about 742®. In the 
determination of the eutectoid temperature Ishiwara foimd that alloys, particularly 
tliose in the neighborhood of the eutectoid. were frequently homogeneous when 
they should have consisted of two phases. The reactions were extraordinarily slow 
and not always reproducible, rendering microscopic examination, or indeed studies 
of any kind, extremely difficult. The limits of the gamma phase at higher tem¬ 
peratures (where it is in equi¬ 
librium with beta manganese 
or liquid) were easily deter¬ 
mined by quenching experi¬ 
ments. 

This diagram is by no 
means certainly established; 
not only is there some older 
microscopic evidence to show 
that all the alloys can be 
homogeneous under certain 
conditions, but also there is 
X-ray evidence to indicate 
that copper and gamma man¬ 
ganese may be isomorphous, 
since the face-centered tetrag¬ 
onal lattice of manganese 
may gradually change to that 
of copper, which can be re¬ 
garded as face-centered tetragonal with an axial ratio of one. Persson'* from an 
X-ray study of alloys of extreme purity made from distilled manganese came to 
the conclusion that this was actually the case and suggested the diagram shown 
by dotted lines in Fig. 1. 

Oayler** found distilled manganese to melt at 1244®C. and to have transforma¬ 
tions at 1191, 1024, 742, and 682®, but the work of Sekito® and Persson and Ohrnan" 
makes it apparent that there are changes in crystal structure only at 742 and 
1191®C. (Sekito gives 800 and 1100®) which corresponds to the change from alpha 
manganese to beta and from beta to gamma manganese. Alpha manganese has a 
complex body-centered cubic lattice, with 58 atoms in the unit cube, which meas¬ 
ures 8.894 A.n.; beta is a modified simple cubic arrangement with 20 atoms in a 
unit cube measuring 6.300 A.U.; while gamma has the simplest structure of all, a 
face-centered tetragonal lattice: a = 3.744 A.U.. c = 3.526 A.U., c/a = 0A34. A mod¬ 
ification of manganese Identical with gamma was obtained by electrolysis, although 
it was Impossible to retain gamma by quenching from high temperatures and its 
structure was determined by quenching a series of copper-manganese alloys (which 
are stable on quenching) and extrapolating to 0% copper. The effect of dissolved 
copper on the structure of gamma manganese is to increase the axial ratio, and at 
19% copper this becomes 1.0, the lattice then being identical with a face-centered 
cubic lattice. Sekito and Persson are in perfect agreement on this point Further 
additions of copper to the alloy may go into solution, and since copper to itself face- 
centered cubic, the possibility of complete isomorphism to evident 
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The lattice parameter of the entire series of alloys quenched from suitable tem¬ 
peratures is shown in Pig. 2, taken from the work of Persson.“ By comparing the 
parameter of alloys quenched from 400, 600, and 600®O. with this curve, Persson 
obtained the alpha boundary shown by the dotted line in Fig. 1. The curve in 
the most interesting portion of the diagram Is, however, so extremely flat that high 
accuracy could not be attained. Indeed. Persson's values for the parameter beyond 
40% copper are constant within itO.OOS A and the experimental results could be 
equally well satisfied by a sloping curve up to 40% manganese Intersectiiig a hori¬ 
zontal straight line at this point. If this were really so, the solubility of man¬ 
ganese in copper would be about 40% and between 40 and 80% manganese there 
would coexist two phases of almost identical structure, possibly with a difference 
in the preferential location of the copper and manganese atoms in the gamma 
lattice. If copper and gamma manganese were truly isomorphous, it would seem 
that the axial ratio should vary continuously across the diagram rather than to 
change suddenly to 80%. 

The results of Valentiner and Becker* for the lattice parameter (which are in 
essential agreement with Persson except that they flatten at 3.75 Instead at 3.73 A), 
susceptibility and electrical resistivity are all open to the same Interpretation. The 
data fall on fairly straight lines from about 50-80% manganese and could result 
from a two-phase zone Just as weU as from a solid solution series. The suscepti¬ 
bility reaches a marked maximum at about 25 atomic per cent manganese, probably 
due to an ordered structural arrangement. The value of the susceptibility is much 
higher at — 188®C. than at room temperatures. The electrical resistivity at 20®C. 
according to Valentiner and Becker Increases steadily from copper to gamma- 
manganese with a flattening in the curve in the range from 50-90% manganese. 
Schemtschushny and Petraschewitsch'® and others found a flat maximum in the curve 
of electrical resistance in the range 50-60% manganese and the hardness shows a 
similar maximum at 60-70% manganese. The thermoelectric force'^ and the crys¬ 
tal structure up to 20% manganese'® agree with the propased diagrams, indicating 
that the alloys in this range are homogeneous solid solutions. 
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Constitution of Copper-Nickel Alloys 

N. B. PillinK* and T. E. Kthlgren* 

Copper and nickel crystallize with a face-centered cubic lattice, and their alloys 
form a very simple series with complete miscibility of copper and nickel both In 
the liquid and solid states. The diagram determined by Quertler and Tammann* 
has been closely confirmed by TafeP and stands unquestioned. 

Further confirmation has been afforded by 
X-ray studies of the solid alloys** ■ from which it 
appears that nickel contracts the lattice param¬ 
eter of copper linearly (per atom) from 3.60A 
for copper to 3.54 A for nickel. Mention may be 
made of the conclusion of Gans and Fonseca,^ 
based upon the constancy of the Curie tempera¬ 
ture and the magnetic susceptibility, that the 
range 45-50% nickel is heterogeneous. It has since 
been found* that the lattice parameter changes 
uniformly across this range, and the assumption 
of heterogeneity is not substantiated. 

The magnetic transformation of nickel, which 
is accompanied by no structural change, is de¬ 
pressed by copper to about room temperature at 
68.5% nickel.*'* This transformation persists at 
sub-atmospheric temperatures and is reported to 
be about at 50% nickel.** * 
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Constitution of Coppei^Phosphorus Alloys 

By H. L. Bnryhoff* 

Except for the determination by Quillet in 1905 of the liquidus of alloys con¬ 
taining up to 15% phosphorus and the freezing point curve reported in 1906 by 
Htoms and Tucker, the literatiut^, prior to the work by Heyn and Bauer in 1907, 
contains only results of simple chemical studies of the phosphides of copper. The 
earlier investigators found several phosphides of which only the one with the 
formula CuJP is of commercial importance. 

Several important experimental observations were made by Heyn and Bauer. 
Alloys higher than 15% by weight of phosphorus cannot be prepared by fusion, but 

Fiq 1 Fig 2 



Per Cent Phosphorus 

Fig. l~-Copper>phospboni8 Fig. 2—Alpha phase bound- 

constitution diagram. ary of the copper-phosphorus 

constitution diagram. 


must be prepared by heating copper tmnings with phosphorus at a lower temper¬ 
ature. Alloys richer in phosphorus are unstable at high temperatures and lose 
phosphorus, there tending to be a definite limiting value for each temperature. 
Thus at 1100®C, the saturation content is 14.1% phosphorus, which corresponds to 
the formula Cu,P. In rapid heating and melting of phosphorus-rich alloys, as in 
casting into ingots, there is not sufBcient time to reach the saturation limit of 14.1%, 
and thus the commercial ingot of 15% phosphorus is obtained. 

The constitutional diagram for alloys of copper with phosphorus up to 15% is 
shown in Pig. 1. Heyn and Bauer found the eutectic at 8.27% phosphorus with a 

melting point of 707®C., this being confirmed in 
1908 by Huntington and Desch. More recent work 
by Lindlief places the eutectic composition at 8.38% 
phosphorus and the eutectic temperature at 714®0. 
as shown in Fig. 1. 

The compound Cu,P, containing 14.1% phos¬ 
phorus, melts at 1022*0. The alloys shown above 
14.1% phosphorus are composed of crystals of CUaP 
and of a second phosphide, probably CUoP,. No 
solubility of copper in Cu,P has been observed. 

Heyn and Bauer placed the solid solubility of 
phosphorus in copper at 0.175% on the basis of 
their microscopic observations of slowly cooled 
specimens. Hudson and Law, however, placed the 
limit at about 1% phosphorus upon finding that a 
phosphor copper containing 0.9% of phosphorus 
by weight had an almost homogeneous structure 
after annealing for 2 hr. at 690*C., or 4 hr. at 640*0. In 1930 Hanson, Archbutt, 
and Ford investigated the solid solubility of phosphorus in copper, and reported 
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that the solubility decreased from approximately 1.2% phosphorus at 707*C. to 
approximately 0.5% at d00°C. Mertz and Mathewson have since established the 
alpha phase boundary in Pig. 1, and, on a more open scale, in Pig. 2, using X-ray 
methods and prolonged heat treatments of carefully homogenized material which 
assmed equilibrium conditions. The lattice parameters determined by them are 
shown in Fig. 3. 

In spite of the variable solubility of phosphorus in copper, capacity for precipi¬ 
tation hardening of copper-phosphorus alloys appears to be negligible. Hanson, 
Archbutt & Ford found that the Brinell hardness of quenched strip of an alloy 
containing 0.95% phosphorus was increased from 43 to 52 by heat treatment, but 
no increase in tensile strength was obtained. 
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Constitution of Copper-Silicon Alloys 

By Cyril Stanley Smith* 


The early history of the alloys of copper and silicon, some of which were made 
and examined by chemists over a century ago, was given by Baraduc-Muller^ and 
need not be further discussed here. Hansen** reproduces and discusses all diagrams 
published prior to 1036. 

The earliest diagram was that of Rudolf! • which indicated the presence of a, 
compound CuaSl forming a eutectic both with silicon and with a beta solid solution, 
the latter decomposing to a complex compound, CuxSU, at 

The diagram of Sanfourche* was more complex and showed the existence of hve 
distinct solid solutions, two of which underwent polymorphic changes. The alpha 
limit was placed at 5% between room temperature and 731**C. and about 4.3% at 
845 ^* 0 . 

Corson* discarded all previous work as Incorrect and suggested a diagram which 
is very simple, but which does not in any way explain the thermal observations of 
the earlier workers. His diagram was the first to show a sloping alpha boundary. 

Matuyama*, by electrical resistivity measurements and thermal analysis, de¬ 
duced a diagram which was not greatly different from tliat of RudolfL He showed 
the solubility of silicon in copper to be 5.9% at SOO^’C. and 4.9% at room tempera¬ 
tures. The beta solid solution was supposed to decompose at 795®C., while the gamma 
phase was formed by a peritectoid reaction at 800*^0. and underwent a polymorphic 
change to gamma at 738'’C. His delta solid solution corresponded approximately to 
CilSI, but had a variable composition. 



According to the dia¬ 
gram of Smith*- * the solu¬ 
bility of silicon In copper 
reaches its maximum value, 
6.7 ±0.1% silicon between 
726-782'C. At 852*0., the 
temperature of the pcritec- 
tlc formation of beta from 
liquid and alpha, the solu¬ 
bility is 5.25%, while below 
726*C. the solubility de¬ 
creases gradually to 4.0% 
silicon at 350*C. Beta 
decomposes at 782°C. to 
alpha and delta, while delta 
itself decomposes at 710*0. 
Gamma, which corresponds 
closely to the compound 
CUaSl, is formed by a peri¬ 
tectoid reaction at 726*0. 


Pig. 1—Copper-silicon constitution diagram. See text for dls- The solid solution at about 
cussion of an additional phase not shown In this diagram exist- < 19 ^ mAifa of oenon 

ing at about 6% sUlcon and between 652 and 842'C. ^2% SUiCOn meltS at 859 O. 

and suffers a polymorphic 

change between 620-558*0. It forms a eutectic with silicon at 16.0% silicon and 


802*0., and with the delta solid solution at 9.9% silicon and 820*0. 


Smith's diagram showed no horizontal at 800*0. and no phase between 9-12% 
silicon. lokibe** confirmed Matuyama’s discovery of the horizontal at 800*0. and 
ascribed it to the formation by a peritectoid reaction of a phase containing 10.6- 
10.7% silicon, which is stable between room temperatures and 800*, but which does 
not form sufficiently rapidly to produce an arrest on cooling curves. By a stu^ 
of the crystal structure of the alloys quenched from 550*0., Arrhenius and West- 
gren” independently discovered the same phase, but finding alloys quenched from 
800* to be free from it, supposed it to decompose at 620*0., corresponding to the 
heat evolution which had been attributed by Smith to a polymorphic transforma¬ 
tion in the phase at 12% silicon. The break in the conductivity curves of Matu- 
yama is so very definite that it seems probable that the higher temperature is 
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the correct one. This phase has been shown as forming at SOO^’C. in Fig. 1, which 
is believed to represent the most probable form of diagram. In accordance with the 
nomenclature of Arrhenius and Westgren, the new phase is called epsilon and the 
phase at 12% silicon (called epsilon by Smith) becomes eta. Except for this addition 
the diagram is essentially that of Smith but certain other points criticized by other 
workers should be noted. 

Arrhenius and West- 


gren further modified 
Smith’s diagram by mov¬ 
ing the beta held to a 
lower silicon range and 
changing slightly the 
limits of the gamma and 
eta phases, but their ex¬ 
periments, made with a 
limited number of alloys 
and at only two tem¬ 
peratures, do not permit 
the phases to be out¬ 
lined very accurately. 
Sautner’* was unable to 
find the epsilon phase 
and proposed a number 
of other changes in the 
diagram. Part of his dia¬ 
gram is reproduced in 
Pig. 3. He considered the 
gamma phase to extend 
up to the solidus at 
815*C. but there is no 
evidence in the other 
papers on the system to 
support this, indeed, 
Arrhenius and West- 
gren reproduce X-ray 
powder photographs 
showing clearly the co¬ 
existence of beta and 
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Pig, 2—Copper-silicon constitution diagram up to 8% silicon. Sec 
text for discussion of additional phase containing about 6 % silicon 
not shown in this diagram, and a new location of the alpha 
boundary. 


delta in samples quenched from 800 °C. 

Sanfourche and Smith supposed eta to undergo one polymorphic transforma¬ 
tion. lokibe found two transformations while Arrhenius and Westgren found no 
change in crystal structure from room temperature to the melting point. 

On account of the importance of the alpha phase, the only one which possesses 
considerable ductility at room temperature, the part of the diagram up to 8% 
silicon is redrawn on a larger scale in Pig. 2. The alpha phase boundary shown 
in this as well as in Fig. 1 is that of Smith which was generally accepted until 
Von Schwartz” stated that there was a new phase at the limit of the alpha. Sautner” 
in a more detailed study introduced this phase in the diagram at about 6% silicon 
extending from 700-830®C., where it was supposed to melt peritectically at the same 
temperature as the beta phase—a thermodynamic impossibility. In the part of 
Sautner’s diagram reprodqced in Fig. 3 his phases have been renamed in accordance 
with Pig. 1 and 2 to avoid confusion and the new phase which he calls beta is 
here labeled “X." According to Sautner the alpha boundary runs between 6.1% at 
700®C. and 45% silicon at 830’C. and decreases to 4.2% at 400°C. The new phase 
seems to be the same as that first noticed by Voce" in the ternary copper-sUicon- 
mnnennwa. system. Isawa" has confirmed its existence rfintgenographically but 
believes It to be stable at room temperatures. , . . , , 

The system is now (Nov. 1938) being reinvestigated In the wrltw’s lal^tOTy 
by microscopic and thermal methods. The beta peritectic remaii^ at ^2 C. The 
new phase has a wider range of existence than Sautner s^pected. It forms mm 
alpha and beta by a peritectoid reaction at 842®C. and contain 5.9% silicon at ttiis 
temperature. The silicon-rich 

shown for the limit of the alpha phase in 2 un^at 

phase decomposes to an alpha + gamma eutectoid. The alpha phase Mptm 

lineally from 5.30% at 842*0. to about 4.6% at 652 C. and about 3.8% at 400 O, 
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Very unusual structures are observed in the two-phase region, for the alpha and 
**X’* phases co-exist as fine twin-like lamellae and show no tendency to spheroidize 
on annealing. 



Per Cent Sthcon 


Pig. 3—Copper-silicon constitution diagram after 
Sautner. 


Crystal Structure—The crystal 
structure of all the phases has been 
studied by Arrhenius and Westgren^' 
and the alpha phase by Davey,* Bain/ 
and Kaiser and Barrett.** The last 
named investigators give the values 
in the table below for the parameter 
of the face-centered cubic lattice of 
the alpha solid solution quenched from 
725''C. Sautner believes the structure of 
the new phase at about 6% silicon 
to be hexagonal close packed, with 
ao = 2.40 A and the unit cell contain¬ 
ing 16 atoms of copper and silicon. 
This is manifestly impossible since 
such a cell is not large enough to 
contain even six copper atoms. Isawa* 
considers it to be hexagonal with 
a = 2.552 A, c/a = 1.626. According to 
both Arrhenius and Westgren, and 
Sautner, the beta phase is hexagonal 
close packed in structure, ao = 2.59 A 


c/a = 1.633. 

The gamma phase is supposed by Arrhenius and Westgren to have the cubic 
structure typified by beta manganese, and contains 20 atoms in a unit cube of 6.21 
A edge. Silicon and copper must be interchangeable in the structiure if this is so. 



Lattice Parameter 


Lattice Parameter 

% Silicon 

A. U. 

% Silicon 

A. U. 

0 

3.6078 

5.02 

3 6150 

1.09 

3.6103 

5.91 

(3 61 .'il) 

3.01 

3.6128 

6.36 

(3.6157) 


for no integral number of CU:iSi groups can be fitted in the cell. The delta structure 
oould not be determined but is apparently of a distorted gamma brass type. 

The structure of the epsilon phase, first described by Arrhenius and Westgren 
as being cubic with 76 atoms (4 groups of Cu,^Si 4 ) in a cube measuring 9.694 A edge, 
was later completely solved by Morral and Westgren** who assigned the space group 
T*d (I 4 3d). Sautner did not find a homogeneous phase in this region but ascribed 
a similar structure to the eta phase at high temperatures. 

Arrhenius and Westgren found that the eta phase had a diffraction pattern 
partly accounted for by a hexagonal structure derived from a body-centered cubic 
lattice of gamma brass type but this did not account for all lines. Sautner con¬ 
siders this to be a tetragonal body centered lattice, a = 9.21 A, c/a = 1.14. 

Silicon** has a diamond cubic structiu^, 5.418 A, parameter. Its melting point 
has recently been redetermined as 1410'’C. for metal of from 99.89% purity,** and 
Gayler** has given the temperature of 1415*0. as the melting point of a sample 
containing 99.93% silicon. 

Mehl and Barrett** have studied the mechanism of precipitation of the gamma 
phase from alpha. They find it forms in thin plates on an indeterminate family 
of planes of high indices, showing as many as twelve directions on a section. 
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Conslitulion of Copper*Silver Alloys 

By Cyril Stanley Smith* 


The copper-silver system was one of the earliest to be examined by scientific 
methods. Roberts-Austen^ determined the liquidus curve in 1875» while in 1887 
Heycock and Neville* determined a diagram which has been changed but little by 
more recent researches. Level,* on account of the fact that an alloy of 72% silver 
solidified without segregation, supposed this alloy to be the compound AgtCus, but 
later work has shown this to be a eutectic. 

The liquidus curve has been deter¬ 
mined by Heycock and Neville,* Friedrich 
and Leroux,* Hirose,** and Broniewski 
and Koslacz,** all of whose results are in 
substantial agreement. Hirose’s results on 
the silver-rich section of the liquidus are 
somewhat below those of Friedrich and 
Leroux, whose curves, agreeing closely 
with that of Heycock and Neville, are 
used in the composite diagram. Fig. 1. 

Friedrich and Leroux gave the eutectic 
temperature as 778®C. at 72% silver; 

Heycock and Neville, 779® at 71.9%; 

Hirose, 778® at 71.5%, and Broniewski and 
Koslacz, 779® at 71% silver. Roeser,* with 
a view of establishing the eutectic tem¬ 
perature definitely so that it might be 
used as a secondary standard for the 

calibration of pyrometers (for which it is admirably suited) determined the tem¬ 
perature with great accuracy and stated it to be 779.4 ± 0.1®C. Stockdale” in a 
careful study of a number of eutectics gave the composition of that in the copper- 
silver system as 71.94% silver, which value is probably the most accurate that has 
been published. 

The solid solubility limits have been determined by a number of observers, 
although with conflicting results. Friedrich and Leroux gave the composition of 
the saturated solutions as 1 and 94% silver respectively, while the results of the 
annealing experiments of Lepkowski^ were 6 and 95% silver at 750*C. The elec¬ 
trical resistance of the alloys has been determined, amongst others, by Kumakow, 
Puschin and Senkowsky,* whose curves indicate the solubility limits to be at 6.5 
and 94.8% silver respectively, in alloys which were annealed and slowly cooled. 



Pig. 


Pen Cent Copper 

1—The Copper-Silver Constitution Diagram. 


Silver-Rich Alloy»-~The observation of Fraenkel,* independently confirmed by 
both Norbury*® and Leach and Chatfield,” that sterling silver can be hardened 
by heat treatment proved that the solubility must change with temperature, and 
the investigations of Fraenkel and Schaller.'* Haas and Uno,“ Johanssen and Linde,'* 
Wienbaum,'* and Hansen*® confirm this. Fraenkel and Schaller worked principally 
with the 8% silver alloy, but they found that an alloy with only 2.84% copper 
could be age-hardened after long annealing at 280®C,, and therefore the solubility 
is less than this amoimt. Johanssen and Linde determined the electrical con¬ 
ductivity of a number of alloys after annealing both for 90 hr., at 750® and 100 hr. 
at 350®C., followed by quenching. The breaks in their curves correspond to solu¬ 
bility limits at 8.2 and 93.8% silver respectively at 750®C., and 1.7 and 97.6% 
silver at 350®C. Hirose'* gives a complete diagram in which the solubility of 
silver in copper at the eutectic temperature is shown at about 5%, and of copper in 
silver at 6%, both solubilities decreasing rapidly to a negligible amount at 600®C. 
Broniewski found the solubility limits at 779® to be 6% and 93% silver. Moller by 
electrical conductivity determinations foimd the solubility of silver in copper to 
be 6% at 728®, decreasing to 3.9% at 529®0. 

The work of Hansen'* was the first in which the solubility of copper in silver was 
determined with a high degree of accuracy. By microscopic examination of quenched 
and reannealed samples he found that the solubility of copper in silver was 9.0% 
at the eutectic temperature, decreasing to 1.7% at 300®C. By determining the 
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parameter of selected alloys quenched from a high temperature and reheated at a 
series of lower temperatures, and comparing the observed values with the curve of 

parameter vs. composition for a series of 
alloys with different copper contents 
quenched from 780®O., Ageew and Sachs^ 
were able to determine precisely the 
amoimt of copper in solution at each of 
the reannealing temperatures employed. 
They found the solubility to be somewhat 
less than Hansen showed, but their figures 
were practically confirmed by the work of 
Stockdale^ who used microscopic methods 
at high temperatures and electrical con¬ 
ductivity studies below 550*0. The agree¬ 
ment above 500* between the investiga¬ 
tions of Stockdale and Ageew and Sachs, 
which were carried out independently and 
by different methods, is so good that there 
is little doubt of the solubility at the higher 
temperatures, but below 500* Stockdale's 
figures for the solubility are somewhat 
higher, and he was unable to find a trans¬ 
formation in an alloy containing 0.79% copper. In the complete diagram. Pig. 1. and 
the larger scale reproduction of the silver comer. Pig. 2. the results of Ageew and 
Sachs have been preferred in the low 
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Pig. 2—^The silver-rich portion ot the Cop¬ 
per-Silver Equilibrium Diagram. 
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temperature ranges on account of the 
greater sensitivity of their method, while 
the curve above 500® is drawn as an aver¬ 
age curve through both their experimental 
points and those of Stockdale. The solu¬ 
bility will be seen to be 8.8% copper at 
the eutectic temperature, decreasing in a 
smooth curve to 0.3% at 200®C. The 
solidus shown is that of Siockdale. 

Copper-Kich Alloys—-The investiga¬ 
tions on the solid solubility at the copper 
end of the diagram by Stockdale* (micro¬ 
scopic and electrical resistance methods). 

Ageew, Hansen and Sacns" (X-rays), 

Smith and Lindlief* (microscopic) and 
Wiest* (X-raysi gave results which dif¬ 
fered by not more than 0.5% at any tem¬ 
perature. Owen and Rogers* give a solu¬ 
bility curve, based on lattice parameter 
higher solubility at 7U0®C. at both ends of the diagram than other investigators 

show. Surprisingly, the microscopic 
study of Smith and Lindlief gave the 
lowest solubility, although this method 
usually indicates a solubility rather 
higher than the true one. The solid- 
solubility curve shown in Pig. 1 and on 
a larger scale in Pig. 3 is drawn as an 
average through the experimental 
points of all four investigations and 
cannot be far from the true value. TTie 
solidus curve drawn is that of Smith 
and Lindlief. Stockdale's solidus curve 
is 50® higher at 7.5% silver and drops 
very rapidly to meet the eutectic ^e 
at 8.3% silver. 

Wiest, using a method similar to 


Pig. 3—The copper-rich portion of the Copper- 
Silver Constitution Diagram. 

measurements, which shows somewhat 
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that of Ageew and Sachs, outlined above, but using single>crystal wires of the alloys, 
found a solubility from lA-2% greater than in polycrystalline material, for whlob 
his results are in agreement with those of the other investigators. Doubt was thrown 
upon this opnciqidon by Schmid and Slebel," and after some controversy," WlesV* 
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attributed the result to segregation, and gave new values for the parameter of single 
and multicrystalline material which were identical. At the same time, however, he 
found differences in parameter in the two-phase zone which Indicated that the 
solubility was appreciably greater in single crystals. 

Crystal structure determinations by X-ray means have been carried out by 
Sacklowsky,'* Erdal,” Wienbaum,” Ageew, Hansen and Sachs,*^ Ageew and Sachs,** 
Megaw,*^ Wiest,® and Owen and Rogers.*® The results of Ageew and Sachs for the 
lattice parameter of the silver-rich solid solutions are shown in Fig. 4, and Ageew, 
Hansen, and Sachs’ figures for the copper end of the diagram in Fig. 5. The face- 
centered cubic lattice of silver has a parameter of about 4.078 A, a value which 
changes to 4.029 with 8% copper in solution. If an alloy is annealed at a tempera¬ 
ture where it is no longer homogeneous, the excess copper will be precipitated and 
the parameter of the parent silver lattice will increase to a value corresponding to 

that of an alloy of compo¬ 
sition equal to the solubil¬ 
ity limit at that tempera¬ 
ture, regardless of the 
amount of copper in excess. 
The curve for parameter vs. 
copper content, therefore, 
consists of a horizontal 
straight line intersecting 
the sloped parameter curve 
at a point corresponding to 
the solubility at the tem¬ 
perature of annealing. In 
Fig. 4 are shown several 
such lines, corresponding to 
various temperatures. 

Copper is also face- 
centered cubic, and has a 
parameter of about 3.608 ± 
0.001 A at 20‘’O. Additions 
of silver in solution up to 
the solubility limit at 770®C. increase this to 3.632 A. The X-ray diffraction pattern 
of alloys in the duplex range of the diagram shows lines due to both of the phases 
present, the parameters depending on the temperature at which the sample has 
been annealed and quenched, while the intensity of each set of lines will depend 
on the relative amount of copper and silver-rich phases present. 
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Constitution of Copper-Tin Alloys 

By Dr. Samuel L. Hoyt* 

The copper-tin alloys were among the earliest to be studied experimentally and 
their historical significance gives them a special place in our list of metallic alloys. 
The first systematic investigations were those of Roberts-Austen, Stansfield, and 
Campbell for the Alloys Research Committee of the Institution of Mechanical Engi¬ 
neers. This work was followed immediately by the publication of the diagram of 
Heycock and Neville, the feature of which was the use of the principles of the 
phase rule, to parallel a similar treatment by Roozeboom of the early iron-carbon 
diagram. Shepherd and Blough, in this country, and Glolittl and Tavanti in Italy 
soon followed with their contributions. It is interesting to note that this early work, 
and particularly the now classical contribution of Heycock and Neville, gives a 
satisfactory understanding of this system, though certain features were left unsettled 
which still remain controversial today. 

In 1913 the writer showed that a heat effect occurred in the alloys over the 
alpha plus gamma range (Fig. 1) at SSO'^C. which had previously been missed. 
Subsequent work by British, German, Japanese, and American investigators has 
added to our knowledge of this system, while the methods of X-ray crystal analysis 
have been applied to a study of the phases. The most recent findings are that on 
long time annealing, (a) the solubility of tin in copper decreases at lower temper¬ 
atures and (b) the delta phase, of CUnSn., changes to alpha plus eta, or Cu,Sn, 
at about 330-350^0. 

The copper-rich portion of the copper-tin diagram is reproduced in Fig. 1. 
This is essentially the diagram of Heycock and Neville^ and was laid down by 
melting point determinations and by microscopic examination of heat treated sam¬ 
ples for the determination of the fields within the solid state. The more important 
features of the constitution of this system may be listed as follows: 

(1) Tin lowers the melting point rather rapidly from 1083*^0. for pure copper 
to 795 ± 5**C. at 25% tin. Above 25*’ tin the effect is less pronounced. 

(2) The first additions of tin enter copper in solid solution to form the alpha 
or common low-tin bronzes. The amoimt of tin which is dissolved is not over 16%, 
which is the saturation concentration,’ but is much less than this for ordinary 
cooling rates. The apparent solubility is about 5% tin for chill castings and is In 
the neighborhood of 10% for slowly cooled alloys. It may be increased to more 
than this by moderate annealing operations. The pronoimced dendritic character 
of these alloys is responsible for these variations and gives the typical microstructure. 
In published diagrams there is lack of agreement for the limit of the alpha field, 
but the location is purely arbitrary \mless the saturation value of 16% is used. 
In reading the diagram given here, it is to be borne in mind that the common 
structure of low-tin bronze is definitely dendritic and that the apparent limit of 
solubility is well below that given by the vertical, dotted line at 16% tin (for a 
discussion of this line, see below). 

(3) Two peritectic reactions or equilibria occur over this range of tin at which 
new solid phases become stable with the melt. The solid phases are known as 
alpha, beta, and gamma. The alpha phase has been discussed. The beta and gamma 
phases are responsible for transformations in the solid state. Heycock and Neville 
were not able to distinguish microscopically between these two phases and this has 
been confirmed by Matsuda. 

(4) When the tin content exceeds that which is present in the alpha solid 
solution, the excess forms a typical eutectoid structure of alpha and delta by the 
eutectoid transformation, gamma = alpha plus delta. When the tin content is in 
the neighborhood of 10% or less, the delta phase can be eliminated by ordixiary 
annealing. 

(5) Over the range of composition which is covered here there is one more 
room temperature phase, the Intermetallic compound Cu,Sn. With additional tin in 
solid solution it is the phase, eta, of the diagram. This phase is polymorphic and 
transforms into gamma at 670*^0. The delta phase has been considered to be an 
intermediate solid solution, rather than an intermetallic compound, mainly because 
its physical properties did not fit the current conceptions of compounds. More 
recently X-ray crystal analysis shows that this phase must be the compound, 
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CUnSn.. The ranges of composition of the phases delta and eta are not known 
definitely. 

(6) An interesting feature of the copper-tin alloys is the partial fusing of those 
containing just above 40% tin, after having once solidified completely. 

The first 6 features have been well established and they are generally accepted. 
There are some additional features which have not been definitely settled by the 
work which has been done to date. Fortunately, for the practical handling of these 
alloys they give no difficulty from that score. 

(7) A thermal critical point was discovered by the writer, in the alloys from 
12-26% tin at 580*’C. This point has been verified by the Bureau of Standards and 
by various others since then. The- transformation which is responsible for this 
heat effect has been the subject of considerable experimentation and discussion. 
The writer found that the maximum heat effect was well towards the right of the 
alpha plus gamma field of Fig. 1. It was held that the effect was associated with 
the beta phase and he suggested the eutectoid change of beta as a possible explana¬ 
tion. However, it was not until Bauer and Vollenbruck conducted their careful 
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Fig. 1—Copper-rich portion of the copper-tin constitution diagram. 



study of this system that the construction of Pig. 1 could be held to be adeq^tely 
supported.^ The major objection to this construction has been the failure to observe 
a typical eutectoid structure but this objection is no more serious here than it is 
in the case of the corresponding situation with the eutectic which lies close to one 
of the components. Other investigators have published results which do not agree 
with the construction of Fig. 1 and have suggested different explanations for the 
heat effect at 580*0. Noteworthy among these is that of Isawa® who concluded from 
X-ray evidence that beta undergoes a change in superstructure at this temi^rature. 
This idea appears to be supported by the microstructure of these alloys but does not 
agree with what one would expect from a study of the ternary alloys with zinc 
which show a large heat effect at this temperature and a phase change.* 

(8) The gamma phase of composition Cu,Sn has been assumed to solidify over 
a range of temperature (Heycock and Neville, Shepherd and Blough) while Qiolotti 
and Tavanti, and Bauer and Vollenbruck* record a constant freezing point for this 
composition. Matsuda* likewise checked this point, as did the writer, and came 
to the same conclusion. This latter construction has been incorporated in the 
diagram, and is consistent with physical tests made on the molten copper-tin alloys 
which indicate the presence of this compoimd in the liquid state. Hamasuxni and 
Nishigori also checked this point, but concluded that it was an alloy with lower 
tin content that had the constant freezing point.* 

(9) The transformation at 580*0. involving delta has been variously explained, 
and is usual^ associated with a eutectoid or peritectoid change, or with both. 







1866 


CONSTITUTION OP COPPER-TIN ALLOYS 


In the last case, a second horizontal is shown. It is not possible to represent the 
phase relationships in this region in a way which reconciles the conflicting opinions. 
The construction shown is that used in a number of recent diagrams. 

The most drastic change in the equilibrium relations of the copper-tin alloys 
is Introduced in the diagram of Fig. 1. Owen and Iball,* Owen and Williams,'* and 
Haase and Pawlek” have shown that the alpha solid solution precipitates delta at 
temperatures above 330-350°0. and eta below that temperature. The alpha phase 
shifts its saturation concentration about as is shown by the solid line. This occiurs 
only with prolonged Rnnealing and the usual microstructure occurs in accordance 
with the statements in point (2). For this reason the dotted vertical at 16% Sn 
is used while the metastable structures are Indicated in [ ]. 

The dlfflctflties Involved in the experimental and theoretical elucidation of the 
controversial features of this system are rather great, and this accounts for the 
lack of agreement among the published diagrams. More recent work suggests that 
the diagram is much more complicated than that of Fig. 1. Referring to paragraph 9 
above, for example, Hamasumi and Nishigori* report two eutectoids and two perl- 
tectoids for that region alone and their construction was based on a careful and 
detailed study of the constitution of this system. 

The methods of X-ray crystal analysis have been used to show the atomic 
arrangement of the phases of this system. The alpha solid solution is face-centered 
cubic while the lattice parameter increases from 3.608 A for pure copper to 3.685 A 
for 15% tin alloy.' Mehl and Barrett" have shown that the tin atoms occupy posi¬ 
tions on the copper lattice, by substitution. The next phase is delta, and it has a 
face-centered cubic atomic arrangement with 416 atoms per unit cell and a lattice 
parameter of 17il2 A. This is the same structure as that of gamma brass in which 
it was flrst discovered and X-ray metallographists use the name gamma for this 
phase of the copper-tin system, and for all others of the same structure. This 
work showed that this phase is not Cu«Sn, but Cu„Sn,. The phase Cu,Sn, or eta, 
has a hexagonal close packed arrangement with 62 atoms per unit cell, a = 2.75 A, 
and c/a = 1.57. (See also reference 10.) This arrangement was flrst found in the 
epsilon phase of brass and hence this copper-tin phase, and all others of the same 
structure, have been given the common name of epsilon. The high temperature 
phase gamma has the same body-centered cubic arrangement as beta brass with 
a parameter of 2fl72 A so that this, and other similar phases, are called beta." 
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The Constitution of the Copper-Zinc Alloys 

By Arthur PhilUps* and B. M. Brick** 

With the exception of a few Isolated references to the solubility of zinc in 
copper, the literature on the copper-zinc constitution diagram offers little of signifi¬ 
cance prior to 1896 when Charpy* reported the results of a study of the microstruc¬ 
ture and mechanical properties of brasses containing up to approximately 50% 
zinc. In 1897, Roberts-Austen’ published the first complete liquidus curve together 
with the several peritectic horizontals. He also indicated a **eutectic’* at 450*'C. in 
alloys containing 25-45% zinc. In a second paper, Charpy* questioned the presence 
of the eutectic. This subject was the basis of a controversy which has persisted to 
the present day. 

Shepherd’ offered the first complete constitutional diagram which was assembled 
from data obtained by thermal and microscopic analysis. Subsequent investigators 
have made free use of this diagram. Shepherd, however, failed to find the 450*^0. 
horizontal reported by Roberts-Austen. Guillet*s’ results were essentially a verifica¬ 
tion of Shepherd’s work. Tafel* and Parravano modified Shepherd’s liquidus and 
solidus curves. Tafel also believed Roberts-Austen to have been in error with regard 
to the 450*0. hori25ontal. 

Carpenter and Edwards’ proved without question the presence of the transforma- 



Fig. I—Constitution of copper>zinc alloys. 


tion point found by Roberts-Austen and attributed it to a eutectoid inversion of 
beta into alpha plus gamma. In two later papers Carpenter,•* • offered photographic 
evidence which seemed to prove his contention that beta brass below 470°C. con¬ 
sists of alpha and gamma associated in a state of division just within the resolving 
power of the microscope. Hudson'® rejected Carpenter’s interpretation in favor of 
an explanation based on a polymorphic transformation of beta into a beta modifica¬ 
tion which could not be distinguished from beta by microscopic examination. 

Mathewson and Davidson” determined the boundary curve between the alpha 
and the alpha plus beta fields; they also indicated the curve separating the beta 
and the alpha plus beta fields on the basis of experimental results obtained in the 
Hammond Metallurgical Laboratory, but not reported in their paper. Matsuda” 
published an incomplete diagram extending from 70-30% copper, assembled from 
microscopic and physical data. A month later, Imai” presented a diagram based 
entirely on electrical resistance measurements. Both Matsuda and Imai suggested 
that the beta transformation is associated with no change of phase but consists of 
a change in atomic energy, analogous to Honda’s interpretation of the A. transfor¬ 
mation in iron. Masing,’* Heike and Ledebur,” and Andrew and Hay** publi^fiied 
none too convincing evidence in favor of the eutectoid inversion of beta. 

Genders and Bailey’’ by microscopic examination of brasses annealed after chill 
casting extended the limit of the alpha phase to a lower copper content than that 
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determined by Mathewson and Davidson; they placed the solubility of zinc in copper 
at 39% at 400^C. Their alpha limits were later confirmed by Qayler.” Haughton and 
Griffiths** by electrical resistivity measurements determined the beta transformation 
temperature in brasses containing 46-62.6% copper. Their work showed conclusively 
that the temperature became higher as the zinc concentration of brasses containing 
beta increased, as had been previously suggested by Mathewson and Davidson 
and others. 

Jitsuka” and Bauer and Hansen^ offered complete revisions of the copper-zinc 
diagram. The latter authors made a critical review of the literature and their 
diagram composed of accepted data, supplemented by a large amount of original 
work, undoubtedly represents the most authoritative work on the subject. Jitsuka 
suggested a double transformation of the beta constituent Bn. Schramm 

has investigated the peritectic temperatures and concentrations. In general, his re¬ 
sults are in agreement with the results of Bauer and Hansen. 

X-ray investigation by means of lattice parameter measurements have been 
carried out by a number of workers*** **• *••" and are in fair agreement with the find¬ 
ings by other methods. Studies of the structure of the alpha phase have been 
made by Bain;“ of the beta by Westgren and Phragm4n,** Owen and Preston,** and 
Phillips and Thelin;*® of the gamma by Bradley and Thewlis" from Westgren and 
Phragmen's data and more recently by Bradley and Gregory;** the epsilon and eta 
by Westgren and Phragmen** and Owen and Preston.** 


Table I 
X-Ray Data 


Phase 


Structure 


Lattice Constants A 


Alpha Face-centered cubic. 

Beta Body-centered cubic, CuZn. 

Gamma Cubic-low symmetry, 52 atoms/cell, CusZnM 

Epsilon Hexagonal close packed. 

Eta Hexagonal close packed. 


\ 100% Cu = 3.608 

I 62.5 Cu = 3,693 


) 

2.942 

t 

2.949 


8,837 

1 

8,874 

Saturated 

with Zn at 

j 

a,, = 2,762 

1 

Co == 4,308 


C'a = 1.560 

^ 2.6% Cu 

Zn 

J 2.6732 

2.6590 

] 4.8125 

4.9351 

L 1.8012 

1.8560 


It was believed by Straumanis and Weerts*® and von Steinwehr and Schulze*’ 
that the beta-beta prime transformation is a change in atomic distribution, probably 
from a random to an orderly arrangement. Moser,** Mott** and Sykes and Wilkinson** 
assumed the ordering to be analogous to that found in CUsAu, with copper atoms 
situated at the cube comers and zinc atoms at the cube centers. On this basis, the 
experimentally determined specific heat change during the beta-beta prime trans¬ 
formation was found to be in good agreement with the energy changes predicted 
by order-disorder theories, particularly the local ordering of Bethe. Recently Jones 
and Sykes*’ using X-rays of zinc K radiation have obtained photograms which show 
superlattice lines, thus producing the first direct evidence of an ordered structure 
in beta prime at room temperature. According to Kaminski and Kurdjumow ano^er 
transformation to a face-centered tetragonal ordered structure occurs in beta brass 
at — 14®C. The new structure, designated alpha prime, has the dimensions, a = 3.755, 
c = 3.586, c/a = 0.955. 

In Table I are compiled the most recent and probably the best data on struc¬ 
ture and the lattice constants at room temperature at the concentration limits of 
each phase. Compound forms on which the phases are based are also listed where 
known. 

The diagram of Fig. 1 has been assembled from data carefully selected from 
many of the sources previously mentioned. It is difficult to make adequate and 
detailed acknowledgments of the many investigators contributing to this diagram. 
Certain specific * statements may be made, however, relative to the selection of 
boimdary lines in the parts of the diagram containing alloys of industrial importance. 

The alpha and beta liquidus and solidus lines have been drawn from the 
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combined data of several works, particularly Parravano and Tafel. Bailey and 
Gender's work, confirmed as it has been by others, has been accepted in placing the 
alpha solubility curve. The course of the beta transformation, extending from 
453-470‘’O. from the alpha to the gamma solubility curves has been taken from 
the data of Haughton and Grifiaths. A double line extending through the beta 
field, represents a narrow B + Bj field, as originally shown by Mathewson and 
Davidson and more recently by Bauer and Hansen. The zinc-rich end of the dia¬ 
gram has been accepted as offered by Anderson, Puller, Wilcox, and Rodda.“ The 
remainder of the work has been largely derived from the results of Jitsuka, and 
Bauer and Hansen. The diagram, Pig. 1, is in good agreement with that published 
by Hansen,^^ whose recent book should be consulted for complete references to all 
work on Cu-Zn alloys up to 1936. 

Certain important concentration and temperature limits have been assembled 
in Table II: 


Table II 

Concentration Limits and Temperatures of Peritectic Horizontals 






Copper, % 

Temp., 

Alpha + Liquid. 

Beta + Liquid. 

Gamma -t- Liquid. 

Delta Liquid. 




.. 67.5-63 -61.5 
.. 43.5- -39.3 

.. 30.0-27.0-19.6 
.. 23.5-21.5-11.5 

905 

835 

697 

594 

424.5 

555 

Epsilon -f- Liquid. 




.. 12.5- 2.7- 1.9 

Eutectoid 5 7 + £. 




.. 29.5-26.0-21.5 







Concentration 

Limits at 400”C. 




Copper, % 




Copper, % 

Alpha .'.. 

Beta ... 

. 100.0-61.0 

. 64.5-50.0 

Epsilon . 

Kta r42i*n.) ... 


.... 21.5-13.5 
.... 2.66-0 

Gamma. 

. 41.6-32.5 

Eta 

(lOO^C.) ... 


.... 0.40-0 
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Constitution of Copper-NickeLTin Alloys 

By J. T. Eash* 

Investigations of the constitution of alloys of copper-nickel-tln have for the 
most part been limited to alloys of high copper content. While considerable con¬ 
troversy exists over certain features of the binary copper-tin diagram, the most 
Important being the beta and gamma transformations and the exact domain of the 
alpha solid solution at low temperatures, the'various investigations of the ternary 
copper-nlckel-tin alloys are qualitatively in agreement, with the possible exception 
of the alpha domain only at low temperatmes and the nature of the secondary 
phase in alloy? Just exceeding the alpha boundary (references 1-4). 



Pen Cent Tm Pen Cent Tin 

Fiff. 1-—The copper-tin constitution diagram. Fig. S—Constltutlon diagram tor 
nickel-copper-tin alloy with 3% nickel. Fig. 3—<Constltution diagram tor nlckel- 
eopper-tin alloy with 5% nickel. Fig. 4—Constitution diagram tor nickel-copper-tin 
alloy with 10% nickel. 

Due to the complexity of the relations existing in the ternary system, the con¬ 
stitution of the alloys of copper-nickel-tin is most readily considered from a stand¬ 
point of quasibinary sections at constant nickel levels. The equilibrium relations 
existing in nickel-free copper-tin alloys is represented in Fig. 1 which is a com¬ 
bination of the diagrams of Stockdale^^ and Bauer and Vollenbruck* and slndlar to 
the diagram presented by Hoyt on page 1364. A diagram of the equilibrium rela¬ 
tions existing in the ternary alloys through a section at 2% nickel, as determined 


*Rciearch Metallurgiit, Research Laboratory, International Nickel Co., Bayonne, N. J. 
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by Eash and XJpthegrove ’ is shown In Fig. 2. The addition of nickel causes a marked 
decrease in the solubility of tin In the alpha phase and the resiiltant separation of a 
secondary phase, theta, which has been found through the use of polarized light to 
differ from the delta phase of the higher tin content alloys. The transition of the 
beta phase to alpha + gamma, which occurs at 587*^0. in binary copper-tin alloys, 
takes place in 2% nickel alloys over a range in temperature as shown by t^e 
alpha + beta + gamma field. The beta transformation does not yield a eutectoidal 
gncture of alpha + gamn^ but is merely a change to these two phases in a step- 
Wse transition In which beta transforms to gamma which has a lower affinity for 
copper and allows the separation of alpha. The area of the beta field is smaller 
and the beta + jgamma field is wider than the corresponding areas in the binary 
copper-tin system. The Inversion of gamma to alpha + delta prime occiirs at 539^C. 
which is 19^ higher than in nickel-free alloys. The alloys of high tin content in 
the alpha + delta prime field have a eutectoidal structure while alloys in this field 
having a lower tin content (16-20%) may or may not develop a eutectoidal struc¬ 
ture dej^ndlng on the rate of cooling. A slow rate of cooling is Inducive to the 
formation of clear delta prime while a relatively more rapid rate produces the 
idpha + delta prime eutectoid. The delta prime phase is distinguished from the 
other cbnstituents by the structure observed under polarized light which Indicates 



Vig. 5—Liquidus temperatures of copper-nlckel-tlu alloys (Vesselka, Sash, and 
Upthegrove). Fig. 6—^The 300*C. Isotherm and the alpha-phase boundary at 780*C. 
(Eash and Upthegrove). 


that it is anisometrlc. The theta phase is isometric. While delta of the straight 
copper-tin alloys has thd same appearance as delta prime under ordinary micro¬ 
scopic examination, the former differs in being face-centered cubic with 416 atoms 
to the imit ceir and gives an isometric reaction under polarized light. A small 
amount of nickel is sufficient to change this cubic structure to perhaps a tetragonal 
or a hexagonal phase. 

The addition of 5% nickel produces the changes shown in Fig. 3. The llquidus 
and solidus temperatures shown in this section are a combination of the work of 
Veszelka* and Eash and Upthegrove* while the solid transformations are from the 
work of the latter only. The alpha -f beta 4- gamma domain is restricted to higher 
temperatures as the nickel is increased until at some 7% nickel the beta phase is 
no longer present and the alpha 4- gamma field then extends up to the solidus plane. 
The delta prime phase in the 25-30% tin, 5% nickel alloys is clear and not eutectoidal 
after slow cooling. 

A section at 10% nickel showing the Uquldus and solidus temperatures, as given 
by Veszelka, and the alpha phase boundary as determined byTCash and Upthegrove 
is given in Fig. 4. While the llquidus temperature is raised gradual^ with each 
addition of nickel as shown in Fig. 6, the perltectlc horizontal of the alloys contain¬ 
ing 14-25% tin is not raised appreciably until nickel additions exceed 10%. Ih 
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alloys containing up to 10% nickel the solidus horizontal remains at 800*0^ but 
the addition of 15% nickel raises it to 865*^0. The annealing of heterogeneous 
castings must therefore be carried out at temperatures below 800^C. 

A ternary diagram showing the phases existing at 300^0. (572<^F.), together with 
the alpha phase boundary at 780^0. (1436^P.) is given in Fig. 6. Due to the changes 
in solubility of tin in the alpha phase with variations in temperature, the alloys in 
the heterogeneous alpha + theta field may be age hardened. It has been demon¬ 
strated that a wide range of these alloys are subject t^age hardening, the range 
extends at least up to 40% nickel and 11% tin,^* •* • By the proper selection of 
composition and heat treatment very striking and useful properties may be secured, 
the increase in hardness and proportional limit coupled with good ductility being 
especially noteworthy. 
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Constitution of Copper-Nickel-Zinc Alloys 

T. E. Klhlgren* 

Until recent years our knowledge of the constitution of these alloys was limited 
to alloys containing up to about 20% nickel and 70% zinc, (with the exception of 
the work of Tafel In 1908 who reported the liquidus for the entire system) and 
was due to the work of several Investigators*^ •* » especially Bauer and Hansen.■ In 
1935 J. Schramm** published a comprehensive treatise presenting the results of 
thermal, microscopic and X-ray investigations of the entire system. The diagrams 
presented in this article are those of Schramm re-orlentated so that the base line 


Ni 



Pen Cent Zinc 


Pig. 1—^Liquidus temperatures In *0. copper-nickel-zinc system (Schramm'^). 

will represent the binary copper zinc alloys, since the commercially important nickel 
silvers are essentially brasses containing up to 25% of nickel. 

The liquidus surface of the copper-nickel-zlnc system Is shown in Pig. 1 and 
the constitution of the alloys at 775®0, 650®C., 25®C. in Pig. 2, 3, 4. With the 
exception of the alpha phase boundary at 400®C. (and 25®C.), Schramm** and Bauer 
and Hansen® are in good agreement on the location of the boundaries of the alpha, 
alpha -f- beta, beta, and beta -f gamma fields for temperatures up to 800®C. and 
alloys containing up to 20% nickel, beyond which nickel content Bauer and Hansen 
present no data. 

Prom Pig. 2, 3, 4, it may be seen that the face-centered cubic alpha phases of 
the binary systems Cu-Zn and Ni-Zn form a continuous solid solution, the alpha 
domain narrowing somewhat with decreasing temperature. 

The beta phase of the copper zinc system, stable below 470®C., is body-centered 
cubic and that of the nickel-zinc system, stable below 675-800®C, is of the 
Au-Cu type of tetragonal lattice and designated jSi. Schramm therefore indicates 
a two phase field in the ternary system in which and /3i are co-present. The 
area of the two-phase field is sharply restricted at 775®C., and broadens moderately, 
and shifts to higher copper contents with decreasing temperature. According to 
Schramm, nickel raises the temperature of the jS to /3* .transformation of the 
Cu-Zn binary system until it coincides with the solidus and disappears. Schramm 
does not indicate the transformation in the sections at 650 and 775®0. (Fig. 2 and 3), 
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but simply diows the phase to be shifted to higher nickel concentrations as the 
temperature is raised. 

The gamma phase is common to the entire system, the gamma phases of the 
binary systems forming a continuous solid solution. The structure is indicated as 
... - a cubic of low symmetry 

(52 atoms per cell). Bauer 
and Hansen,* Yamagucbi,** 
and Schramm^ are all 
agreed on the isomor¬ 
phism of the gamma 
phases of the Cu-Zn and 
Ni-Zn systems. 

A three-phase region 
exists on either side of 
the ^ j9i two phase 
field, between room tem¬ 
perature and some tem¬ 
perature slightly in excess 
of 650^0., the one field 
contaii^g oc, and Pu 
and the other y,p and Pu 
both of these fields ap¬ 
parently increasing in area 
and shifting to lower 
nickel contents with de¬ 
creasing temperature. At 
775‘»C., the 7 4- + A 

^ ^ 7 r> field is not indicated since 

Cu ^ ^ ^ Pi exists over a 

Pen Cent Zmc very small area and does 

Pig. 2— Constitution of copper-nickel-zmc alloys at 775®0. the P + 7 

(Schramm’M . phase field boundary. Ac¬ 

cording to Schramm’s in- 
A// terpretation, some of the 

A 13-15% nickel extrusion 

/ \ alloys might be expected 

/ \ to contain oc, P and Pi at 

\ room temperature under 

Z- \60 equilibrium conditions, al-^ 

’ / \ / \ though if such is the case 

/ \ / \ ^ I'o mention has been 

/ \ / X made of it in the Utera- 

V _Y_\ Qg % ture. At 400‘’C. the a + 

^ A A / / \ ^ P' + Pi 

cv / \ / \ /^ fo\ a shifted to beyond the 

r / \ / Y ^ ^^jK n % range of composition of 

0^ oc 7 ^ the commercial nickel sil- 

A - 7 \- 

/ \ / \ / phase relation- 

/ \ / \ / A, Ay / ships in the zinc comer of 

S&>/ \/ d'-f-y diagram at room 

/-V- 1 temperature are rather 

/\ / \ / y / / si ^ complicated, as may be 

/ \ / n 4 . a observed from Pig. 4. The 

/ \ / phase of the nickel zinc 

/_Y_ wx system designated by 

n7. S ^ Zn Schramm as delta, and 

^ possessing an hexagonal 

Pen Cent Zinc lattice, is reported to form 

«i • ^ ... .. .. aiintr. ail unbroken solid solution 

Pig. 8-oon,tituUon with the delta phase of 

the copper-zinc system 

(stable above 555®0.). At room temperature (Fig. 4) the delta field of the ternary 
£Qrstem is extremely narrow and extends to about 10% of copper. The close packed 
hexagonal epsilon phase of the copper zinc system takes up very small amounts of 


~1\ — 

/\ r/f/T^ 

L _ _ 

V ^0 9 } ^ 

Pen Cent Zinc 


Fig. S—Constitution of copper-nickel-zinc alloys at 650^C. 
(Schramm”). 
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Fig. 4--Con8tltution of copper-nickel-zinc alloys at 25‘’C. (Schramm*^). 

nickel into solid solution. Since the solubility of nickel in zinc is of the order of 
0.04%, and of copper in zinc about 0.3% (at 100®C.), the eta phase domain of the 
copper-nickel-zinc system is exceedingly small. The lattice of the eta phase is of the 
close packed hexagonal type. 
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The Ternary System Coppei>Zinc>Tm 

By H. C. Jennlson* and Cyril Stanley Smltht 

In spite of the fact that it is one of the most important ternary nonferrous sys¬ 
tems, the constitution of much of the copper-zinc-tin system remains uncerti^ 
No data have been found for alloys with more than 30% tin, or more than 50% zinc. 
The work of Hansen** * and his collaborators has, however, elucidated the structure 
of the copper-rich alloys satisfactorily and this article is largely based on their work. 

The constitution of any ternary system is, of course, related to the binary 
systems composing it, and it will be appreciated that the imcertainty in the copper- 
tin system (see article on page 1364 of this handbook) is present to an even greater 
ii extent in the ternary systems based upon it. The copper-zinc system is better 
^ established (page 1367 of this volume). The zinc-tin system has a eutectic at 9.0% 
zinc and 199‘’C. (page 1756 of this handbook). This eutectic is formed between 
zinc and tin, each with a very small amount of the other metal in solid solution. 
No other phases are present. 

The liquidus siulace (melting point) of the ternary system was first determined 
by Hoyt** ** in 1913, who also described the microstructure of the alloys and outlined 
the alpha, beta and gamma fields. Prior to this Guillet* had studied the structure 
of cast alloys in an attempt to determine a coefficient of equivalence for the substi¬ 
tution of tin in the brasses. 

The work of Hudson and Jones* established the alpha, beta, and gamma fields 
near the copper-zinc side of the diagram of 425°C. Campbell* determined the limits 
of the microstructural fields in the copper-rich alloys in the cast condition and 
after annealing at 650*’C. 

X-ray studies of the parameter and limit of existence of the alpha phase in the 
ternary system have been made by Konobejewski, Tarassowa and Stepanova.* 

Tammann and Hansen* in 1924 reported the results of thermal studies and a 
limited amount of microscopic work on the basis of which they drew a diagram 
above 50% copper, omitting the area beyond the appearance of the gamma phase. 
This work forms the basis of Pig. 1, which shows the liquidus isothermals of the 
system. Tammann’s and Hansen's lines have been displaced somewhat in the region 
from 50-70% copper and up to 10% tin, in which preference for the more detailed 

work of Bauer and Hansen* has been given. 
This latter paper, which includes a critical 
review of all earlier work on the system, 
contains an accurate experimental study of 
the limited region from 50-70% copper and 
0-6% tin. 

Liquidus Surface—The melting point of 
copper ^ decreased by addition of either 
zinc or tin, or both. The sloping liquidus 
lines in the binary systems become a sloping 
surface in the ternary model. The iso¬ 
thermal lines of Fig. 1 represent the con¬ 
tours of this surface. The heavy line 
running from 61.5% copper and no tin to 
25% tin with no zinc is the intersection of 
the peritectic surface with the liquidus; to 
the copper-rich side of this the alpha phase 
is the first to solidify from the melt, and 
on the other side, the beta phase. The sec¬ 
ond heavy line represents the other limit of 
the primary beta field, and is followed by 
gamma or uncertain phases related to those 
in the copper-tin system. 

The solidus has not been well established. According to Tammann and Hansen, 
the peritectic horizontal of the copper-tin system continues as an almost horizontal 
surface across the ternary model at a temperature of about 800^C., but rapidly 
inclines and rises to Join the copper-zinc peritectic at 905^0. in that range bdow 
about 10% tin. Practically, this means that a vertical section passing through the 



Cu ^ ^ ^ ^ 


Per Cent Zinc 

Fig.. 1—Liquidus Isotherxnals of the copper- 
Blne-tin system. 


•Deceased. tResearch Metallurgist, The American Brass Co., Waterbury, Ooiin. 



1378 


THE TERNARY SYSTEM COPPER-ZINO-TIN 


copper comer of the ternary diagram and thus representing a constant ratio of tin 
and zinc is almost identical with the copper-tin system with a distorted composition 
scale until the zinc exceeds over four times the tin content. The same applies to 
the solid phases and a eutectoid similar to that in the copper-tin system exists In 
alloy containiz^ as little as 4% tin with 38% zinc. Of course, all horizontal lines 
in the binary systems become double, usually curved, and not necessarily horizontal 
in the ternaiy system, but the displacement in this part of the present system is 
very small. 

Both the alpha and the beta phases in the two binary systems are Isomorphous— 
that is, they have the same crystal structure and form an unbroken series of solid 
solutions with each other, in which zinc can be replaced by tin and vice versa 
without introducing new phases. In the copper-zinc system the beta phase is stable 
(except for a change to a disordered structure) at all temperatures up to the melting 
point, but the corresponding phase in the copper-tin system is unstable at temper¬ 
atures below 620®O, and it is therefore impossible for the ternary beta phase to 
extend right across the diagram below this temperature. Actually the ternary beta 
plmse continues to suffer eutectoldal decomposition at almost the same temperature 
as In the binary copper-tin system until within about 3% of the copper-zinc 
binary side, when the beta boundary rapidly falls to lower temperatures, forming 
stable beta. 

The eutectoid line at 520^0. in the binary copper-tin diagram, on which beta is 
in eqziUibrium with bo^ alpha and gamma, becomes, as it extends across the dia¬ 
gram, a narrow band in which all three phases can co-exist over a small temperature 
range. This spreads to cover a wide range of temperature imdemeath the beta 
phase Just before the beta boundary descends near the zinc side of the diagram. 

These facts are represented in Fig. 2 
whkii is a horizontal section of the dia¬ 
gram at SOO'^C. This shows the maximum 
extension of the alpha phase, and is Just 
below the temperature at which most of 
the ternary beta phase has undergone 
eutectoldal transfonnation to' alpha plus 
gamma. A similar section at a tempera¬ 
ture above 520*^C. would show the beta 
phase extending right across the diagram 
in a band of width increasing with tem¬ 
perature up to the solidus, and the three 
phase zone of alpha plus beta plus gamma 
would disappear. 

The alpha phase boundary in Fig. 2 is 
that shown by Konobejewski and his co- 
workers. This is based on lattice parameter 
determinations, assiiming a plane Vegard 
surface, and, even though rather few alloys 
were used, is probably quite accurate. 

Konobejewski and Tarassowa^ had pre¬ 
viously shown that the alpha boundary in 
the copper-tin system fell to very low solu¬ 
bilities at low temperatures, and the same behavior was found in the ternary 
system. Konobejewski and Tarassowa* even found a slight decrease in solubility 
(down to 33.3% zinc at 167®C.) in the much studied copper-zinc series. The dotted 
line in Fig. 2 shows their results for the ternary system at 300‘’C. It should be 
pointed out, however, that although this line represents equilibrium conditions, 
reactions at these temperatures are so very sluggish that for all practical purposes 
the solubility should be considered as that shown at 500''C.—unless indeed the 
good elastic properties of the tin bronzes at room temperatures are due to their 
inherent Instability. 

The delineation of the gamma Held is difficult. Although gamma copper-zinc 
and delta copper-tin, both with an electron-atom ratio of 1.62, have the same type 
of cubic crystal structure and therefore could be Isomorphous, they do not seem 
to form an unbroken series of solid solutions with each other. Beyond this little 
can be said. Delta copper-tin is unstable below 380''C. and the stable phases over 
part of the ternary diagram at low temperatures, must, therefore, be alpha plus 
epsilon copper-tin or a phase derived from it by substitution of zinc for some tin 



Pig. 2~Horl2ontal section of the copper- 
zinc-tin constitution diagram at BOO^’C. 
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atoms. In the zone rich in tin in Fig. 2 the phase labeled gamma may be gamma, 
delta, both, or perhaps neither. 



Pig. 3—Portion of diagram of copper-zinc-tin alloys Pig. 4—Vertical section of copper-zlne- 
ct most importance. tin alloys containing 1% tin. 


Because of the industrial importance of alloys of the alpha beta brass type 
containing small additions of tin, that part of the diagram relating to these is 
reproduced in a larger scale in Pig. 3 taken directly from the work of Bauer and 
Hansen,’ and representing their results at 400‘’C., the lowest temperature at which 
changes can occur rapidly enough to be of practical importance. It is interesting 
to note that the solubility of tin in zinc saturated alpha at this temperature is only 
0.4% but beta contains 1.5% tin at saturation. Fig. 4, also from Bauer and Hansen, 
is a vertical section of the ternary model on a plane containing one per cent Un, 
parallel to the copper-zinc face. 
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The Physical Constaiits of Copper 


By Cyril Stanley Smith* 


JUomio weight .... 

Atomic volume . 

Crystal structure, 80*0. 

Density, 80*0. 

Density, 1083*0. (solid). 

Density, 1083*0. (llQUid). 

Melting point . 

Boiling point . 

Specific heat, 36*’C. 

Latent heat of fusion. 

Xilnear coelflcient of expansion, 20*0. 

Electrical resistivity, 20^0. 

Electrical conductivity, 20*0. 

Thermal conductivity, 20*0. 

Magnetic susceptibility . 

Electrochemical equivalent, Cu'*. 

Ou'. 

Viscosity, 1145*0. 

Surface tension, 1150*0. 

Beflectivity, X = 6500 A. 

X = 4500 A. 


.63.67 

.7.11 

.Face«centered-cublc, Ao = 3.6078 A 

.8.04 g. per ce. 

.8.32 g. per co. 

.7.03 g. per cc. 

.1083.0*0. (1981.4*P.) 

.2325*0. (4217*F.) 

.0.0918 cal. per g. per *C. 

.50.6 cal. per g. 

.16.42 X 10-« per *0. 

.1.682 microhms (cm.) 

.0.594 megmho (cm.) 

.0.023 oal./cm.Vcm./sec./*C. 

.—0.085 X l0-« 

.0.32940 mg. per coulomb 

.0.65880 mg. per coulomb 

.0.0341 cgs. units 

.1104 dynes per cm. 

.80% 

.37% 


The atomic weight figure is from the 1939 table of International Atomic Weights, 
as published by the American Chemical Society. The figures for the remaining 
properties have been selected from various sources and need a little discussion to 
indicate their probable accuracy. Where no references are given the values were 
obtained in the laboratories of the American Brass Co. 

Melting Feint—The melting point of copper is used as a secondary standard of 
temperature, the accepted value being lOSS^'C. Boeseri^ showed that on the 1927 
International temperature scale the melting point of copper as determined by ther¬ 
moelectric measurements is 20** ±0.1*’C. above that of gold, the primary standard at 
1083*’C. Any change in the value assigned to gold on the thermodynamic scale 
will apply equally to copper. 


Temperatures 

3900 5400 3600 3800 4000 4200 



%oo mo woo 20002100 2200 23002400 


Temperatures 

Fig. 1 —Vapor pressure of copper. 


4- s Oreenwood>: x s: Ruff and Bergdahl*: o s Ruff and Kdnsehak*. 

Crystal Stmctnre—Copper is face-centered cubic In structure. By measurements 
of reflections from planes of high indices and by the use of 11 different characteristic 


^Research Laboratory, TThe American Brass Oo., Watesbury, Oonn. 
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wave lengths (assuming the I.C.T. values for these) Owen and Iball" obtained the 
value 3.6076±0.0003 A at 16.6®C. Corrected to 20®O, this becomes 3.6078 A, in exact 
agreement with the value independently obtained by the precision method of Elalser 
and Barrett,^ 3.6078 ± 0.0001 A. Owen and Yates, as a result of further careful 
study, give the value at 18®C. as 3.6077 ± 0.0002 A. This becomes 3.6078, when cor¬ 
rected to 20® C. Wever and Lohrmann" studied the corrections to be applied to the 
Debye method and gave a most probable value of 3.608 ± 0.001 A. Ageew, Hansen 
and Sachs^ and Wiest^’ used planes glvmg a high angle of diffraction, and obtained 
values of 3.6081 and 3.6085±0.002 A respectively. The agreement between all the 
recent values is remarkably good. 

Density—^The standard value adopted by the International Electrotechnical 
Commission in 1913 was 8.89 g. per cc. at 20''C., which is the value used in all 
conversions of mass to volume conductivity. This figure is approximately correct 
for commercial copper, but is too low for copper containing no oxygen. Many years 
ago this laboratory found that the density at 20®C. of commercial annealed copper 
in which the principal impurity was oxygen existing in the form of Cu,0 could 
be expressed approximately by the relation 


d = 8.933 - 0.44 (100 — % Cu) g. per cc. 

The density of pure copper is certainly as high as 8.94, which is the value 
required by the crystal structure. Maier" gives a figure for the density of a ^ngle 
crystal as 8.953, and supposedly reliable figures as high as 9.0 g. per cc. have been 
reported for certain types of deoxidized copper solidified imder unusual conditions. 
Lacking further evidence the figure 8.94 will be accepted as representative of the 
density of annealed pure copper. Cold working will decrease this value by a maximum 
of 0.1%. Castings of ordinary deoxidized copper wUl have a density of 8.8 to some¬ 
what over 8.9. Tough-pitch copper will be much lower than this, but rarely below 8.4. 

Bornemann and Sauerwald* give the density of solid copper at the melting 
point as 8.32 g. per cc. The density of liquid copper at the melting point is 7.93 
g. per cc., according to Widawski and Sauerwald^* who studied the density by a 
displacement method. Above the melting point the density increases lineally v^th 
temperature until at 1600®C. it is 7.53 g. per cc. 

Boiling Point, Vapor Pressure—-The vapor pressure of copper at high temper¬ 
atures has been studied by several observers** ** *• ® whose results are summarize in 
Pig. 1. The average value for the boiling point at 760 mm. pressure is 2325®C. At 
lower temperatures the results of the various observers differ considerably and the 
curve can be regarded as only an approximation. Other data not shown in Pig. 1 
are those of Ruff and Mugdan** which agree with those of Ruff's other collaborators, 
and Bauer and Brummer** whose results, in the range 1500-1850®C., lie somewhat 
higher than those in Pig. 1. Harteck®* and Marshall, Dornte and Norton" among 
others have determined the vapor pressure from measurements of the rate of 
evaporation at temperatures below 1300®C., where the pressure is of the order 
of 10-® cm. 


c: 0/0 


Specific Heat—^In spite of the large number 
of investigators who have determined the specific 
heat of copper it is by no means easy to select 
a precise figure. At temperatures below atmos¬ 
pheric the results of Nernst,“ Euken & Werth,** 

Dockerty," Kok and Keesom, Keesom and Onnes, 
all agree almost exactly in the range where they 
overlap and the curve shown in Pig. 2 is drawn 
through their results which are indistinguish¬ 
able at the scale of plotting. 

Agreement above room temperature is as 
poor as agreement of the low temperature results 
is good. No single investigation seems to be reli¬ 
able for the range between 0 and 1083®C. The 
most probable curve, drawn in Pig. 3, passes 
closely through results of Bronson, Chisholm 
and Dockerty,” Seekamp** and Schubel,” up to 
about 300®G. and above uiis point follows Jaeger, 

Rosenbohm and Bottema, whose results above 600®C. are closely checked by Esser, 
Averdieck and Grass.*® The specific heat of copper in the liquid state is given by 
Esser, Averdieck and Grass as 0.11 cal. per g. per ®C. Umlno reports 0.12 while WUst, 



0 50 /OQ t50 200 250 m 

Temperature, *Kelvin 

Fig. 2—Specific heat of copper at low 
temperatures. 
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Meuthen and Durrer consider the specific heat to vary from 1.0-l.S cal. per g. per 
*C. between 1110 and ISOO^'C. Esser*s figure, the most recent, has been used In con¬ 
structing Fig. 2 and 3. 

The precise measurements of Griffiths 
and Griffiths^ and Harper* in the nelgh- 
tohood of room temperature agree with 
the curve shown in Fig. 3. The average 
falue of Bronson and his collaborators,*' 

I>ockerty,** Griffiths and Griffiths,* and 
Harper* at 25*C. is 0.0918 cal. per g. per 
*C. which is adopted for the table of data. 

Latent Heat and Heat Content—Wlist 
and his collaborators* give 40.97 cal. per g. 
as the latent heat of fusion of copper. 

This is evidently a typographical error for 
their tabulated experimental data show a 
difference of 50.97 cal. per g. between the 
heat contents in the solid and liquid states 
at the melting point. This revised figure 

agrees with that of Umino (49.94) and Esser, Averdieck and Grass (50.9). The 
average of these three values, 50.6 cal. per g., is probably very near the true one. 



200 400 600 SOO tOOO 1200 
Temperature, *C. 

Pig. 3—Speciflo heat of copper at high tem¬ 
peratures. 
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The heat content curve, Pig. 4, is not taken directly from any experimental 
work but is calculated on the basis of Fig. 3 and the above latent heat. The curve 
is believed to be more accurate than any single published work, for those who have 
studied the high temperature heat content have usually extrapolated to room tem¬ 
peratures with too high results for the specific heat. Although Umino® and WUst, 
Meuthem & Durrer* are frequently quoted, their results are not in close agreement 
either with each other or with other data. Esser’s curve agrees closely with Pig. 3 
although the derived specific heat values at low temperatures are too high. 

Linear Coefficient of Expansion—The linear coefficient of expansion of a hot 
rolled rod containing 99.968% copper has been determined by Hidnert,'* who gave 
the following equation to represent his results between 16 and 300®C.: 

Lt r= U(1 + 0.00001633t + 0.000000004831*). 

This corresponds to a value of the instantaneous expansion coefficient at 20**C. 
of 0.00001642, which value is adopted as the most probable. 

Uflelmann's*® results are not greatly different from these, Eucken and Dannohl*® 
determined the coefficient up to 825®C. and gave an equation from which the values 
in the following table were calculated. 

Wilson and Davey** give the total expansion between 57 and 1083”O. as 0.0260 
cm. per cm., corresponding to an average coefficient of 24.62 x 10^. The total expan- 
^n from absolute zero to the melting point was found by Haring and Davey" to be 
3.01% of the length at O^K. 
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Linear Coefficient of Expansion of Copper* 


Z«lnear CoelDclent of Expansion 
X per *0. 

Temp., *C. Average (0*C.-T) Instantaneous 



0 

15.89 

15.89 


80 

15.97 

16.07 


26 

16.00 

16.12 


50 

16.12 

16.37 


100 

16.37 • 

16.90 


200 

16.93 

18.16 


300 

17.58 

19.64 

; 

400 

18.30 

21.35 

t. 

500 

19.10 

23.29 

* 

600 

19 98 

25.48 


700 

20.94 

27.89 


800 

21.96 

30.54 


Cold working may Increase the coefficient of thermal expansion by as much 
as 2%.“ 

The coefficient at low temperatures has been studied by DorseyKeesom,* and 
Buffington and Latimer.'^ A smooth curve drawn through their results gives the 
following approximate average values of the instantaneous temperature coefficient: 


Temp. 

•C. -K. 

Instantaneous 

Coefficient of 
Expansion x 10-* 

Temp. 

•C. -K. 

Instantaneous 
Coefficient of 
Expansion x 10** 

—223 

50 

4.4 

—123 

150 

13.4 

—198 

75 

7.7 

—73 

200 

15.0 

—173 

100 

10.1 

—23 

250 

16.0 


Electrical Resistivity—The International Annealed Copper Standard, adopted in 
1913 to represent the average of high grade commercial conductivity copper, has a 
resistance of 0.15328 ohm (m. g.) at 20**C. This is equivalent to a resistivity of 1.7241 
microhm (cm.), and a conductivity of 0.5800 megmho (cm.). 

Occasional values for the mass conductivity as high as 102.8% Intematioiial 
Annealed Copper Standard have been reported. However, the highest value ob¬ 
tained by The American Brass Co. on a large number of samples of annealed com¬ 
mercial copper since 1921 is 101.90%. Absolutely pure copper would probably have 
a conductivity about 1% higher, but this value has been accepted in the present 
tables since it represents the highest authentic determination. Using 8.94 g. per 
cc. as the density, this is equivalent to a volume conductivity of 0.5943 megmho (cm.), 
or resistivity of 1.682 microhm (cm.). If the standard value of 8.89 is used for 
the density the conductivity is 0.5910 megmho (cm,), but for the reasons stated 
above pure copper undoubtedly has a density higher than this. 

The International Standard value for the constant mass temperature coeffi¬ 
cient of resistivity is 0.00393 per ®C. at 20®C. Burgess^ made an accurate determina¬ 
tion of the coefficient between 0 and 150*^0. and gave the following equation: 

Rt = Ho (1 + 0.004115U — 0.0000019988tS). 

The resistivity of copper at high temperatures has been determined by both Nmrth- 
rup” and Tsutsumi,* whose results agree well. Northrup’s results are reproduced in 
Pig. 5. 

The electrical resistance of single crystals of copper seems to be little differait 
from polycrystalline material of equal purity.(“’ “) 

Thermal Conductivity— Lees* gives the thermal conductivity of copper at 25*C. 
as 0.915 cal. per sq. cm. per cm. per sec. per ®0. Schofield* determined the con¬ 
ductivity of a sample of copper with 99.6% electrical conductivity. Interpolation 
of his results gives the values in the table on the next page. 

Smith,* working with very pure copper of 101.66% electrical conductivity, ob¬ 
tained the value of 0.941 ± 0.005 cal. per sq. cm. per cm. per sec. per *0. at 
the temperature coefficient being —0.000041. This value for the temperature ooeOU 
dent is probably too low. A carefully weighted mean of all the results publiOhed 
since 1900 is 0.9225 cal. per sq. cm. per sec. per **0., and the corresponding average 
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electrical conductivity is 99.6% International Annealed Copper Standard. This is 
the value given in the present table, although very pure copper would certainly 
have a conductivity about 2% higher than this. 


Temperature, ^F. 
eOO 1600 2400 



0 400 600 1200 1600 

Temperature, °C. 


Fig. Effect of temperature on electrical resistivity of copper (Northrup). 


Temp., Thermal Conductivity Temp., Thermal Conductivity 

•C, eal/em*/cm/8eo/*C. Watts/cmVcm/*C. *0. cal/cmVcm/8ec/*C. Watt8/cm»/cm/«C. 


0 

o.oia 

3.83 

300 

0.870 

3.68 

so 

0.910 

3.81 

400 

0.867 

3.63 

100 

e.90i 

3.77 

600 

0.856 

3.58 

aoo 

0.800 

3.73 

600 

0.845 

3.46 


Angell** gives the conductivity at lOOO^C. as 0.80 cal. per sq. cm. per cm. per 
sec. per •C. Grdneisen and Goens** give the conductivity at —190 and —250®C. as 
1.33 and 21 cal. per sq. cm. per cm. per sec. per ®C. respectively. 

The thermal conductivi^ of single crystals of copper is somewhat higher than 
polycrystalline material, although the electrical conductivity is approximately the 
same. Kannaluik and Laby*^ obtained the value 0.989 cal. per cm.* per sec. per *C. 
at 19.4”C. for a single crystal grown by the Bridgman method. 

The ratio between thermal conductivity and the product of electrical conduc¬ 
tivity and the absolute temperature is approximately constant. 

Magnetic Properties—Honda** and Owen** have determined the susceptibility of 
copper containing 0.008 and 0.0004% iron, the values being —0.086 x 10-*, and 
—0.085 X 10** respectively. Endo** gives the susceptibility of solid copper at 1080*C. 
as —0.077 X 10** and liquid copper at 1090** as —0.054 x 10**. The susceptibility of 
a sample of copper measured by Haas and VanAlpen increased from —0.086 x 10** 
at 6®C. to -0.097 x 10^ at 14 to 20®K. (-259® to -253*^0.). 

Watase** found the diamagnetic susceptibility of copper to be Increased by elastic 
stress. The susceptibility also increases with decreasing particle size, the effect 
becoming very marked below an average diameter of 1 according to the work 
of Rao.** 

Bitter** found the susceptibility of an impure paramagnetic sample of copper 
to increase when stretched, although annealing restored the original value. Honda 
and Shimizu** found a change from the diamagnetic to the paramagnetic state (sus¬ 
ceptibility —0.083 X 10“* to +0.06 X 10-*) when the samples were compressed, and 
a return to the original value on annealing at 250*C. or above. Banta** failed to 
confirm this change, but later work of Lowance and Constant** and Kussmann and 
Seemann** proved without doubt that the diange was real. Kussmann and Seemann 
suggested that it was due to the precipitation of iron due to cold work, for the 
solubility of iron in copper at room temperatures** is of the order of 6 x 10-”. 
They found the susceptibility after cold working to be dependent on the iron content 
even in the small amounts present in commercially pure copper (about 0.0001%). 
The susceptibility of annealed material is independent of field strength but after 
cold work it decreases as the field strength is increased. Shimizu** showed that 
copper actually becomes more diamagnetic on cold working if the values of the 
susceptibility are extrapolated to infinite field strength to eliminate the effect of 
ferromagnetic impurities. There is little doubt that Kussmann and Seemann*s pre- 
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cipitation theory is correct, but it is probable that the effect will be partly dependent 
on the prior treatment of the copper. 

Single crystals of copper are magnetically isotropic (Montgomersr*). 

Electrochemical Equiyalent—Taking 63.57 and 107.880 as the atomic weights of 
copper and silver respectively, and 1.118 mg. per coulomb as the equivalent of 
silver, the electrochemical equivalent is 0.3294 mg. per coulomb for bivalent (cupric) 
copper and 0.6588 mg. per coulomb for monovalent (cuprous) copper. 

Viscosity-—Blenias and Sauerwald^ determined the viscosity coefficient of molten 
copper by observing the rate of flow through* a capillary tube. At 1145*0. the coef- 
flcient is 0.0341, and at 1189*0., 0.0329 cgs. units. The results do not vary uniformly 
with temperature and are probably accurate only to within ± 0.002 units. 

Surface Tension—Smith," Llbman," and Drath and Sauerwald* give values for 
the capiUary constant (mm*) at 1150*0. of 28.8, 30.8 and 28.81 respectively. Using 
Widawski and Sauerwald’s value for the density (7.89 at 1150*0.), these values 
correspond to a surface tension of 1113, 1190, and 1113 dynes per cm. Elrause and 
Sauerwald" give the following values: 


Temp., 

•c. 

Surface Tension 
Dynes per om. 

Capillary 

Constant 

(mm*) 

Temp., 

•C. 

Surface Tension 
Dynes per cm. 

Capillary 

Constant 

(mm*) 

1140 

1120 

28.35 

1260 

1193 

30.83 

1160 

(1127) 

(28.68) 

1500 

1226 

32.01 

1200 

1160 

29.70 

1336 

1261 

32.84 


The temperature coefficient of the surface tension is given as -f0.66 which Is 
remarkable both for its high value and because it is positive. Libman does not 
conflrm this. Krause and Sauerwald seem to have used a very high density 
(8.04 at 1150*0.) in converting their experimental capillary constant values to 
surface tension, and if Widawski and Sauerwald’s value is us^ the surface tension 
becomes 1104 dynes per cm. at 1150*0., which is probably not far from the correct 
value. 



Fig. 6—ReOectlvlty of polished copper (Hagen and Rubens). 


Optical Properties—The optical properties of polished copper have been studied 
by Hagen and Rubens,** Tool*' and Tate.** Some of Hagen and Rubens’ values for 
the reflectivity are reproduced in Fig. 6. The sharp increase in reflectivity at 5700 
A.U., responsible for &e red color of the metal, will be noticed. 

The relative emissivlty of solid and liquid copper was determined by Stubbs^ 
who obtained the following results: 



Xmlsslvlty % 


Bmlsslvity % 

Wave Lmigth, 

Solid. 1000 

Liquid, 1126 

Wave Length, 

Solid, 1000 

Liquid, 1U8 

A 

•C. 

•C. 

A 

•c. 

•c. 

7000 

8.7 

11.8 

6600 

31.3 

29.3 

8600 

11.2 

14.8 

6000 

40.4 

38.7 

8000 

18.6 

20.6 





These results agree well with those of Burgess,** and with the values oalcuiatid 
from the reflectivity flgures. 
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Mechanical Propertiea—Although commercial copper regularly contains over 
99^% copper, it is very difficult to give definite values for the tensile properties 
of absolutely pure copper, since even minute amounts of impurities have consider* 
able effect. Hanson, Marryat and Ford” give the following figures for rolled and 
annealed copper rod, % in. dia., containing 0.015% oxygen and about 0.005% iron 
as the sole detectable impurities. 


Tensile strength.31.790 psl. 

Blongatlon (L = 4VA). 68.0% 

Reduction of area. 72.8% 


The tensile strength of copper varies considerably not only with the composi* 
tion but also with the mechanical and thermal treatment to which it has been 
subjected. This is described in more detail in the article on Commercial Copper 
in this Handbook. 

Large crystals of copper may be grown by a process of critical straining and 
annealing, or even by hot roiling under suitable conditions of temperature, rate 
and amount of reduction, but such crystals are always heavily twinned and are 
not suitable for the study of the properties of single crystals. By progressive 
solidification from the molten state untwinned crystals of copper are obtainable 
and the mechanical properties of these have been studied by Elam” and by Odler 
and Sachs.” According to the latter workers, the yield point in tension depends 
on the orientation of the crystal in relation to the stress but corresponds to a 
definite shear stress of about 570 psi. on the 111 plane most favorably placed for 
slip. Slip is confined to this plane until the crystal has rotated sufficiently to bring 
another 111 plane to make an equal angle with the direction of stress, when slip pro* 
ceeds along both planes simultaneously, the crystal orienting itself with the 121 axis 
parallel to the direction of the stress. 
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Properties of Commercially Pure Copper 

By H. C. Jennlsont and Cyril Stanley Smith* 

In the article on the Physical Constants of Copper, page 1380, are given the 
properties of the substantially pure element. Many of the figures were actually de¬ 
termined on good grades of commercial copper, which is always of high purity 
except for the presence of oxygen and does not differ greatly in many of its prop¬ 
erties from absolutely pure copper. The present article discusses the various grato 
and forms of commercial copper and their mechanical properties, together with the 
infiuence of the various impurities or intentional additions that are often en- 
coimtered and the effect of such mechanical and heat treatments as are customarily 
given. 

Grades and Composition—The principal grades of copper at present in use in 
the United States are Electrolytic, Lake, Lake Arsenical, Casting, Deoxidized, and 
various forms of oxygen free copper. By far the greatest amount of copper used in 
this country is electrolytic. In England an additional grade known as **Best Select** 
is used for many piuposes. Both the American Casting copper and the English 
Best Select are fire refined and contain more impurities than the electrolytic gr^es. 
Statistics regarding the production of the various grades of copper are given in 
the article on Copper Industry, page 1339, and are annually published by the Ameri¬ 
can Bureau of Metals Statistics. 

Typical compositions of some of the principal grades of copper are given in 
Table I. 

Table I 

Typical Analyses of Copper 


Electrolytic Electrolytic High Oxygen 



Cathode 

Wire Bar, 

Wire Bar, 

Elements 

Copper* 

U. S.* 

Chile* 

Ag . 

. .0.0001 

0.0001 

0.0001 

O . 

. .0.0000 

0.0350 

(0.032) 

8 . 

. .0.0032 

0.0021 

0.0023 

Pe . 

..0.0010 

0.0026 

0.0037 

As. 

..0.0002 

0.0009 

0.0005 

Sb. 

. .0.0005 

0.0009 

0.0004 

Bi . 

..0.0000 

0.0000 

0.0000 

Pb. 

..0.0003 

0.0014 

0.0002 

Nl . 

..0.0013 

0.0021 

0.0005 

8e and Te.... 

p . 

..0.0000 

0.0002 

0.0006 

SI. . . 

Recrystallization, 

) 

200 


temp, (approx.) 

1 • • • • 


Conductivity, % 
(approx.) 

1 102 

100.6 

101.0 


Conductivity, Arsenical. Phosphorized Free 
Lakef Lakef Copper* Copperl 


0.03 



0.002 

0.0420 

0.0400 

0.0000 

0.0000 

0.0015 

0.0015 

0.0016 

0.0025 

0.0025 

0.0025 

0.0013 

0.0015 

0.0025 

0.04 

0.0005 

0.0008 

0.0005* 


0.0010 

0.0028 

0.0000* 


0.0000 

trace 

0.0006* 


0.0003 

0.0004 

0.0015 

0.0015 

0.0016 

0.0016 

0,0000* 


0.0032 

0.0031 



0.020 

0.0000 




0.0015 

350 

350 


275*C. 

100.0 

88 

80 

100.5 


*AmericBn Brass Co. analyses, 
tAnalyses given by Lovell and Kenny.*. 
iAnalysis given by Webster, Christie, and Pratt^. 


Electrolytic Copper—Electrolytic copper, as its name implies, is produced by 
electrolysis from relatively impure fire refined anodes or deposited director from 
a solution containing copper leached from the ore. About 23% of the cathodes 
produced are sold as such and are used in the manufacture of copper alloys, but 
the greater proportion of the electrolytic copper of commerce is remelted or “refined**. 
The latter process comprises the well known operations of oxidation to remove 
sulphur and other elements adsorbed on the cathodes or absorbed during melting 
and poling with green wood poles, which reduces the oxygen content to the correct 
amount. By electrically melting cathodes under proper conditions it is possible to 
avoid contamination by sulphur or gases and to pour tough pitch copper directly 
with no delay due to flapping and poling operations. This process has been made 
continuous. Electrolysis is necessary in the production of high purity copper only 
in the presence of objectionable impurities in the ores which cannot be removed 
by fire refining, or when, as is frequently the case, the extraction of precious 
metals contained in the blister copper more than pays for the cost of electrolytic 
separation. Much copper that is equal in quality to electrolytic metal is made from 
high grade ores entirely by fire refln^ operations. 


tDeceased. ^Research Metallurgist, American Brass Co., Waterbury, Conn. 
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Wire bar or ingot copper contains from 0.01-0.07% oxygen, usually about 0.04%. 
It Is usual to Judge the quality of tough pitch copper by the appearance of the 
*'set surface*’ (the top surface of the casting exposed to the air during solidifica¬ 
tion), and an Important part of the art of the refiner lies in balancing the oxygen 
and gas contents of the metal so that the gas liberated by reaction during solidifi- 
eation exactly balances the normal shrinkage which would occur due to the differ¬ 
ence in density between liquid and solid copper. The correct set of tough pitch 
copper is approximately level with shallow wavy furrows regularly spaced over 
the surface. Copper with a rough convex surface is ’’overpoled” which indicates 
usually too little oxygen and always too much gas or sulphur. A concave, depressed, 
surface results from a high oxygen content under normal conditions of pouring. 
The set surface is modified by the dimensions and shape of the casting. 

The density of cast tough pitch copper is 8:4-8.7 g. per cc. depending on the 
shape of the casting and the proportion of set surface. This density corresponds 
to the presence of about 3-5% of voids or gas holes, which in properly refined copper 
are small and distributed uniformly throughout the cross section of the casting. 
They are completely closed up during rolling. After working and annealing to 
produce maximum density, copper containing about 0.03% oxygen has a density of 
about 8.92, but this depends on the oxygen content. 

Lake Copper—Lake copper, which constitutes about 10-15% of the United States 
output derives its name from its origin in the Lake Superior region. It is not elec- 
trolytically refined, but is of high purity and if free from arsenic has an electrical 
conductivity equal to that of electrolytic copper. It differs from electrolytic copper in 
that it may contain small amounts of silver or arsenic. When arsenic is desired it 
may vary from 0.04-0.3% or even higher to suit the purpose for which the copper is 
Intended. Arsenical and argentiferous coppers are not infrequently made syntheti¬ 
cally from electrolytic copper. 

Deoxidized Copper—Deoxidized copper is made by adding a strong reducing 
agent such as phosphorus or silicon to molten tough pitch copper, either to a ladle 
of metal removed from the refining furnace or to a crucible charge of remelted 
copper. The function of the reducing agent is to remove the residual oxygen pres¬ 
ent in all tough pitch copper. Deoxidized copper always shrinks deeply, forming 
a ’’pipe” that must be discarded or eliminated by feeding with molten metal. It 
^ould have a density of 8.8-8.9 g. per cc. or higher. 

Deoxidized copper usually has a compara- 

r-,—^—r~-:-—- tively low electrical conductivity on account of 

ofArea residual amounts of the deoxidizing element. 

Q • I I When a high conductivity is required, calcium,* 

S ^ I : lithium,* calcium boride or beryllium is some- 

'b 'y^ns//e~^ times employed as a deoxidizer. A commercial 

I Stnenath -grade of phosphorlzed copper Is available, made 

— 1 __^—I—P_|—-under controlled conditions so that the residual 

20 - ^zEJonoationin2in- phosphorus content is below 0.005% and the 

Y_ 1 I I _L_ conductivity will meet A.S.T.M. specifications 

0 II I I M.It I I for high conductivity copper, although it is fully 

Soft 20 40 60 60 deoxidized. 

Reduction byDnemng, % Oxygen-Free Copper—Oxygen-free copper is 

Pig, 1 —Characteristic drawing curves a commercially pure copper made by casting 

of tough pitch copper. under conditions which prevent absorption of 

oxygen. Its conductivity is equal to that of 
tough pitch copper. A process has recently been introduced for continuous casting 
in which copper is withdrawn through a die and more molten metal introduced 
at the same rate that it solidifies. It is reported that the directional solidification 
results in unusually high density. Another new variety of oxygen-free copper is made 
by compressing broken brittle cathodes in a reducing atmosphere when hot and 
extruding them to bars without melting. All these methods have for their object 
the conversion of the copper cathodes with a minimum of contamination into a form 
lit for further work. 

Both deoxidized and oxygen-free copper are used for applications where the 
presence of oxygen is harmful, as for example when a copper of exceptionally high 
ductility is reqidred, when the copper is to be welded, or when it has to be heated 
in a reducing atmosphere. The absence of oxygen increases ductility particularly as 
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enhances the capacity for undergoing severe cold working operations. The hot 
ductility of tough pitch copper decreases to a minim um at temperatures ranging 
about 500®C. but in phosphorized copper this is much less marked.** 

Gassing of Copper—When copper containing oxygen Is heated for a sufficient 
time in a reducing atmosphere at temperatures above about 400*^0. it becomes 
severely embrittled. Deoxidized or oxygen-free copper is not embrittl^ under the 
same conditions. This effect, which was first adequately described by Dick" in 1856, 
is due* to the reaction between copper oxide and the reducing gases, which diffuse 
into the solid copper more rapidly than the gaseous reaction products can escape. 
The local high pressures developed actually blow the copper apart at the weakest 
points, which, at the temperatures considered, are the grain boundaries. A very 
slightly reducing atmosphere will cause trouble, as for example that resulting from 
traces of oil or even from the presence of steel on heating in a closed space. Such 
embrittlement never occurs during the fabrication of copper under proper conditions 
but is sometimes encountered when copper is employed in locations where a reducing 
atmosphere is unavoidable. In this case, deoxidized or oxygen-free copper should be 
employed, but it should be noted that when either deoxidized or oxygen-free copper 
is heated in an oxidizing atmosphere diffusion of oxygen will occur with the effective 
removal of the deoxidant in the surface layer and it is therefore important to avoid 
prolonged alternate treatment in oxidizing and reducing gases. Copper deoxidized in 
different ways differs considerably in its susceptibility to embrittlement by such 
treatments.* 

Forms of Commercial Copper—Copper for remelting or alloying is sold In the 
form of cathodes, ingots, or “warmer bars”. Commercial copper for rolling, with 
which this article is primarily concerned, is cast in the refinery in the form 
of wire bars, cakes, slabs, and billets of well defined standard shapes ftTid weights. 
These castings are usually made directly from the refining furnace on a casting 
machine and are made in open molds of copper with the surface of the metal ex¬ 
posed to the air. 

Wire bars for rolling to rod and drawing to wire customarily weigh 200-300 lb., 
although larger and smaller sizes are frequently cast. A 300 lb. bar is 54 in. long, 
4% in. high and tapers from 4 in. wide at the bottom to 4% In. wide at the top. 
Both ends of the bar are usually pointed to facilitate rolling. The bars are cast 
horizontally and the top surface is exposed to the air during casting. Sometimes 
the oxidized set surface is removed by milling, or a special vertically cast wire bar 
with the set surface on the end may be used. 

Cakes and slabs are used principally for rolling to sheet. They are approxi¬ 
mately rectangular in section and of various shapes and sizes according to the 
product being rolled. In many cases they are poured on edge (“wedge cakes”) or 
on end so that the set surface is on an unimportant part of the product being 
rolled, or may easily be trimmed off. 

Billets are round bars cast on end. These may be from 2-10 In. dla. and vary 
in weight from 75-750 lb. They are used principally for piercing in the manufac¬ 
ture of seamless tubing and are usually of deoxidized copper. Some billets are 
used for extruding in the manufacture of rods and various shaped sections. 

In addition to the cast shapes mentioned above and many special cast shapes, 
copper may be obtained for engineering uses in a wide range of semifabricated forms 
such as rod, bars, wires, tube, plate, and sheet, extruded and rolled sections of 
innumerable shapes and sizes. 

Table n 

A.S.T.M. Specification Values for the Tensile Properties of Copper Wire 


Dla, 

--Hard Dra' 

Min. 
Tensile 
Strength, pel. 

vn Wire-- 

Min. 

Elongation 
on 60 in.. % 

4—^Medium Dri 
Tensile 
Strength, psl. 
Min. Max. 

iwn Wire—. 

Elongation 
on 60 in., % 

<-Soft V 

Max. 
Tensile 
Strength, psL 

7lre -- 

Min. 

Elongation 
on 60 In., % 

0.460 .... 


3.75 

42,000 

49,000 

3.76 

36,000 

35 

0.204 .... 

. 60.100 

1.24 

48,330 

55,330 

1.25 

37,000 

30 

0.128 .... 


1.02 

49,660 

56,660 

1.08 



0.081 .... 


0.94 

51,000 

58,000 

1.00 

38,500 

26 

0.040 .... 

. 67,000 

0.85 

53,000 

60,000 

0.88 



S3ectrlcal 

resistivity 








(max.) ohms per 

m.g. 910.16 905.44 


691.58 


Blectrioal resistivity, 
microhm per c.m. 


1.7837 


1.7S64 


1.7930 
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Rolling--Copper is malleable 
at any temperature up to about 
1050*C. The normal temperature 
for starting the hot rolling of 
copper for wire rod or sheet is 
about dSO^'C., and the finishing 
temperature may be as low as 
400°C. The temperature of roll¬ 
ing is less important than that 
for other hot working processes, 
for example piercing or extrud¬ 
ing, in both of which the tem¬ 
perature of the billets must be 
closely controlled. When heating 
tough pitch copper for rolling, 
annealing, or for any other pur- 


o ^oo 400 600 600 1000 perature of the billets must be 

Annealing Temp,, ^C, closely controlled. When heating 

Fig. S—Effect of sUver on annealing of copper tOUgh pitch COpper for rolling, 
(0.05 in. sheet). (Bassett and Davis.) annealing, or for any other pur¬ 

pose it is important that the furnace atmosphere be maintained neutral or oxidizing 
to avoid the action known as “gassing,” which produces severe cracks in the surface.* 
Sheet copper is sometimes used as it comes from hot rolling, but it is more 
commonly employed after it has been cold worked to increase its hardness and 
tensile strength. The tensile strength of hot rolled or annealed copper is about 
30,000-36,000 psi., but this can be increased to almost 70,000 psi. by extensive cold 
working; this, however, is at the expense of some ductility. 


Fig. 1, taken from the paper by Webster, Christie, and Pratt,shows the variation 
of the tensile properties of tough pitch copper as it is cold worked to an increas- 
mg extent. The tests were made on wires drawn from 0.5 in. to successively decreas¬ 
ing diameters and show clearly the hardening effect due to cold working. Table II 
gives the AJ3.TJM. specifications^ for wire of different diameters and indicates the 
range of properties normally obtainable in commercial copper wire. It is not practi¬ 
cal to perform extensive cold work on the larger sizes of wire, and for this reason 
the strength decreases as. the section of the cold drawn wire increases. Cold rolling 


has a similar effect in increasing the strength and decreasing the ductility of 
copper sheet or strip. 

The importance of several factors in affecting the change of properties during 
the cold working and annealing of copper has been studied by Mathewson and 
Thalheimer,* Caeser and Gemer,*® Webster, Christie, and Pratt,”* ^ and others. 


The increased hardness and strength due to cold work may be completely re¬ 
moved by annealing at a temperature above the “recrystallization temperature”. 
This temperature is affected by the presence of even small amounts of impurities, 
particularly silver, antimony, and arsenic, and varies both with the amount of 
cold work which the copper has undergone and the length of the annealing opera¬ 
tion. A curious fact is that in spite of its high purity the reCrystallization tempera¬ 
ture of “oxygen-free” copper is higher than ordinary electrolytic tough pitch copper.* 

The different behavior on annealing of an electrolytic and a Lake copper with 
different silver contents is shown clearly in Fig. 2 (Bassett and Davis^*). The two 
grades of copper are not greatly different in properties either in the worked condi¬ 
tion or when fully annealed, but the temperature at which the rapid decrease in 
strength and increase in ductility occurs is different for the two grades. 

Under extended periods of annealing perfectly pure copper will recrystallize 
at about 212*'F., but the impurities in commercial copper usually prevent substan¬ 
tial softening at this temperature. In cases where slightly elevated temperatures 
are to be encountered in service and the superior properties due to cold working 
are desired, the importance of selecting a gprade of copper with high recrystalllza- 
tion temperature will be obvious. The most common of such applications are for 
parts to be tinned or soldered, for engraver’s plates, and, to some extent, for fire 
box plates and stays. For these purposes Lake copper or a natural or synthetic 
antimony or silver-bearing copper should be used. 

Under normal conditions rolled copper will have small grain size (about 0.02-0.05 
mm. dia.) and will not possess any marked directional properties due to a preferred 
orientation resulting either from cold working or from annealing. Under certain 
highly critical conditions of hot rolling large grains may form, and after extensive 
cold working considerable difference in properties in different directions may result. 
This becomes more pronounced on annealing at the high temperatures, but it Is 
not a characteristic of correctly fabricated material. 
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After a careful study of all published values, Qillett^ concludes that the endur¬ 
ance limit of annealed commercial tough pitch copper rod is about 10,000 psi., as 
Silver, Pen Cent ' measured by the rotating beam test. Cold 

0 0.054 0068 0105 0}^:^ Working increases this to values as high as 

S. OQ r ” ■ - - 1 —I—pn o/r 20,000 lb. Tests show that 15,000 psL is a con- 

J 400 servative value for commercial tough pitch 

jjjP- copper In the cold drawn condition, but this 

- r/on I QOQ will be changed by the presence of impurities, 

g 500 Reduction " Electrical and Thermal Conductivity — 

.?5£? y-T~i ~i ^-- Copper is most frequently employed on ac- 

<o ^00 o-J——I—I—1 LJ 400 count of its high thermal and electrical con- 

o 10 po so 40 ductivities, second only to silver among all 

Silver, per Ton substances. It is usual to express the electri- 

ng. 3— Effect of silver on annealing cal conductivity of copper as a percentage of 

temperature of cold rolled copper sheet, the International Annealed Copper Standard, 

established in 1913 to represent the average of the best commercial material then 

being produced. Since that time refining methods have improved, and it is not 
at all unusual to find copper with a conductivity of over 101%, and occasionally 
as high as 102% of the standard. This standard corresponds to a resistance of 
0.15328 ohm (m.g,) at 20‘‘C., and the density is assumed to be 8.89 g. per cc. This 
is equivalent to a resistance of 1.7241 microhm-cm., or a conductivity of 58.0 ohms* 
(m., mm.*) at 20^0. A.S.T.M. specifications for Electrolytic and Low Resistance 
Lake copper,** • call for a resistivity not exceeding 0.15436 ohm (m.g.) at 20®C., 
that is, a conductivity not less than 99.3% I.A.C.S. 

The electrical resistance of copper increases with temperature, the constant 
mass coefficient at 20®C. being about 0.00393 per ®C. At 100*0. the conductivity is 
thus only about 76% of the conductivity at 20*0. The temperature coefficient at 
20*0. is approximately directly proportional to the actual value of the conductivity. 

Severe cold working decreases the electrical conductivity about 3%, but the 
factor of greatest importance is the presence of impurities. As little as 0.02% phos¬ 
phorus reduces the conductivity 20%, although 0.2% of oxygen reduces the conduc¬ 
tivity only about 2%, The elements are approximately in the following order in 
their effects in small amounts*®* “* *^* Phosphorus, silicon, arsenic, iron, beryllium, 
manganese, aluminum, antimony, nickel, tin, zinc, gold, cadmium, sulphur, silver, 
oxygen, and lead. The effect of many of these elements depends on the amount 
of oxygen in the copper. 

The thermal conductivity of copper, of electrical conductivity equal to 100%, 
International Annealed Copper Standard, is about 0.93 caiycm.*/cm./sec./*C. The 
presence of impurities decreases the conductivity considerably but somewhat less 
rapidly in proportion than the electrical conductivity. The ratio between the two 
conductivities depends on the actual value of the conductivity, but is relatively 
independent of the composition.** 

The Effect of Impurities on Copper—^A detailed study of the effect of impurities 
on the mechanical and electrical properties of copper has been made by the British 
Nonferrous Metals Research Association.** The results have been published 
on oxygen,** iron,** bismuth,** arsenic,*® phosphorus,** and antimony.*® An excellent 
summary of the properties of argentiferrous and arsenical copper is given in the 
book by J. L. Gregg.*® 

Oxygen^^ is present in all commercial copper except in deoxidized and 
some other special grades. It exists in the casting as a copper-copper oxide eutectic 
and in worked copper in the form of small globules of CUsO, visible under the 
microscope. Its effect on the mechanical properties is not great, although it reduces 
the ductility as shown by the reduction of area in the tensile test, and slowly in¬ 
creases the tensile strength. The first additions of oxygen in commercial copper 
often have the effect of increasing the electrical conductivity, probably due to the 
partial oxidation of other impurities which are thereby removed from solid solu¬ 
tion, but large amounts of oxygen slowly reduce the conductivity by reducing the 
effective cross section of metal. 

Sulphur”' ” selenium,** and tellurium** are generally regarded as being extremely 
harmful to copper but this is actually the case only in tough pitch copper, and 
possibly only sulphur is harmful there. Amounts up to about 1% of selenium 
and tellurium may be used for the purpose of promoting machinabillty without the 
hot shortness concomitant with lead. These elements exist in the form of eutectics 
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of copper with CuJS, CUsSe» or CUgTe similar to the copper oxide euteqtic, and have 
a similar effect on the mechanical properties. 

Bismuth^ is almost completely insoluble in copper and promotes brittleness 
if in amounts over about 0.001%. The solubility of bismuth varies with tempera- 
ture» and by quenching from a high temperature bismuth up to 0.006% may be 
rendered harmless in arsenical copper (Blazey*^). Bismuth is rarely encountered 
in detectable amounts in American copper. Its effects may be partly neutralized by 
additions of suitable corrective elements, such as oxygen, arsenic, and antimony.” 

Antimony^ is sometimes added to copper where a high recrystallization tem¬ 
perature is desired. In amounts of 0.5% and even higher it slightly hardens copper 
and decreases the ductility, but it cannot be considered a harmful impurity except 
where the highest conductivity is required. The presence of antimony is extremely 
harmful to brass, and antimony-bearing scrap copper is anathema in the brass mill. 

Arsenic** occurs naturally in Lake copper and may be allowed to remain after 
refining in amounts up to 0.3% or higher. It is often added intentionally in amounts 
to 0.6%, particularly in European coppers. It has a small hardening and strength¬ 
ening effect, especially in the cold worked condition, raises the recrystallization 
temperature, but is practically without effect on ductility. It decreases the conduc¬ 
tivity considerably. 

Silver is, after oxygen, the most common element that occurs In appreciable 
quantity in commercial copper. It has rather small effect on the mechanical prop¬ 
erties and electrical conductivity, but has as great an effect on the recrystallization 
temperatxuc as any element. The effect is clearly shown in Pig. 3, taken from the 
paper by Kenny and Craig.*^ 

Iron** is normally present in copper only in small amounts which are totally 
without effect on the mechanical properties. Added in amounts up to 2% it hardens 
and strengthens copper slightly without destroying the ductility and reduces rapidly 
the electrical conductivity, particularly in the absence of oxygen, which lessens 
the effect. Copper and most of its alloys containing even traces of iron ^come 
feebly ferromagnetic on cold working, but annealing renders them nonmagnetic 
again. 

Lead should be present in amounts not over 0.005% if copper is to be hot 
roUed, although in much larger amounts it has little effect on the ductility of copper 
at room temperatures. It can be rendered less harmful by the presence of oxygen. 

Cadmium is rarely present in commercial copper, except when it is intentionally 
added in amounts of about 0.7-1.0% for the production of an alloy of high strength 
with good conductivity which finds extensive application for trolley wire. Strengths 
as high as 92,000 psi. with an electrical conductivity of 80% I.A.C.S. are readily 
obtainable in the cold drawn alloy. 

Gases—The infiuence of gas in copper is a complex problem of greater im¬ 
portance to the producer of copper castings than to the user. The level set of tough 
pitch copper is believed by Allen” to be due to the liberation of HsO or other 
insoluble gas by reaction as the oxygen concentration increases as the crystals 
progressively solidify. The amount of gas evolved should exactly neutralize the 
natural shrinkage of the metal on passing from the liquid to the solid state. 
Hydrogen is very soluble in liquid copper but will not cause unsoundness in copper 
castings in the absence of oxygen unless the solubility in the solid state, which is 
high, is exceeded. Carbon monoxide is probably soluble in solid and liquid copper to 
about the same extent and in the absence of oxygen is not harmful. Carbon dioxide 
and nitrogen both behave as if they were insoluble in copper. 

Many other elements are intentionally added to copper for the formation of 
alloys. The elements listed above and those used as deoxidizers are practically all 
that are encountered in the various alloys which pass under the name of commercial 
copper and whose effects as impurities are important. 
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Properties of Copper-Zinc Alloys 

' (Commereial Brasses) 

By D. K. Crampton* 

The copper-zinc alloys, known as the brasses, form one of the most useful groups 
of alloys known to industry. These alloys are characterized by unusual ductility 
and malleability, good strength, excellent corrosion resistance, pleasing color, and 
other desirable properties. Many special or complex brasses, containing various 
alloying elements in addition to copper and zinc, are produced commercially, but 
the present article is confined to consideration of the common brasses, binary copper- 
zinc alloys. 

The useful wrought alloys cover, a wide range of composition, the copper 
content extending from about 55 to almost 100%. The range of properties is 
correspondingly great, making them suitable for a wide variety of uses. Fig. 1-6 and 
Table n give general properties for alloys ranging from about 60% to about 100% 
copper. 

All the alloys may be cold worked, but some to a great degree. Alloys throughout 
the range may be hot worked, those with copper contents up to 65% and from 
85-100% being capable of extensive hot working. Strength, for a given treatment, 
increases as copier content decreases. 

Greenall and* Gohn' have published data on fatigue or endurance properties of 
several brasses, which show that the endurance limit of 65-35 brass sheet increases 
from about 14,000 psi., annealed, to about 20,000 psi. as rolled 8 or 10 B & S numbers 
hard. Corresponding values for 72-28 brass are very slightly higher. Unpublished 
work indicates that the endurance limit of 85-15 brass (red brass) is still higher, the 
value for such material as rolled 8 B & S numbers hard being about 24,000 psi. 

Toughness or impact strength for annealed material is quite generally high over 
the range of commercial alloys, Increasing with zinc content to a maximum value at 
about 30% zinc and thereafter decreasing, the lowering of toughness becoming more 
pronounced with the appearance of the beta phase. The effect of cold working is to 
reduce toughness, this effect apparently being more severe in the alpha range of 
alloys than in the alpha plus beta range. These various points are illustrated in 
Table I. 


Table I 

Tensile Impact Values for 0.102 in. Wire 
(Speoimens 4.1 in. between grips) 



Composition, % 


Tensile Impact 




Energy, 

Name 

Copper Zinc 

Temper 

ft. lb. 


High conductivity phosphorized 


"copper .. 

99.95+ 

(PO.Ol) 

Annealed, 

37 




drawn 60% 

8 

Cartridge or spinning brass. 

70 

30 

Annealed, 

86 




drawn 60% 

13 

Muntz metal. 

59 

41 

Annealed, 

66 




drawn 60% 

28 


The color is pleasing in all cases. Small percentages of zinc have practically 
no effect on the red copper color, but with 10% zinc a true bronze color is obtained. 
This merges into a red gold color at 20% zinc. With increasing zinc the color changes 
further, and 25-38% zinc produces the typical yellow brass color. Prom 38-45% zinc, 
the alloys take on a somewhat reddish cast. 

The widespread use of the brasses is to a great extent due to their resistance 
to corrosion. The resistance of the entire range of alloys is good, but the optimum 
properties are probably foimd in the vicinity of 85% copper and 15% zinc. 

All the alloys are machinable, although usually considered **tough” in machining, 
due to the tenacity of the chips. Machinability increases as the copper content 
decreases, the better machining alloys being those with from 55-63% copper. Where 


•Director of Research, Chase Brass Ss Copper Co., Waterbury, Conn. 

1C. H. Greenall and G. R. Gohn, Fatigue Properties of Nonferrous Sheet Metals, Proc. A.B.T.M., 
1937, V. 37, pt. n, p. 160. 
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Percent Copper 


Per Cent Copper 


Pig. l—Rockwell hardness of copper-zinc alloys (0.040 In. sheet). 

Fig. 2—Tensile strength of copper-zinc alloys (0.040 in. sheet). 

Fig. 3—^Elongation of copper-zinc alloys (0.040 in. sheet). 

Pig. 4—Specific gravity and density of copper-zinc alloys. 

Fig. 6—Electrical and thermal conductivity of copper-zinc alloys (C. 8. Smith). 

Fig. 6—Thermal expansion of copper-zinc alloys (Bureau of Standards Sci. Paper, 410). 


really good machinability in desired, one of the several available lead-bearing 
brasses should be employed in preference to any listed here. 

While brasses of all copper contents within the total range are useful ones, 
a few of definite composition have come to be standardized in commercial practice. 
These are usually referred to by generally recognized names and are to be pre¬ 
ferred to slight modifications which do not increase their usefulness and only 
complicate production schedules. Table I outlines the names and compositions of 
the preferred alloys, their general properties, and typical uses. 
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Properties of Wrought Copper-Zinc Alloys 

( 66-34 Brass) 

By R. S. Pratf* 

General—^The copper-zinc alloys form ductile solid solutions with additions of 
zinc up to 36%' or with copper contents from 100-64%. With a zinc content of over 
36% a second solid solution is formed which is appreciably less ductile in cold work¬ 
ing. The 66-34 alloy is made commercially with a copper content between 64.5 and 
67.5% and, therefore, represents about the lowest possible copper content in those 
alloys which contain simply the ductile alpha solid solution.* Because of this fact, the 
alloy has been well known as “common high brass” and is the cheapest alloy 
which is suitable for the more severe cold working, heading, cupping, forming, and 
spinning operations. 

With the nominal 66-34 alloy, the second solid solution beta is never found 
except in the cast condition or in exceptional cases of severe overheating. When 
the copper content runs as low as 65%, however, the beta constituent is quite often 
found, particularly after a hot working operation has been used to break down the 
metal from the cast form. Proper annealing treatment will remove the beta con¬ 
stituent* and it is, therefore, customary to regard the common high brass alloy as 
one purely of the alpha solid solution. 

General Properties—The more general properties of the alloys are given m 
Table I. 

The copper-zinc alloys are well known in general and there is much in the litera¬ 
ture concerning them. There is, however, considerable confusion in many references 
as to the exact analysis, because many variations and types of alloys have been 
tested rather than concentrated work on a particular alloy. 

Commercial Alloy of High Brass —^The commercial limits quoted are of interest 
in understanding the comparatively wide range of alloys generally classified as high 
brass. Accepting these limits, the resulting range of properties due to variation in 
mixture is more or less apparent. For this reason, only the more important of 
the general physical properties are given in Table I. 

Density —Hidnert* gives some excellent data on the densities and coefficients of 
linear expansion of the copper-zinc alloya including the 66-34 alloy. The density 
figure given in Table I checks the work of Bamford® on a chilled cast alloy of the 
same mixture. 

Table I 


General Properties of High Brass 


Commercial mixture limits, per cent. 

Melting range. 

Crystal structure . . 

Density at 20*C. 

Weight per cu.ln. 

Linear coefficient of expansion (25-300*0.) 
Thermal conductivity at 20*C. 

Specific heat at .. 

Electrical resistivity at 20“C. 

Electrical conductivity at 20®C. 

Modulus of elasticity. 

Tensile strength—Annealed . 

Cold worked. 

Endurance Limit—^Annealed . 

Cold worked. 


. 64.5-67.5 copper, 0.30 lead max., 0.07 iron 
max , zinc remainder 
.1660-1715*P., 905-935*0. 

.Face-centered cubic 
.8.47 g. per cm.® 

.0.306 lb. 

.0.0000201 per *0. 


, 0.286 cal. per sq.cm, per 

cm. per 

sec. 

per *C 



.0.0909 cal. 



.40.12 ohms per circular 

mil-ft., 

6.68 


microhms per cm.® 
25 85% (copper 100%) 
15.000,000 psl. 
40,000-50,000 psi. 
50,000-140,000 psi. 
10,000-15.000 psl. 
13,000-20,000 psi. 


Coefficient of Expansion-—TYiC linear coefficient of expansion quoted covers the 
range between 25-300‘’C., but in Hidnert’s* paper it is given for each range of 100* 
between 25 and SOO^O. It is interesting to note that these figures show an increasing 
coefficient with increasing temperature. 

Thermal Conductivity--^, S. Smith* gives the thermal conductivity of the cop¬ 
per-zinc alloys. In general, his values are higher over the range of alloys than 
those of the earlier workers on the same subject. Sedstrom^ gives a figure of 0.265 


'Metallurgical Dept., Bridgeport Brass Oo., Bridgeport, Conn. 
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cal, per sq.cm, per cm. per ®C. per sec. for the 67-33 alloy, while Smith gives 0.286 
cal. for a 65.5-34.5 alloy. Smith also reports a positive temperature coefficient of 
0.001049 cal. per ®0, at 20®C. for the latter alloy. 

Specific Heat—Doerinckel and Werner* report a number of figures for specific 
heat of the copper-zinc alloys. A formula is given which is purported to give the 
specific heat at any temperature for a 67-33 alloy based on a straight line rela¬ 
tionship between temperature and specific heat values. At the melting point, the 
specific heat may be computed to be about 0.11 cal. The value for specific heat at 
O^C. is given in the Smithsonian Physical Tables as 0.0883.* 

Electrical Resisiivity^ln the data sheet on copper alloys in Kent's Mechanical 
Engineers Handbook written by W, H. Bassett'* there is an excellent list of the 
resistivities of the whole series of copper-zinc alloys, apparently taken from de¬ 
terminations in his laboratory. The values quoted in Table I are taken from that 
table, although some determinations made in the author’s laboratory show higher 
resistances. The International Critical Tables'^ report resistances of 6.302, 6.72 and 

7.029 microhms per cu. 
2)2 592 572 752 952 1112 1292 U72*F cm. for alloys of this 

type as compared with 
the value of 6.68 mi- 
gQ crohms per cc. given in 
Table I. 

Modulus of Bias- 
ticity—The data on 
modulus of elasticity for 
go ^ high brass are rather 
limited. Determinations 
made in the author's 
50 g c laboratory have shown 
a modulus of about 
Jg' 15,000,000 psi. with va- 

“iS rious samples and test- 

ing conditions. Town- 
^ send and Greenall** re- 

^ port a value of 14,500,- 

000 psi. for this prop- 
20 erty. 

Endurance Limit 
—The data on endur¬ 
ance limits of this alloy 
have been obtained 

300 400 500 €00 700 &00X 

Annealing Temperature McAdam reported 

an endurance limit for 

Pig. 1—^Effect of annealing temperatures on the properties of annealed high brass 
high brass. slightly higher than for 

moderately cold worked 

material. The value for the annealed material was about 15,000 psi. and for the 
cold worked material from 13,000-17,000 psi. Townsend and Greenall’* give 11,000 
psi. as the endurance limit of annealed sheet brass and 13,000-15,000 psi. for rolled 
sheet brass. 



high brass. 


Mechanical Propcrticsr—Hlgh brass, in common with most metals, hardens on 
cold working, which makes it necessary to anneal before further cold working may 
be done. The temperature and time of annealing are of primary importance in 
controlling the properties of the metal, and a knowledge of their effect is necessary 
in order to have an understanding of the properties which may be obtained. 

When ca8t> the metal Is fairly soft and ductile, but has a tensile strength and 
ductility appreciably lower than in the worked and annealed condition. 'The struc¬ 
ture is not homogeneous, but contains some portions which are higher in zinc con¬ 
tent than others and quite often it contains small amounts of porosity due to diffi¬ 
culties In the casting operation. 

Annealing—The metal is annealed after casting to produce a homogeneous struc¬ 
ture and Is then cold rolled or drawn. In some case.s it is possible to perform a 
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cold working operation before annealing which is advantageous in producing the 
homogenized structure. The metal may be hot worked if the impurities usually 
present are held to a minimum.^ When the metal hardens so that further cold 
rolling becomes impractical, it is then annealed to prepare it for further cold work¬ 
ing. In annealing, the metal softens or recrystallizes at a temperature ranging from 
475-650®P. (250-350®C.). The exact temperature depends on the amount of cold 
working prior to the annealing and the degree of annealing prior to the cold work¬ 
ing operation.** 



A Psi. 




3 Ss 


2—Effect 
high brass. 


of cold drawing on the physical properties of 


In this annealing 
temperature range, the 
tensile strength of the 
cold worked metal de¬ 
creases to about 50,000 
and there is a 
notable increase in 
elongation and reduc¬ 
tion of area. Annealing 
at higher temperatures 
results in a relatively 
slight further decrease 
in the tensile strength 
and is also accom¬ 
panied by a more no¬ 
ticeable increase in 
elongation and reduc¬ 
tion of area. There is 
also an increase in 
grain size with increas¬ 
ing annealing tempera¬ 
ture from the minimum, 
which occurs immedi¬ 
ately after complete re¬ 
crystallization. A num¬ 


ber of investigators have reported a slight rise in tensile strength at temperatures 
below the recrystallization range,” but it has not been possible to produce metal 
commercially so as to take advantage of this fact. These points are brought out 
graphically in Pig. 1. 


Effect of Annealing Time—Considerable work has been done on the effect of 
time in annealing which would indicate that increasing the time will tend to soften 
the metal the same as does increasing temperature, although not to so marked a 
degree. This problem is brought out commercially in some types of electric anneal¬ 
ing where a short time at high temperatures takes the place of lower temperatures 
for much longer periods of time. Commercially, the time element in annealing in¬ 
cludes the time required to attain the desired temperature. In such cases, the time 
is of importance inasmuch as it indicates whether or not the metal has attained 
the desired temperature. 


Effect of Cold Working—When the metal is fully annealed, it is ready for addi¬ 
tional cold working and it is interesting to note the effect of various amounts of cold 
working. The first result is an increase in the tensile strength of the material and 
a very marked decrease in its elongation*^- ” with a somewhat slighter decrease in 
reduction of area. The rate at which reduction of area decreases with the amount 
of cold rolling or drawing is an excellent comparative indication of the ability of 
the metal to withstand successive cold working operations without failure.” Em¬ 
phasis is laid on the term comparative as, for example, the curve in Pig. 2 showing 
the effect of cold working might indicate that high brass is fairly ductile and capable 
of withstanding repeated cold working operations up to a reduction of about 70%. 
As a matter of fact, this figure may or may not be attained as it depends upon 
the method of working and the suitability of the tools used. 

Effect of Impurities— High brass is made in several grades in which the differ¬ 
ence is largely one of amount of impurities and this is controlled primarily by the 
purity of the zinc used. Lead and iron are the most common impurities so intro¬ 
duced but occasionally small amounts of tin get into the mixture through the use 
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of scrap containing tin. The higher grade alloys for eyelet brass and rivet wire use 
high grade zinc and the lead and iron contents are kept as low as 0.05% or even 
lower. 

The effect of lead in quantities less than 0.10% does not seem to be apparent 
in the usual physical test data, but commercial experience would indicate that it 
is injurious if present in material which is required to withstand the most severe 
cold working operations. Lead in quantities over 0.25% has been found to aid mate¬ 
rially when it is desired to machine articles made of high brass. Its function in this 
way is to break up the chips making their removal much less difficult. As the lead 
content is increased, the cold working becomes more difficult due to the decrease in 
percentage elongation and reduction of area. By compromising between the ma¬ 
chining properties and ductility, it is possible to produce a number of valuable alloys 
merely by varying the lead content. 

The effect of iron is much more noticeable for an equal quantity of impurity 
and amounts of over 0.05% decrease the grain size and increase the tensile strength 
appreciably. Because of this, most specifications limit the iron content to a maxi¬ 
mum of 0.05%. 

Use of High Brass—Prom Fig. 1 and 2, it may be seen that the properties which 
can be obtained in high brass cover a wide range. This accounts for the large 
number of uses to which it has been applied. Of all the materials used in the vari¬ 
ous fabricating plants, high brass is probably the most convenient tn work with 
and the most simple to handle. 

Large quantities of brass sheet are fabricated into a variety of articles such as 
electrical fittings, fiashlight parts, and automobile hardware. Many of the articles 
are ornamental in character. High brass tubing is used in various manufactured 
articles and considerable pipe is made of this alloy. Large amounts of high brass 
wire are used in the manufacture of screws and rivets and for various heading Jobs 
of th^ type. 

Corrosion of High Brasa—Much of the difficulty encountered in the use of high 
brass has been with the phenomenon known as season cracking.* Intercrystalline 
cracking in service, which is the same general action, occurs in several ways. It is 
caused by a combination of corrosion and stress, and the time element required to 
bring about failure is dependent on the severity of the corrosive action and the ex¬ 
tent of the stress. Because of this, high brass, which is to be exposed to atmospheric 
conditions, is usually finished with a final annealing operation to relieve the internal 
stresses.” If the corrosive action and stress are sufficiently severe the external 
stresses acting upon a structural member, in which the internal stresses have been 
relieved, are also likely to cause this type of failure.” 

It is, therefore, inadvisable to use high brass where it is subjected to severe 
external stress and exposure to the atmosphere. Ammonia compounds and mercuric 
sidts are particularly active agents in causing this type of failure, and high brass 
should not be used where these chemicals are present. 

Another difficulty encountered in the use of high brass caused by corrosion 
is known as dezincification. This phenomenon is usually encountered when the 
metal is used in contact with acids or with impure and salt beciring water. The 
action of a pure soft water is not injurious, but salt water and sometimes hard 
water are very likely to cause dezincification. The corrosion apparently proceeds 
by an electrolytic action which dissolves the surface at the point of contact and 
from the solution formed redeposits copper in a porous mass.* Occasionally this 
action will occur locally and penetrate a water tube or pipe in a very short time. 
In most cases, however, where soft water is to be carried, high brass can be used 
without danger from dezincification. 

Specifications and Tests—The A.S.TM, has developed standards for the specifi¬ 
cation and testing of sheet high brass. These standards have been changed from 
time to time, the most recent change being that made in 1938. These specifications 
(B36-38T) adopted the tensile test as the standard test for physical properties of 
hard rolled high brass. There are commercial objections to the use of the tensile 
test for control testing because of the time and expense involved in making the test. 
For specification work, however, no other test has been devised as yet, of as general 
application as the tensile test. 

Above gages of about 0.020 in., the Rockwell test is generally satisfactory on 
hard rolled sheet. Below this gage the tensile test is the only test possible for 
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specification work. In the past the scleroscope test has been used for thinner gage 
material and is still used for control work on rolled sheets. It is subject to gage 
effects, however, and care must be taken in Its use to make the results comparable. 
It is, therefore, not satisfactory for use in a general specification. Formerly the 
Brinell test was used in connection with the A.S.TJil. specifications but this test 
likewise is limited in its accuracy and usefulness to gages above 0.080 in. 

Table II shows the, present A.S.TJM. standards for the physical properties of 
rolled high brass. The specification takes tare to point out that the Rockwell test 
values are to be used for general and approximate Information only The wide 
spread in Rockwell values listed are necessary, particularly in the less severely 
rolled material because of the effect pf variations in the annealed condition before 
rolling. As the amount of rolling increases this effect has a lesser bearing on the 
ultimate Rockwell value. 

In the case of annealed material, the grain size determination in acceptance 
standards has been adopted for the first time. Experience has increasingly shown 
that the grain size is the best measure of the usefulness of annealed high brass for 
any particular purpose because it is applicable uniformly throughout the entire 
range of commercial thicknesses. As an aid in controlling and checking grain size 
values, some data are included on the Rockwell hardness of annealed sheets.* As in 
the case of hard rolled sheets, these values are for informatory purposes only and 
of the two cases the Rockwell values are more useful in the hard rolled tempers 
than in the annealed material. Table II shows the specified properties for annealed 
sheet. 


Table U 

Properties of Brass Sheet (A.S.T.M. B36-38T) 


Temper 


, -Rockwell Hardness* .. ^ 

Ten&lle Strength Superficial 

psi. "B” Scale "P" Scale “30-T’* 

Min. Max. Mm. Max. Min. Max. Min. Max. 


Alloys $7 and 


Annealed, 0.120 mm. 

Nom. 

Grain Size... 





50 

62 


18 

“ 0.070 mm. 


44 44 





54 

67 

6 

27 

0.050 mm. 


44 





61 

73 

13 

34 

0.035 mm. 







65 

76 

23 

41 

0.025 mm. 







67 

79 

28 

46 

“ 0.015 mm. 


<4 .4 





72 

85 

35 

53 

Quarter Hard. 



49.000 

59.000 

40 

65 



25 

63 

Half Hard. 



55.000 

65,000 

57 

75 



54 

68 

Three Quarters Hard 



62.000 

72.000 

68 

80 



65 

71 

Hard . 



68,000 

78,000 

75 

85 



69 

73 

Extra Hard. 



.. 79.000 

88,500 

82 

89 



73 

76 

Spring . 



.. 86.000 

95.000 

85 

92 



75 

78 

Extra Spring. 



.. 89,500 

98,500 

86 

93 



76 

79 

•B and P Rockwell Hardness applies to metal 0.020 

in. thick 

and 

over 

and 30T to 

hard 

metal 


0.015 In. thick and over and annealed 0.012 in. and over. 


How to Cse m gh Brass—The question of exactly how to order high brass for 
any particular fabricated article is somewhat complicated. When there is a doubt 
as to Just what to order, It Is wise to take the problem up with the manufacturer 
and obtain the benefit of his experience. 


(Continued on Next Page) 
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In general, articles requiring appreciable amounts of forming must be made 
from annealed (soft) brass. The question of the exact temper to be used is based 
on the amount of cold forming, the gage of the metal, and the surface required 
after forming. Many articles are required to withstand considerable forming with¬ 
out further annealing and must be in such condition after forming that they may 

be readily polished. The 
grain size in such cases 
^ must be kept as fine 
^ as possible consistent 
S ® with the forming opera- 
B80 tions, and these opera- 
tions must be closely 
RTnlS controlled so as not to 
® stretch the metal un- 
^ duly and open up the 
D60 grains. 

40 sb balance be- 

■g I tween the temper of the 
^ J material and the opera- 

t -s tion is a very delicate 
I one, particularly in 
el those cases where the 
forming operation will 
not allow ironing or 
smoothing the metal 
5 6 7 e 9 «« t 2 64 S(»-flc suTface tothe dlc. When 

I, M rtd.Sts'S 

Fig. S-Comp«ratlTe hardness data on sheet high brass. ^ numoer 01 oraws ana 

anneals, such as in pro¬ 
ducing a drawn shell, the grain may be somewhat coarser. Even in these cases, 
however, the grain must not be so coarse as to produce a rough bottom on the 
cupped sheet, particularly if this is to be a part of the finished article. In some 
cases the surface ap- _ 

pearance is of no im- _ 7^ 93e 1112 1^2 ur z-r 

portance and much j j_ 

deeper and more severe _ i _7__ 

cupping operations may / ^ 

be performed on the / 

sheet if it is produced ^—- o.ieo 

with a coarse grain. ^ / 50 ft 

In the case of hard!^ | ^-Drawing—o.ioo 

metal the Rockwell test fe 

is generally used for ^ 50.000 --/—-0 060 

control purposes, and ^ y 

here again the decision £_ 1.1. . _ Z4iz_oo60 

of the proper temper to g ^ 

be used should be based 

on a full knowledge of --- 

the problem. Wheng Light 

slight forming or bend-^^ ---^- qq 2 o 

ing operations are to * I 

be made, the material I _ i ' _ 

must not be too hard. 300 4oo 500 eoo zoo 800*C 
While half hard temper Annealing Temperature 

is usually used for t^, 4~Comparatiye test data used in controlling annealed 


there are some Instances 


300 400 500 600 700 800*C 

Annealing Temperature 

Pig. 4~Comparatiye test data used in controlling annealed 


Tvhere even lighter tempers are required and metal less than one number hard must 
be furnished. When used for spring purposes or plate work, the metal must be 
rolled harder, depending on the surface required and, in the case of the springs or 
dips, the amoimt of bending required. It is helpful to lay out the bilking tools so 
that the bends will not be made parallel to the direction of rolling as the metal is 
much more liable to fracture if bent in this way. If it is necessary to bend the metal 
parallel with the grain, a less hard material must be furnished. 
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0.060 


J^rect/on^ — 
of Trolling 

Across [qJ 1 1 i 


The amount of bending which cold rolled brass will withstand depends pri¬ 
marily on the amount of cold 
rolling and, to a less degree, on 
the radius, and thickness of 
sheet. For comparative test pur¬ 
poses, the metal is usually bent 
on a radius equal to one-half the 
thickness of the sheet, and only 
sheet which has received reduc¬ 
tions lighter than two numbers 
or half hard may be bent back 
cm itself in all directions. If 
maximum hardness in the article 
is required, it is, generally, de¬ 
sirable to use as large a radius 
as possible and to make the de¬ 
sired bend across the direction 
of rolling. Pig. 5 shows some 
bending characteristics of sheet 
brass. 



^ 'f 6 a 
Reduction by Rolling , B&S No. 

Fig. 6—Approximate bending characteristics of brass 
sheet. 
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Properties of 80-20 Brass 

By E. S. Bvnn* 

General-—The alloy 80% Copper and 20% Zinc, commonly called “low brass’*, 
is a single phase, golden yellow alloy. It closely resembles, in most of its properties, 
the more ordinarily used 85-15 or red brass. 

Desired mechanical properties are obtained by combinations of cold working 
and annealing. Hot working operations on 80-20 brass are successful only with 
careful control. In this connection, lead should be kept to a trace. 


Physical Properties 


Melting range . 

Density . 

Coefficient ot thermal expansion (0-100"C.). 

Thermal conductivity . . . 

Electrical resistivity . 

Electrical conductivity . 

Modulus ot elasticity, psi. 

Endurance limit, psi. (rotating beam machine. 

100 million cycles). 


.960-1000®C. (1760-1832T.) 

.8.67 gm/cm* 

.18 X 10-« per •€. 

.0.34 cal/cmVcm/sec/®C. 

.5.3 microms/cm* 

.32.5% I.A.C.S. at 20®C. 

.1.5x10’ 

Determined on basis of 
.20,000-25,000 


The 20,000 psi. endurance limit refers to soft 80-20 brass secured by annealing 
at llOO^F. for 30 min. The 25,000 psi. refers to hard 80-20 brass secured by rolling 
to No. 4 B. dE S. gage. 
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Fig. 1 shows the changes in mechan¬ 
ical properties obtained on sheet annealed 
to an average grain of 0.020 mm. diameter 
by cold rolling over a range of 11-67% 
reduction in area (1-10 B. & S. gage 
numbers). 

Whereas Pig. 1 illustrates the effects 
on mechanical properties of cold working 
of annealed material, Fig. 2 traces the 
effects of annealing following cold work¬ 
ing. Annealed sheet, in Pig. 1, was cold 
rolled four B. S. gage numbers (35.7% 
reduction in area) to a final thickness of 
0.042 in., and annealed for one hour at 
temperature, over a range of 400-1300“F. 
at lOO^P. intervals. 


§ 0 2 4 6 6 

B.& 3. Hardness Numbers 
Fig. 1—Variations in properties of annealed 
sheet of 80-20 brass by cold rolling to 0.042 
in. thick. 


10 


Fig. 3 shows the effect of the same 
annealing schedule as in Fig. 2 on tubing, 
extruded and cold drawn to i| in. outside 
dia. by .040 in. wall thickness. The physi¬ 
cal properties for any annealing temper¬ 
ature vary from those in Fig. 2, principally because of differences in degree of cold 
working prior to annealing. Grain size prior to cold working is also a factor. 


Mechanical Properties at Eievated Temperatures—W. B. Price’ gives results of 
short time tensile at elevated temperatures on 30% cold drawn 80-20 brass. The 
tensile strength decreases almost linearly from a room temperature value of about 
80,000 psi. to less than 10,000 psi. at OOG^F. Elongation is at a minimum of zero 
at 480®P. as compared with a room temperature value of 13%. Beyond 480°P., the 
elongation steadily increases to the limit of the testing temperatures (1650“P) At 
1650'’F. the elongation is 27%. 


D. Bunting* shows by means of Izod Impact tests the existence of a brittle range 
in annealed 80-20 brass between 800 and 1150°P. The testing range was from room 
temperature to ISOO^’F. 

Uses—Some applications for 80-20 brass are: Forming operations not requiring 
the superior mechanical properties of an alloy in the 70-30 range of analysis- 
ornamental and architectural work, and hardware; applications involving some 

*A88t. Director of Research, Revere Copper and Brass, Inc., Rome, N. Y. 
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corrosive conditions, as water pipe, and condenser tubing operating tuider certain 
corrosive conditions. As regards corrosion resistance, 80-20 brass Is probably slightly 
less resistant to season cracking and dezlncification than 85-15. 



Fig. 2—Effects of annealing Fig. 3—^Effects of annealing 
following cold working of 80*20 following cold working of 80-20 
brass sheet cold rolled from four brass tubing. Extruded and cold 
B. Sb 8. gage No. to 0.042 In. drawn to H in. outside dia. by 
thick then; annealed one hour at 0.040 in. wall thickness, then 
temperatures shown. annealed one hour at tempera¬ 

tures shown. 
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Properties of Wrought Copper-Aluminum Alloys 

(Aluminom Bronse) 

By Jerome Strauss^ and Lewis H. Fawcettt 

General—The practically important wrought aluminum bronzes, or aluminum- 
copper alloys rich in topper, generally contain from 4-10.5% aluminum with or 
without other metals. When the aluminum content exceeds 11% the alloy has a 
marked tendency to become brittle especially when appreciable amounts of other 
alloying metals are present. Iron is the additional element most usually employed. 
Nickel and manganese with or without iron are likewise used. The compositions 
in frequent use for wrought aluminum bronze are more numerous than in the case 
of cast aluminum bronze. 

These alloys combine the strength and ductility of medium carbon steel with 
a high resistance to corrosion when subjected to the atmosphere, salt water, 
sulphuric acid, and other chemicals. They may be readily forged, hot rolled, or cold 
rolled and some of them are susceptible to heat treatment. Aluminum bronzes pos¬ 
sess greater resistance to corrosion than manganese bronze, they have good bear¬ 
ing qualities, hardness, and resistance to shock and fatigue. These properties have 
caused wrought aluminum bronzes to be used for diaphragms and gears and in such 
applications as, rods and bars requiring great strength and resistance to corrosion, 
valve stems, propeller blade bolts, air pumps, condenser bolts, and for piuposes 
requiring great strength combined with good bearing qualities, such as slide liners. 
Sheets and strips have been made into a large variety of products by cupping, spin- 
most frequent use in this country (others are listed in Table I): 

Composition and Manufacture—The following compositions are the alloys in 
most frequent use in this country (others are listed in Table I): 


-Per Cent- 


Other 

Additions Impurities 
Including Including 


Type 

Copper 

Alumi¬ 

num 

Iron, 

Max. 

Ni,Sn 
and Mn, 
Max. 

Zn, Cd, 
and Pb, 
Max. 

<-Speclncation-. 

S.A.E. 

Grade No. Use 

88-0-3 

84-93 

7-10 

4.00 

2.00 

0.25 

5 Federal QQ-B-660 B 
)Navy 46B17 

... Rods, bars, shapes, 
forgings, and gen¬ 
eral use. 

•5-5 

92-96 

4-7 

0 50 

.... 

0.50 

iFederal QQ-B-666 A 
INavy 46B17 

701 Plates, sheets, and 
strips 


Type 88-9-3 is used generally for all products excepting plates, sheets, and strips, 
in which case Type 95-5 is employed. Melting may be accomplished by any of the 
usual furnaces used in making high grade copper-base alloys using good melting 
practice. These alloys have high liquid shrinkage and it is good practice in teeming 
to use large end up ingot molds with hot tops similar to the practice used in manu¬ 
facturing high grade alloy steels. Aluminum bronze has a great tendency to form 
dross and a large amount of this dross is found on the exterior of ingots made 
of this alloy. The dross may be removed by machining the entire surface of the 
Ingot excepting the hot top and bottom. An optimum forging temperature range 
is 1700-1450^F. and reduction in forging should not be too rapid. 

Types 88-9-3 and 95-5 do not require heat treatment. Aluminum bronzes are 
generally not heat treated unless their aluminum content is as high as 10%. The 
heat treatment generally consists of quenching in water from 1500-1600''F. depending 
on the cross section, followed by tempering between 700 and 1100®F. in accord¬ 
ance with the composition and section of each individual part. Cooling in air from 
the quenching temperature without tempering likewise is frequently done. 

Aluminum bronzes are difficult to machine but with the use of high speed steel 
tools with lower rake angles than for steel they are machined in regular produc¬ 
tion without serious difficulty. 

Wiee-Presldent, Vanadium Corp. of America, BridgevUle, Pa. 

tMetallurgiit, U. 8. Kaval Qun Factory, Washington, D. C. 



Table I 

Special Aluminum Bronze Alloys 
High in Strength or Ductility 
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Mechanical Properties—Specimens sh(n2ld be of the usual form; 0.375 In. radius, 
0.505 in. dia. by 2 in. gage length. The mechanical properties are as follows: 

Mechanical Properties 


*- Ab Forged or Rolled-* 

88-9-3 96-5 


Tensile strength, psl. 

Proportional limit, psl. 

Yield point, psl. 

Elongation, % In 8 In. 

Reduction ot area, % . 

Bend test . t . 

Resistance to Impact (Isod), ft-lb. 

Brlnell hardness number (500 kg. load) 


70,000-85,000 50.000-65,000 

20,000-35,000 . 

30,000-45,000 . 

20-40 15-40 

20-40 15-40 

120«-180* 120*-180* 

30-35 . 

120-135 60-120 


Especially high strength or high ductility not exhibited by the standard alloys 
outlined above may be secured with other aluminum bronzes, if desired for special 
purposes, by a Judicious use of the proper proportion of aluminum along with one 
or more of the added elementa—iron, nickel, and manganese. As in steel the pres¬ 
ence of aluminum and nickel together give opportunity for precipitation harden¬ 
ing; the use of these alloys has. however, been slight. The composition, treatment, 
and mechanical properties of some of these alloys are given in Table I. 

Corrosion-—The wrought aluminum bronzes like cast aluminum bronzes are 
suitable for t 3 rpes of service such as exposure to industrial atmospheres, sea air, 
sea water, and a large number of neutral and acid salts in low concentration at both 
room and slightly elevated temperatures. In heat treated parts (9.5-10.5% Al) 
maximum resistance to mineral acids and their salts appears to be developed by 
tempering (after water quenching) at 900-950®P. 

Specifications—Specifications covering wrought aluminum bronze in general use 
are as follows: 

Society of Automotive Engineers Specification. No. 701; Federal Specification. 
QQ-B-666; and U. S. Navy Department Specification. 46B17. 

The Society of Automotive Engineers specification covers in one grade the 
same composition that the Federal specification classifies by the two grades A and B. 
The U. S. Army use Federal specification, QQ-B-666. 
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Properties of Beryllium-Copper 

By H. C. Jennison* and H. F. Slllimant 

Alloys of beryllium and copper have been on the market in the United States 
since 1931. The important characteristic is the combination of high sU’ength and 
hardness, high fatigue resistance, and high wear resistance in alloys which have 
the corrosion resistance of copper. 

Composition—BeryIlium-copper alloys containing up to approximately 2.75% 
beryllium can be produced in the form of sheet, rod, wire, and tube. With beryllium 
between 1.0 and 2.75% the alloy responds to a precipitation hardening heat treat¬ 
ment. Most of the wrought beryllium-copper available at the present time has the 
composition: Beryllium 2-2.25%, nickel 0.50% max., iron 0.25% max., copper balance. 
In tubes, the proportion of beryUium is lowered to facilitate drawing operations. 
The nickel content is added by one producer to refine the grain and increase the 
ductility. 

Physical Properties—Table I gives the physical properties of beryllium-copper 
alloy. 

Table 1 

Physical Properties of Beryllium-Copper Alloy 

(Beryllittm 2.00-2.25%) 


Melting range...(Solidus 864*0. 

ILlquidUS 955*0. 

Crystal structure, alpha phase. Face centered cubic 

Lattice constant, alpha phase. .3.56 A 

Crystal structure, gamma phase.Body centered cubic 


Lattice constant, gamma phase 

Specific gravity. 

Density . 

Maximum increase in density on heat treatment 
Maximum decrease in length on heat treatment 

Specific heat (30-100*C.). 

Thermal conductivity (soft annealed). 


.2.70 A 

‘.0.297^’0^01 Ib./cu. In. 

. 0 . 6 % 

. ... 0 . 2 % 

. ..0 10 cal./g./*C. 

.(0.16 B.t.u./sq. ft./ln./sec./*P. at 68*P. 

1 0.20 cal./cm.Vcm./8ec./*C. at 20*C. 

0 20 B.t.u./sq. ft./ln./sec./*P, at 68*P. 
0.25 cal./cm.Vcm./8ec./*C. at 20*C. 

0.14 B.t.u./sq. ft./ln./sec./*P. at e8*P. 
0.18 cal./cm.Vcm./8ec./*C. at 20*C. 

0.16 B.t.u./sq. ft./ln./sec./*P. at 68®P. 
0.20 cal./cm.Vcm./8ec./*C. at 20*C. 

Thermal coefficient of expansion (—50 to 4-50*0.).17 x lO^V'C. 

Electrical resistivity at 20*C. (soft or hard drawn).60 ± ohms per mil ft 

Electrical resistivity at 20*C. (heat treated).41-59 ohms per mil ft. 

Electrical conductivity at 20*C. (soft or hard drawn).... 17% ± I.A.C.S. 

Electrical conductivity at 20*C. (heat treated).18-25% I.A.C.S. 

Electrolytic potential Negative to Hydrogen and slightly positive to Copper 

Workability— Beryllium-copper may be cold worked by any of the processes 
which are applied to phosphor bronze In similar forms. It work hardens more rap- 
1^ than most wTOUght copper alloys so that aimeallng is required more frequently. 
Hot working by forging, extruding, and the like is possible but not so easy as with 
silicon-copper alloys, or aluminum bronze. Beryllium-copper can be soft soldered, 
silver soldered, and welded with the carbon arc. It can be plated with other metals 
by the usual methods. The alloy hardened by cold work, heat treatment, or both, 
is softened by heating to IIS-SOO’C. (1427-1472^.) and quenching rapidly in cold 
water. It may be hardened again by cold working and by reheating at a temperature 
in the range 250-325'’C. (482-817°P.). 

Beryllium-copper sheet, rod, wire and tubes, formed into various articles by cold 
working do not require a solution heat treatment before hardening. Articles which 
have been formed by hot working, or articles which have been welded or hard 
soldered must be heated for 2 to 3 hours at 775-800'C. (1427-1472*P.) and quenched 
in water before they will respond satisfactorily to the precipitation hardening 
trefttxncnt. 

The temper selected for any given article is governed by the amount of forming 
necessary Sheet 0.050 in. and thinner in the soft, % hard and H hard condittona 
can be bent back sharply upon itself when the bend is at 90* to the direction of 
rolling For a sttwiiar bend parallel to the direction of rolling, only soft or % hard 
strip should be used. For operations which draw the sheet, as in forming combated 

•Deceased. tMetallurgtst, American Brass Co., Waterbury, Conn. 
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diaphragms, the soft or % hard temper Is satisfactory. Any of the tempers men¬ 
tioned above may be machined with ordinary cutting tools. In general it is best 
to select the hardest temper which will not fail In forming. 

Tensile and Hardness Properties— Beryllium-copper may be heat treated to 
develop values of tensile and hardness exceeding those of the hardest wrought 
bronzes. The hardening is accomplished by heating the alloy for a definite period 

of time at a carefully con¬ 
trolled temperature in a muffle 
furnace, salt bath, or oil bath. 
Fig. 1 shows the time and 
temperature relationships for 
commercial heat treatments. 
In Table II are given some 
average tensile properties, and 
Table in shows the corre¬ 
sponding hardness values. 

Fatigue Resistance — The 
2.00-2.25 % beryllium-c o p p e r 
alloy has a higher fatigue re¬ 
sistance than any other 
wrought copper-base alloy. 
Endurance limits of 45,000 psi. 
have been reported. Lower val¬ 
ues are obtained occasionally, 
so it is considered safer to 
base designs on an endurance 
limit of 35,000 psi. In comparable tests no reduction of the fatigue resistance was 
noted when the specimens were kept moistened with water. 

Wear Resistance—Beryllium-copper has a better wear resistance than phosphor 
bronze when run against all grades of steel, especially tmder light loading and 
with no lubrication. It does not compare favorably in this respect with nitrided 
steels. 

Applications—BeryUlum-copper is used in the electrical and aircraft industries, 
and in other fields for parts such as springs, gears, diaphragms, bearings, and other 
articles where the electrical conductivity, corrosion resistance, nonmagnetic prop¬ 
erties, machinability, and ductility are required. 


Table II 

Average Tensile Properties of Beryllium-Copper Sheet, 0.050 in. Gage 

(Beryllinm 2.00-2.25%) 





John.son’s 

Tensile 


Young’s 

Proportional Yield Point 

Elastic 

Strength, Elong. % 

Modulus. 

Condition 

Limit, psi. 

0.75%, psi. 

Limit, psi. 

psi. 

in 2" 

psi. X 10'« 

Soft annealed. 

. 8,000 

31.000 

25,000 

70,000 

45 0 

18.0 

Soft, average heat treatment... 

. 46,000 

134,000 

120,000 

175,000 

6.3 

18.9 

% Hard. 

. 33,000 

90,000 

68,000 

103.000 

8.0 

17.5 

H Hard, average heat treatment 48.000 

132,000 

125,000 

173,000 

4.8 

18.5 

Hard . 

. 30,000 

105,000 

78,000 

118,000 

4.3 

17.2 

Hard, maximum heat treatment. 

. 55,000 

138.000 

146.000 

193,000 

2.0 

18.4 



Table III 





Hardness of Beryllium-Copper 

Sheet, 0.050" Gage 




(Beryllium 2.00-2.25%) 







Rockwell 


Brinell 



Scale B 

Scale G 

Scale A 

Scale C 

10 mm. 



A" ball 

ball 

Brale 

Brale 

ball 



100 kg. 

150 kg. 

60 kg. 

150 kg. 

3000 kg. 

Condition 


load 

load 

load 

load 

load 

Soft annealed. 



31. 

43. 


110 

Soft, average heat treatment... 


. ... 112.5* 

102. 

71. 

38. 

340 

H Hard. 



79. 

60. 

18. 

300 

Hard, average heat treatment 


. 112.5* 

102. 

71. 

38. 

340 

Hard . 


.102. 

84. 

63. 

24. 

220 

Hard, maximum heat treatment. 


.114. • 

104.5 

72. 

41. 

365 

•Readings over 100 are for purpose of comparison only. 






Fig. 1—Strength of Precipitation Hardened 
Beryllium-Copper Alloy. 
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Copper-Nickel Alloys 

By E, M. Wise* 


Copper and nickel form a continuous series of solid solutions free from phase 
changes. The melting temperature rises steadily with the nickel content. (The 
diagram is shown on page 1353. The mechanical properties reach a nfiftyimum at 
about 65% nickel while the electrical resistivity attains a maximum at 65% nickel, 
as shown in Pig. l. Both nickel and copper possess relatively high temperature 
coemcients of electrical resistivity but the temperature coefficient drons rapidly 
toward the middle of the series 
and is substantially zero in the 
45% nickel-copper alloy known as 
Constantan.*' • The thermal emf. 
against copper also reaches a 
high value near the middle of the 
series, the maximum occurring at 
about 45% nickel.*' 

Nickel is magnetic at room 



netism at about 360®C. The 
addition of copper to nickel de¬ 
presses the temperature at which 
the magnetic change occurs, the 
67% nickel 33% copper alloy be¬ 
coming nonmagnetic at about 
0®C.*' ^ 

The addition of nickel to 
copper rapidly effaces the red 
color of copper, the 15% alloy 
having a faint pink cast while 
alloys containing 20% or more nickel are essentially white. 

Copper-nickel alloys containing about 2% nickel have been found useful for 
mechanical purposes and are employed in England for fire boxes and the like, while 
the ductile 15 and 20% nickel-copper alloys have been employed for bullet jackets 
in small arms. A far more important application of the 20% nickel alloy was found 
in its use for condenser tubes, which was developed independently in this coimtry 


Per Cent Nickel 

Fig. 1—^Mechanical and electrical properties of annealed 
copper-nickel alloys.** * 


and England. This was followed by the use of the superior 30% nickel-copper alloys 
which have proved outstanding in condensers for marine use and for salt water 
piping aboard ship. Large amounts of the latter alloy are also used for condensers 
in oil refineries. It is notably free from pitting tendencies and due to the fact that 
it does not support marine growths is “nonfouling”. See Reference 5 for current 
observations on this and other condenser tube materials and the article on page 1416 
dealing with this alloy. 

The 25% nickel-copper alloy is familiar to all as it is the material used for 


the United States “nickel” coin. 

The alloy containing 45% nickel, best known as Constantan, has a temperature 
coefficient of electrical resistivity which is practically zero, coupled with an electrical 
resistivity close to the maximum of the series. These characteristics make it 
broadly useful for a wide variety of electrical resistors in both wrought and cast 
form The high thermoelectric force of Constantan against copper, iron and chro¬ 
mium-nickel and the reproducibility of the alloy make it popular for thermocouples 
for use at low and intermediate temperatures where high sensitivity is required. 
A number of other copper-nickel alloys containing from %-65% nickel are employed 
for electrical purposes. The %% alloy is used in conjunction with copper for exten¬ 
sion leads for platinum rhodium-platinum thermocouples, while alloys containing 
2^-22% nickel are employed for resistors where a moderate resistivity and an 
Intermediate temperature coefficient are desired. The 65% alloy is used where a high 
resistivity and a fairly low temperature coefficient of resistivity coupled with higher 
resistance to oxidation are required. 

The addition of a small amount of nickel to copper appears to have little effect 
on the rate of oxidation at temperatures ranging from 800-1000*0., but as the nickel 
content is increased beyond 30% a marked improvement occurs and the oxidation 


•Assistant Manager. Research Laboratory. The International Nickel Co.. Inc., Bayonne. N, J. 
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rate below 1000®C. falls rapidly to 70% nickel and then more slowly as pure nickel 
is approached. Reference 7 should be consulted for more detailed discussion. The 
effect of temperature upon the mechanical properties of copper-nickel alloys is 
considered in Reference 8. 

The resistance of copper, nickel and copper-nickel alloys to a wide variety of 
corrosives is summarized in Reference 9. 

The 65% nickel alloy known as Monel possesses the highest mechanical prop¬ 
erties of the series, good fabricating characteristics plus excellent resistance to a 
wide range of corrosives. For these reasons, this alloy finds broad use in the process 
industries Ad for structures where mechanical strength and resistance to corrosion 
are required. It also finds use where good mechanical properties, plus high impact 
streng& are required at very low (liquid air) temperatures, as weU as in steam 
at SOO^'F. For full discussion, see page 1655 devoted to this alloy. 

Regular wrought Monel is generally magnetic at room temperature but becomes 
nonmagnetic when warmed slightly. A similar behavior is shown by the 30% nickel- 
iron alloys and is employed in compensating for temperature errors in magnetic 
speedometers and electrical measuring instruments. By adding small quantities of 
silicon or aluminum to Monel the temperature of the magnetic change is depressed; 
as a result, cast Monel, which contains appreciable silicon, may be nonmagnetic 
at room temperature, and '‘K*’ Monel, which contains aluminum, remains non¬ 
magnetic at sub-atmospheric temperatures. 

Alloys containing nickel contents intermediate between Monel and nickel find 
little use although in England application has been made of the 90% nickel 10% 
copper alloy to the plates of radio diodes. 

Effect of Impurities—Sulphur should be kept low in all of the alloys and should 
be under 0.02% and preferably under 0.01%. Carbon must be held to low levels in 
the wrought copper-rich alloys due to its tendency to precipitate as graphite under 
certain annealing conditions and this precipitate considerably reduces the normal 
high ductility of the alloy. In the wrought 20% nickel alloy carbon in excess of 
0.04% or 0.05% may cause trouble, although with %-l% manganese it is helpful in 
reducing this tendency to precipitate graphite. Larger amounts of carbon are per¬ 
missible in castings and in alloys of higher nickel content, a carbon content of 0.20% 
being quite useful in cast 65% nickel (Monel). 

Manganese is useful to control the effect of sulphur in low nickel alloys, but 
0.1% of magnesium, actually introduced into the melt, is required with the nickel- 
rich alloys. About 1% of zinc, where permissible, is helpful in deoxidizing low nickel 
castings which are to be rolled. 05% silicon plus 1% manganese is effective in 
sand cast 30% nickel-copper while about 1.25% silicon and about 1% manganese 
plus a final addition of 0.1% magnesium is suitable for sand cast 65% nickel-copper 
alloy. For further details the sections of the Handbook dealing with specific alloys 
should be consulted. 

Lead in the presence of the usual amounts of silicon is highly detrimental and 
is apt to cause cracking and very coarse structures in sand cast material and is 
detrimental to the high temperature properties, hence care should be taken to 
completely exclude lead from these alloys. 

Annealing—For annealing, nonoxidizing sulphur-free atmospheres are desirable. 
The annealing temperature will vary with the alloy. Temperatures of 1200®F. are 
employed for the 20-25% nickel alloys and up to about 1600®F. for the high nickel 
alloys. More information for annealing specific alloys is given in other sections 
of the Handbook dealing with nickel-copper alloys. 

References 
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Properties of Copper-Nickel Alloys 

(Cupro-Nlckel) 

By H. C. Jennison* and W. S. Girvint 

The term “cupro-nickel” is a generic term applying to alloys composed entirely 
of copper and nickel (Cu and Nl are soluble in each other in all proportions). 
The principal cupro-nickel alloys at preserjt contain nickel in the following per¬ 
centages: 2V4, 5, 10, 15, 20, 25, and 30. 



Annealing Temperature, °C. 


Pig. 1—Annealing 15% cupro-nickel. Rolled to 0.04 
In. thick and 6 B A S No. hard. Annealed % hr. at 
temperatures noted and quenched In water. Pig. 2—An¬ 
nealing 20% cupro-nickel—same conditions as for Pig. 1. 
Pig. 3—Annealing 307o cupro-nickel. 


The alloys with 15, 20, and 30% nickel are the most common. They have the 
following characteristics: 


Melting 

Nickel, % Pointy *C. 


Electrical Temp. 
Conductivity, Coeflaclent 
Density, % of Electrical 

lb. per I.A.C.S. Resistance 
0 U.ln. at 20*C. at 20»C. 

0.323 8.78 0.000344 

0.323 8.474 0.000237 

0.323 4.76 0.000048 


Temp. 
Coemeient 
of Thermal 

Thermal* Conductivity K, Conductivity 
cal./sq.cm./cm./sec./•€. (20*-200»C.) 
20*C. 200-C. at 20*C. 


•Deceased. tAsst. Metallurgist, The American Brass Co., Waterbury, Conn. 
ThU article was not revised for this edition. 
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The 30% cupro-iiickel Is extensively used for condenser tube purposes and for 
handling salt water aboard ships and containers for handling corrosive substances 
in many branches of the chemical industry; also used for resistance wire. It can 

be hot forged, cold rolled or drawn and with¬ 
stands severe bending operations. It is read¬ 
ily soft soldered, silver soldered, brassed, arc 
and gas welded. The melting point of 30% 
cupro-nickel welding rod is 1225^0. (2237®P.). 

The 20% cupro-nickel is used for turbine 
blades and parts where resistance to corrosion 
and erosion is required. 

Cupro-nickel being essentially a copper- 
base alloy has the fundamental corrosion- 
resistance associated with copper increased 
by the corrosion-resistance inherent to nickel. 
Cupro-nickel, like copper, is resistant to cor¬ 
rosion by all types of atmospheres, natural 
and Industrial waters and sea water as well 
as many of the mineral and organic acids. 
Because of the high nickel content the alloys 
show superior resistance to alkalies. As the 
nickel content is increased to 30%, the cor¬ 
rosion resistance is improved. 


8^ so 


$1 


60 


4Q 
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1 
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•^Elongation in Sin. 


0 10 20 30 40 SO 60 

Reduction by Rolling, Pen Cent 

Pig. i—RoUlng 30% cupro-nickel. 


Average Physical Properties of 20% Cupro-Nickel at Elevated Temperatures 


Temp., *0, 

Tensile Strength, psi. 

Elongation in 2 in., % 

22 

64,560 

15.5 

70 

60,820 

15.5 

120 < 

60,010 

12.5 

170 

56,730 

11.5 

220 

55,790 

12.0 

270 

52,810 

11.0 

320 

50,910 

10.5 


References 

^W. Ouertler and Q. Tammann, Ubcr Kupfemlckcllegierungen, Z. anorg. Chem., 1907, v. 52, 
p. 27. 

*0. 8. Smith and E. W. Palmer, Thermal and Electrical Conductivities of Copper Alloys, 
A.LM.E. Technical Publication, No. 648, 1935. 
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Properties of the Alloy 55% Copper-45 % Nickel 

(Constantsua) 

By G. C. Stauffer* 

General^T^e 65% copper-45% nickel alloy has about the highest electrical 
resistivity, me lowest temperature coefficient of resistance, and the highest thermal 
emi. against platinum of any alloys of these metals. Because of these properties it 
is used In electrical resistors and thermocouples. 

General Properties—^The properties of this alloy are as follows: 


Melting Point, *0. 

Density, g. per cm.*. 




20-100* 20-500* 

20-1000*0. 

Linear Coefficient of Expansion, per ‘C. 

Thermal Conductivity, cal./cm./sec./C.*. 

Specific heat, cal./g. 

Electrical Resistivity, microhm-cm. 

. 14.9 X lQ-« 16.3 Xl0-« 

.0.0546 

18.8 X10-* 


20-100* 20-250* a0-500*C. 


Temperature Coefficient of Resistance. +00002 0 +000025 

Thermal, eml. vs. platinum. 0*-1000*C. millivolts. 43.92 

Tensile Strength, annealed, psl. 60,000 

Tensile Strength, cold worked, psl.135,000 

Maximum temperature of use. for resistors, . 500 

Maximum temperature of use, for thermocouples. *C... 900 


Thermal Emf.—The basic alloy is modified by additions of manganese and 
iron to give somewhat varied emf. as specified by pyrometer manufacturers. Repre¬ 
sentative values obtained by the Unit^ States Bureau of Standards are given in 
Table I. These values establish the shape of the temperature emf. curve. 

Tabic !♦ 

Emf. vs. Platinum Cold Junction at 


op 

Millivolts 

•P. 

Millivolts 

-300 

+ 5 02 

800 

-17.41 

-200 

+ 3.73 

900 

-19.97 

-100 

+ 2.24 

1000 

-22.55 

0 

+ .57 

1100 

-25.15 

100 

- 1.27 

1200 

-27.77 

200 

- 3.26 

1300 

-30.39 

300 

- 5 39 

1400 

-32.99 

400 

- 7.64 

1500 

-35 58 

500 

- 9.98 

1600 

-38.14 

600 

-12.40 

1700 

-40.66 

700 

-14.88 

1800 

-43.13 


♦Prom Research Paper No. 1080, National Bureau of Standards, Washington, D. C. 


Temperature Coefficient of Resistance—The change in resistance with temper¬ 
ature may be either positive or negative, depending on small variations in composi¬ 
tion and on variations in the amount of cold working. In any case, the change is 
very small. Average values are given under General Properties for various temper¬ 
ature ranges. 


•Driver-Harrls Co., Harrison, N. J. 
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Properties of Cast Copper 45% Nickel Alloy* 

By W* A. Graham* 

The binary copper-nickel alloy containing 54-56% copper and 44-46% nickel is 
characterized by high electrical resistance and low temperature coefficient of resist¬ 
ance. The alloy is generally used in the wrought condition, but may be cast with 
satisfaction, yielding the following properties in the cast condition: 


Ultimate tensile strength, psi. <Min. to average'). 54,000-56,000 

Yield strength, psi. (Average^). 21,000 

Elongation. % in 2 In. (Average). 32 

Reduction of area. % . . 34 

Brinell hardness, 10 mm. ball—500 kg. load. . 75-85 

Rockwell hardness. ^ ball—100 kg. load. B48-B54 

Shearing strength, psi. (Approx.). . 43,000 

Charpy impact resistance, ft.-lb. (Approx.*). 29.5 

Specific gravity (Approx.). 8.6 

Weight per cu. in., lb. (Approx.). .309 

Pattern maker’s shrinkage, in. per ft. . Va 

Solidification range, . 1225-1275 

Specific resistance, ohms per clr. mil. ft. . 294 

Specific resistance, ohms per sq. mil. ft. . 231 

Temperature coefficient of resistance. 0^-lS0"C. per "C. ±0.0001 


^Tension values determined from standard 0.505 test specimens cast in green sand molds. 
•Yield strength defined as the stress at which the stress-strain curve shows a departure of 
0.2% from the modulus line produced. 

•Charpy Impact values determined using 10 x 10 mm. specimens on standard Charpy machine. 


General Properties and Uses—Pure copper and nickel are melted together usually 
in an arc furnace. The pouring temperature required is 1350'’C., minimum. The melt 
is deoxidized Just before pouilng with a suitable deoxidizer such as magnesium. 
When pouring each mold, the gate should be kept full until the mold is filled. 
The rate of filling the mold should be controlled by the size of the runner and not 
by varying the rate of pouring. 

Due to its electrical properties the alloy is primarily for use in grid resistors. 
It is customary to match high and low resistance grids so that the total variation 
per set is held to a minimum. 


^Westlngbouse Electric A Mig. Co., East Pittsburgh. Pa. 
•Constantan. 
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Properties of Cast Copper.30% Nickel AUoy 

(Cupro Nickel) 

T. B. Kihlgren* 

castings containing 70% copper and 30% nickel are given in 


Table F 

Tensile Properties of Cast 30% Cupro Nickel 

(30% Nl, 0.50% 81, 1% Mn, 1% Pe, balance Cu) 

Ultimate tensile strensth. osl. 

Yield point (.5% extension under load), psi_ 

Yield strength ( 2% offset». osi. 

Proportional limit, psi. 

Elongation, % In 2 in... 

. 

63.000-66,000 

32,000-35,000 

30,000-34.000 

18,000-22,000 

35-40 

Ad-Rfl 

Reduction of area, %. 


Brinell hardness number. 1000 ks. 

^Tensile properties based on bars cast from 150 lb. oil fired 
electric furnace heats from electrolytic copper, electro-nickel, 
manganese metal. 

. 115-125 

crucible and 250 lb. rocking type 
refined silicon, and low carbon 

Specifications 

Source 


Designation 

U. S. Navy. Bureau of Engineering (tentative). 




Effect of Various Elements on TensUe and Casting Properties—When small 
amounts of carbon, aluminum, and titanium are present, the general level of strength 
properties is raised, and in some cases the ductility is decreased. Silicon has a vigor-^ 
ous effect on the physical properties, and an increase in silicon in the above mixture 
to 0.75% results in a tensile strength of approximately 75,000-85,000 psi. and a yield 
point of 55,000-60,000 psi. and a Brinell hardness number of about 170. The ductility 
is reduced sharply with increased silicon and is of the order of 12-20% at the 0.75% 
silicon level. In general, it is preferable to keep silicon nearer 0.5% as the higher 
silicon alloys are somewhat sensitive to hot cracking. Iron, up to 1.50% increases 
the yield point and proportional limit quite sharply, and the tensile strength mod¬ 
erately, without loss of ductility but excessive amounts are undoubtedly detrimental 
from a corrosion standpoint. Manganese has a rather mild effect on the tensile 
strength but is decidedly helpful from a casting angle, as its presence with silicon 
improves the fluidity of the alloy. It also materially improves the resistance of the 
casting to hot cracking when subjected to stress while cooling in the mold. 

Lead is extremely deleterious in the silicon containing cupro-nickel, giving rise 
to excessive hot cracking, rendering the alloy useless. It should be virtually excluded 
from the mixture. 

Uses—The alloy is used for cast fittings such as couplings, tees, ells, pump and 
valve bodies, and employed in conjunction with the wrought 70:30 copper-nickel 
alloy, which finds use in marine salt water lines, condensers in marine and seaboard 
applications and in oil refineries. 

Cupro nickel castings (30% nickel) of various types may also be used under 
service conditions where physical properties and corrosion resistance intermediate 
between those of nickel-silver and various high nickel content alloys are appropriates 

Foundry Practice—A method for the production of pressure tight castings in this 
alloy has been recently described by the author.^ 

References 

>T B Klhlgren, Production of Pressure Tight Castings in 30% Cupro Nickel, Trans., AJP.A.. 
1037, ▼. 45. p. 225. 


•MetaUurglst. Research Laboratory. The International Nickel Co.. Inc., Bayonne, N. J. 
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Properties of Copper-Silicon Alloys* 

General—The cast and wrought copper-silicon alloys usually contain one or 
more other elements and are of commercial importance because they resist the 
action of many corroding agents and have the strength of mild steel. They can be 
cast, rolled, spun, stamped, forged, and pressed either hot or cold and can be 
readily welded by all the usual methods. They are supplied in the form of sheets, 
strip, plates, wire, rods, tubes, pipe, casting ingots, hot pressed parts and special 
shapes. 

Composliion and Phsrslcal Constants—^The trade name, manufacturer, nominal 
composition, physical constants, and Aj5.T.M. specihcation number and type are 
given in Table m. 

Mechanical Properties—Mechanical properties of sheets, strip, plates, rods, bars, 
shapes and wire are given in Tables I, H. IV, and V, which are taken from various 
A.S.TM. specifications listed in Table III. 


Table I 

Copper-Silicon Alloy Plates and Sheets for Unfired Pressure Vessels 

A.S.T.M. Designation B96-36T 


Temper 

Tensile 

Strength, 

psi. 

Yield 

Strength*, 

psi. 

Elonga¬ 

tion, 

% 

In 2 in. 

Rockwell 

F Scale 
^ In. Ball 
60 kg.Load 

Hardness*) 

B Scale 
iS In. Ball 
100 kg Load 

Grain 

Size*) 

Maximum, 

m/m 



Types A and C 




Rot roiled. 

55.000 

20,000 

50 

P72 



Hot rolled with cold 






rolled finish. 

... 58-72,000 

29.000 

20 


B60-B80 


Annealed . 

... 60-64.000 

18,000 

40 

P72-P92 


0 no-* 

Half hard. 

... 71-81,000 

40,000 

10 


B79-B91 



Minimum values except as noted. 

■Stress corresponding to 0.5% strain. <>Rardne8S and grain size values are given for Informa¬ 
tive purposes only. ^No minimum grain requirement is specified, but all annealed material shall 
be fuUy recrystallized. 


Table n 

Copper-Silicon Alloy Sheet and Strip 
A.S.T.M. Designation B97-36T 



Tensile 

/-^Rockwell Hardness*-> 

F Scale B Scale 

Grain 


Strength. 

A in. Ball 

i*v in. Ball 

Size' 

Temper 

psi. 

60 kg. Load 

100 kg. Load 

m/m 


Types A and C Alloy 


0.070 m/m Anneal.... 

52,000- 58,000 

F7e-P80 


0 050-0.110 

0.040 m/m Anneal_ 

65.000- 64,000 

P76-P03 


0 055 (max)*> 

Quarter hard. 

62,000- 72,000 


B65-B80 


Half hard. 

71,000- 81,000 


B79-B91 


Hard . 

87,000- 07,000 


B88-B96 


Extra hard. 

99;000-108.000 


B93-B98 


SpHng .. 

. 105,000-113,000 


B94-B99 




Type B Alloy 



0.070 m/m Anneal.... 

38,000- 45.000 

P45-P56 


0 050-0.120 

0.070 m/m Anneal- 

40.000- 60.000 

F50-P75 


0 060 (max) ^ 

Quarter hard. 

42,000- 52.000 


B48-B63 


Half hard. 

. 47,000- 67,000 

....... 

664-B73 


Hard . 

. 60,000- 70,000 


B74-B82 


Extra hard. 

67,000- 76,000 


B78-B85 


Spring . 

71.000- 79.000 


B81-B86 



•Grain size and Rockwell hardness values are for informative purposes only. ^No minimum 
grain size requirement Is specified but all annealed material shall be fully recrystallized. 


Uses—Bolts, screws, nails, rivets, range boilers, tanks, small arms ammunition, 
electrical apparatus, sewage disposal apparatus, ventilators, ducts, fans, skylights, 
containers for handling gases, levee revetment work, transmission and distribution 
line hardware and fittings, signal apparatus, electrical conduit, bearing plates, chem¬ 
ical process machinery, flagpoles, Pourdrinier wire and cloth, kick plates, laundry 


■Prepared by a Subcommittee consisting of W. R. Hibbard, Chairman; W. B. Price. D. K. 
Crampton, R. A. Wilkins, R. B. Pratt, and H. A. Staples. 
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Table IV 

Copper-Silicon Alloy Rods, Bars and Shapes 
A.S.T.M. Desigx^ation B98-36T 


■i 

^ Temper 


Diameter or 
Distance between 
Parallel Faces 

Tensile 

Strength 

psi. 

Min. 

Yield 

Point" 

psi. 

Min. 

Elonga¬ 

tion 

in 2 in..% 
Min. 

Bend Test 
Angle of 
Bend 
Degrees 

/ ■ 


Types A, C and D Alloy 




Soft . 

. All forms, all sizes 

52,000 


45 

180 

Quarter hard. 

. All forms, all sizes 

56,000 

24,000 

30 

120 



[Up to Va in. incl. 

70,000 

38,000 

20 

120 

Half hard, Rods ... 


lover Va to 1 in. incl. 

70,000 

38,000 

25 

120 



lOver 1 to 2 in. incl. 

70,000 

38,000 

30 

120 



[Bars and Shapes 

b 

b 

b 

b 



[Up to ¥i in. incl. 

85,000 

50,000 

14 

90 

Hard, Rods. 

j 

[Over Vii to 1 in. incl. 

85,000 

50,000 

18 

90 



lOver 1 to IVa in. incl. 

85,000 

50,000 

22 

90 



[Bars and Shapes 

b 

b 

b 

b 


1 

Up to Va in. incl. 

100,000 

55,000 

7 

60 

Extra hard'', Rods.. 

. j 

Over *4 to 1 in. incl. 

100,000 

55,000 

10 

60 



.Over 1 to iy4 in. incl. 

100,000 

55,000 

14 

60 



Type B Alloy 




Soft . 


40,000 


35 

180 


1 

[Up to in. incl. 

55,000 

20,000 

11 

180 

Half hard. Rods... . 


lover ^ to 1 in. incl. 

55,000 

20,000 

14 

180 



jOver 1 to 2 in. incl. 

55,000 

20,000 

17 

180 


1 

[Bars and Shapes 

u 

b 

b 

b 


1 

[Up to Vz in. incl. 

65,000 

35,000 

6 

120 

Hard, Rods . 

. J 

lover Va to 1 in. incl. 

65,000 

35,000 

8 

120 



Over 1 to 2 in. incl. 

65,000 

35,000 

10 

120 



[Bars and Shapes 

b 

b 

b 

b 


1 

[Up to Va in. incl. 

75,000 

40,000 

4 

90 

Extra hard<^. Rods.. 

. 

Over Va to 1 in. incl. 

75,000 

40,000 

6 

90 


1 

Over 1 to IVa in. incl. 

75,000 

40,000 

8 

90 


“Stress corresponding to 0.5% strain. ‘’Physical requirements of bars and shapes of the half 
hard and hard tempers are agreed upon between the manufacturer and the purchaser at the time 
of order. <^Bars and shapes are not produced In extra hard temper. 


equipment, heat exchanger tube and head plates, structural shapes, welding rod, 
electric refrigerators, air conditioning apparatus, propeller shafts, tiller rope, marine 
hardware, meters, carburetor and valve parts, pump rods. 

Castings—With correct foundry practice, standard tension test specimens, poured 
from copper-silicon alloy ingots in sand molds, and tested without machining, 
gave the following properties: Tensile strength, 40,000-53,000 psi.; elongation in 
2 in., 25-50%. 

Corrosion Resistance—These alloys, like copper, are satisfactory in contact with 
a niunber of corrosive solutions and compounds. This corrosion resistance may be 
adversely affected by the presence of oxidizing agents. 

The alloys are employed in engineering construction because of their high 
strength combined with the fundamental corrosion resistance of copper and may 
be used in practically all locations where copper is satisfactory, but where greater 
strength than copper is desired. 

The metal has been found of value for resistance to atmospheric corrosion in 
both industrial and marine locations and resistant to corrosion by sea water as well 
as corrosive industrial and natural waters, to sulphuric and hydrochloric acid and 
many of their salts, to alkalis and many of the alkali salts. It shows good resistance 
to certain organic compounds including alcohol, phenol, cresol, sugar solutions, fatty 
acids, and organic salts. 

These alloys are under the Boiler Code Rules and are acceptable at a 10,000 psi. 
working stress for all temperatures from room temperatiure up to 250°F. Above 
250*F. and up to a maximum of SSO^’F., these alloys are allowed a maximum working 
stress of 5,000 psi. The question of doubt in regard to contact with steam and 
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Table V—Copper-Silicon Alloy Wire for General Purposes 

A.S.T.M. Designation B99-36T 


Temper 

Phy.sical Properties 

Up to Va in. Incl. 
in Diameter 

Over Va in. 
in Diameter 


Types A, C and D Alloy Wire 
Grain Size, max., m/m 

0.040" 

0.040" 

Annealed.. 

Tensile Strength, psi. 

55,000-70,000 

55,000-65,000 

Elongation'* in 2 in., mm. */<? 

40 

47 


Elongation** in 10 in., min. 

30 

e 

Eighth hard... 

Tensile Strength, psi. 

62.000-78,000 

62,000-78,000 

Elongation** m 2 in., mm. ^/c 

20 

28 


Elongation** in 10 In, min. % 

7 

c 

Quarter hard 

Tensile Strength, psi. 

72,000-85,000 

72,000-85,000 

Elongation*' In 2 m., mm. f/c 
[Elongation** in 10 in., mm. Vc 

15 

18 


5 

e 

Half hard... 

1 Tensile Strength, psi., min. 

90,000 

90,000 

1 Elongation** in 2 in., min. % 

4 

10 

(Elongation** in 10 in., mm. 

1 5 

c 

Hard. ^ 

1 Tensile Strength, psi., mm. 

115,000 

115,000 

[Elongation** lii 2 in., % 

2 

6 

(Elongation** in 10 in., 9f 

0.75 

e 

Spring**. i 

[Tensile Strength, psi., min 

135,000 

130.000 

[Elongation** in 2 In., %, mm. 

1.5 

4 

[Elongation'* in 10 in., %, min. 

0.5 

• 


Type B Alloy Wire 
Grain Size, max., m/m 

0.040" 

0.040" 

Annealed. 

Tensile Strength, psi. 

43,000-50,000 

43,000-50,000 

Elongation** in 2 m., %, mm. 

33 

40 


Elongation** In 10 in., mm. 

25 

e 


Tensile Strength, psi. 

50.000-60.000 

50,000-60,000 

Eighth hard.. . ^ 

Elongation** in 2 in., %, min. 

12 

20 


Elongation** in 10 in., %, min. 

4 

c 


Tensile Strength, psi. 

60.000-75.000 

60,000-75,000 

Quarter hard .... 

Elongation** in 2 in., %, min. 

8 

15 


Elongation** in 10 in, *''r, min. 

2.5 

e 


[Tensile Strength, psi., min. 

75,000 

75.000 

Half hard. 

j Elongation** in 2 in., %, min. 

4 

10 


(Elongation** in 10 m., %, min. 

1 

c 


(Tensile Strength, psi., min. 

90,000 

90,000 

Hard. h 

Elongation** in 2 in., %, min. 

3 

8 


(Elongation** In 10 in., %, mm 

0.75 

c 


[Tensile Strength, psi., min. 

100,000 

100,000 

Spring**. . ... ^ 

[Elongation** in 2 in., %, mm. 

2 

6 


[Elongation** in 10 in., %, min. 

0.50 

e 


"No minimum grain size requirement is specified but all annealed material shall be fully 
recrystallized. ^Elongation may be determined in either the 2 in. or 10 in. gage length but not 
in both in any Instance. <*On wire Va, In. in diameter, the percentage of elongation shall be 
taken in 2 in. OThe term **Spring Temper’* does not necessarily indicate a reduction of 8 B&S 
gage numbers on these alloy wires as in the case of brass. 


steam mixtures is covered by a warning which appears in a footnote to the table 
of allowable working stresses on nonferrous materials which reads as follows: 

There is doubt concerning the suitability of this material when exposed to certain products 
and/or high temperatures, particularly steam above 212'’F., and the user should satisfy himself 
that it is satisfactory for the service for which it is to be used. 

Workability— The copper-silicon alloys listed in Table III can be hot worked at 
1100-1475®P., except Type D containing lead to make them free-machining. All 
alloys except Olympic C and Everdur 1000 can be cold worked commercially. 
They can be readily drawn, rolled, spun and stamped. The Type B alloys can 
be easily cold forged. 

Welding Properties— Copper-silicon alloy can be satisfactorily welded by the 
oxy-acetylene, metallic arc, and resistance methods. For details of welding see 
page 220. 

Annealing— Copper-silicon alloys Types A, B and D will recrystallize after severe 
cold reduction at approximately 750®P. and at somewhat higher temperatures follow¬ 
ing more moderate reductions. The annealing range suggested is from 900®P. for 
light anneals to ISOO^’F. for full anneals, depending somewhat on the size or thick¬ 
ness and the degree of softness desired. The oxide formed during annealing is 
particularly tenacious and the usual brass mill pickle solution containing 10- 
20% sulphuric acid leaves copper-silicon alloys with a thin oxide coatii^ of 
dark red color. This red oxide surface is highly satisfactory for many uses. Except 
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where a bright surface is wanted for Its color or for welding, this pickled finish is 
suggested as being satisfactory and less expensive. 

The pickled copper-silicon alloy can be brightened by dipping in a solution 
composed of 15% sulphuric acid and % lb. per gallon of sodium bichromate. Ihe 
temperature of the solution should be held at approximately lOO’F. After the metal 
is taken from this solution it should be thoroughly rinsed in cold water and then 
dipped for a few seconds in a solution composed of 15% sulphuric acid and 2% 
hydrofiuoric. It should then be removed and ^ven a thorough rinsing in cold water 
to remove any white deposit still clinging to the metal. If it is necessary to prevent 
water stains, the metal can be dipped in hot water and then dried on a hot sawdust 
bench. The usual precautions should be taken with the sulphurlc-hydrofiuorlc dip 
to prevent fumes from injuring the work. 

A.S.T.M. Specifications and Types 
(For Everdur and Herculoy as listed in Table nZ) 


A.S.T.M. Everdur Everdur Everdur Everdur Herculoy Herculoy Herculoy Herculoy 

epeclflcatlon Type 1010 1015 lOia 1000 418 419 420 421 


B96-36T . A.O A.C A.C 

B97-36T . A.C B .. A.C B A.C B 

B98-36T . A.C B D A.C B A.C B 


B99-38T . A.C B D A.C B 
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Properties of Cast Copper-Aluminum Alloys 

(Alaminiim Bronze) 

By Jerome Strauss* and Lewis H. Fawcettt 

General-Aluminum bronzes comprise a group of copper-base alloys containing 
from a small amount up to 16% of aluminum (more generally 5-11% aluminum) with 
or without appreciable additions of other metals. These additions are principally 
iron, nickel, and manganese; tin and zinc are occasionally used. The compositions 
in general use for sand or chill castings are less numerous than those used in the 
case of wrought material. 

# strength combined with ductility, low coefficient 

of friction against steel and some other metals, hardness comparable to manganese 
bronze and resistance to corrosion, to shock, and to fatigue. On account of these 
properties aluminum bronze has been applied in gun mounts, gears of various types 
for heavy machinery and light automotive construction, feed nuts, bearings, pro¬ 
pellers, pump parts, fans, and ornamental work. 

Composition and Application—Typical compositions used in the United States 
are as follows: 


Total Other 
Elements, %, 

Type _ Copper, % Aluminum. % Iron, % Tin, %, Max. Max. Speclflcatlons 

88- 9-3 87.0-89.0 7.0- 9.0 2.5-4.0 Oo 1.0 

89- 10-1 89.5-90.5 9.5-10.5 1.0 max. 0.20 0.50 

90- 9-1 88.0-92 0 7 0- 9.0 1.25 max. 0.50 1.0 

90-10 88.0-91.0 9.5-10.5 0.20 0.50 1.0 

Type 88-J-3 is used generally, 89-10-1 
where high tensile strength after heat 
treatment is required, while 90-9-1 is fre¬ 
quently used on castings of small cross 
sectional area (under % in.). As type 90- 
10 contains no iron its yield point is apt 
to be low especially wheh slowly cooled 
after casting; this restricts its use some¬ 
what, but for certain types of wearing qual¬ 
ities where neither high hardness nor due- . 

tility is required, this alloy is sometimes ^ 
preferred. ^ 

Manufacture—Aluminum bronzes are ^ 

difficult to cast due to high liquid shrink- 
age and a tendency to form dross, but these 
characteristics may be overcome by simple 
design, dry sand molds, the use of chills 
and good general foundry practice; as part 
of the last item, it is especially important 
to avoid turbulent flow of the metal into 
the mold. These alloys are not materially 
affected by the usual contaminating metals 

in small amounts but if consistently high____ 

physical properties are desired the use of Section 

commercially pure metals in preparing the 

alloys is recommended. Nickel or manga- Pig. i— Test coupon and cast bar. 

nese as a major constituent increases the 
ductility over that found in the binary 

combinations, but they contribute less to elastic strength and hardness than does 
iron. 

Aluminum bronze may be melted in the usual types of brass and bronze melt¬ 
ing furnaces. The optimum pouring temperature may be as low as 1950®P. for heavy 
castings or as high as 2150''F. for light castings or those chilled over a large portion 
of their surface. 

The 89-10-1 composition may have its strength Increased by heat treatment; 

V^-Pres., Vanadium Corp. of America, Brldgeville, Pa., and fMetallurglet, U. 8 . Naval 
Oun Factory, Washington, D. O. 



A.S.T.M.-B59-36 

A.8.T.M.-B59-36 








1426 


OAST ALUMINUM BRONZES 


that is, usually quenching in water from ISOO-IGOO^'F., depending on the thickness 
and actual aluminum content, followed by tempering between 700^F. and llOO^F. 
in accordance with the section of each individual part. 

Mechanical Properties—Test coupon and separately cast bar of the types usually 
used for these high shrinkage alloys are shown in Fig. 1. The specimen machined 
from these cast blocks should be of the usual form: 0.375 in. radius, 0.505 in. dla. 
by 2 in. gage length. The mechanical properties are given below; 


Mechanical Properties 
S3-9-3, As Cast 


Tensile strength, psl. 65.000-75,000 

Proportional limit, psl. 20,000-25,000 

Yield point, psi*. 25,000-30,000 

Elongation, % in 2 in. 20-40 

Reduction of area, % . 20-35 

Resistance to impact (Izod), ft-lb. 20-30 

Brinell hardness number (500 kg. load). 00-110 


Alloy 89-10-1, Heat Treated 


Tensile strength, psl. 80,000-90,000 

Proportional limit, psl. 30,000-40,000 

Yield point, psi*. 50.000-80,000 

Elongation, % in 2 in. 5-10 

Reduction of area, %. 8-12 

Brinell hardness number (3,000 kg. load). 170-200 

Compression of 0.001 in., psi. 54,000 

Compression of 0.05 in., psi. 100,000 


Alloy 90-9-1, As Cast 


Tensile strength, psi. 60,000-70.000 

Proportional limit, psi. 15,000-20,000 

Yield point, psi*. 20,000-25,000 

Elongation, % in 2 in. 20-40 

Reduction of area, %. 20-35 

Resistance to Impact (Izod). ft-lb. 20-30 

Brinell hardness number (500 kg. load). 70-100 


Alloy 90-10, As Cast 


Ultimate tensile strength, psi. 

Proportional limit, psi. 

Yield point, psl*. 

Elongation. % in 2 in. 

Reduction of area. % . 

Resistance to impact (Izod), ft-lb. 

Brinell hardness number (500 kg. load).... 

Compression of 0.001 in., psi. 

Compression of 0.1 in., psl. 

Compression of 0.13-0.16 in., psi. 

Patternmaker's shrinkage, in. per ft. 

Sp.gr. (approx.). 

Weight per cu.tn., lb. (approx.). 

Relative electrical conductivity (Cu = 100) 
Modulus of elasticity, psl. 


60.000-75.000 
10 . 000 - 11.000 
20.000-25.000 
• 15-25 
15-25 
20-30 
90-100 

16.000-19,000 
75.000-83.000 
100,000 
A 
7.6 
0.27 
12 5 

12,000.000-15.000,000 


*0.5% permanent set. 


Corrosion—The uses of the cast aluminum bronzes have been briefly noted 
earlier in this article. It need merely be stated here, therefore, that the types 
of service for which these alloys are suited include also exposure to industrial 
atmospheres, sea air, sea water, and a large number of neutral and acid salts in 
low concentration at both room and slightly elevated temperatures. 

Specifications—Specifications in genera) use covering aluminum bronze castings 
are as follows: A.S.T.M., B59-36; S.AJ;. No. 68; Federal Specification, QQ-B-671, 
and U. S. Navy Department Specification, 46B18. 
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The S.A.E. specification conforms to the A.S.T.M. specification B59-36 and 
the Navy Department specification conforms in technical details to Grade A oi 
the Federal specification. The U. S. Army uses Federal specification QQ-B-671. 
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Properties of Cast Copper-Lead-Tin Alloy 

(Cu 80%, Pb 10%, Sn 10%) 

By Dr. G. H. Clamer* 

The alloy known as 80-10-10 Is a copper base alloy composed of 80% copper, and 
10% each of tin and lead, and may contain from traces up to 1% of phosphorus. 
When the phosphorus content approaches 1%, it is known as 80-10-10 phosphor 
bronze. 

The alloy is primarily a bearing metal and was developed to replace the so-called 
copper-tin bronzes formerly used for such purposes. The addition of lead resulted 
in greatly improving the antifrictional qualities of the alloy. It also had the 
effect of facilitating machining, and improving casting properties. As a result 
this alloy has widespread acceptance as a standard bearing metal. 

It is estimated that in excess of 10,000,000 lb. of this alloy are cast annually in 
the United States. 

Structure—Microstructurally, this alloy consists of a matrix of copper and 
tin, containing a small amount of lead in solution, the balance of the lead being 
mechanically held. The constitutional diagram of the matrix is shown in Fig. 1, 
page 1365. 

Composition—Although there are a number of specifications covering this alloy, 
the one most widely used is that of the A.S.TJ^., B30-36, Alloy No. 16. 

Specification B30-36 



Desired, % 

Mln..% 

Max.. % 

Copper . 

Lead . 

. 80 

. 10 

79 

9 

ii 

Tin . 

. 10 

9 

11 

0 50 

0.60 

0 25 
0.25 
0.08 
None 
0.03 
0.50 

Zinc ... 



Phoephome . 

Antimony . 

Nickel ... 


0.05 

Iron . 



Sulphur . 

Aluminum . 

Silicon . 

Other than copper, lead, tin, zinc, nickel, and antimony_ 




Effects of Major Constituents—^Increase of tin increases the hardness and com¬ 
pressive strength of the alloy and also increases the rate of wear. Increase of 
lead promotes plasticity of the alloy, gradually decreases strength, improves ma- 
chinability, andJowers elongation. Phosphorus when added in small amounts acts 
as a deoxidizer and when present in appreciable quantities Increases hardness, ten¬ 
sile strength, and fluidity of the alloy, and lowers its melting point. 

Impurities—Zinc—Zinc within limits of specification has no detrimental effect 
on this alloy when phosphorus is present in amounts not exceeding 0.05%. How¬ 
ever, when an appreciable amount of phosphorus is present, it increases grain size 
and lowers the physical properties of the alloy. It also has a tendency to Increase 
the rate of wear and to caiise lead segregation. 

AnfiTTiony—Antimony increases the grain size and lowers the physical prop¬ 
erties of the alloy. 

Iron—Iron is an impurity in the alloy. It is found in solution or in the free 
state. In both cases it is detrimental and should be kept as low as possible. 
When in the free state it makes hard spots, and when in solution it Increases 
internal shrinkage and discolors the alloy. 

Nickel—Nickel is not an objectionable impurity but is sometimes added for its 
ability to hold the lead and to increase the density of the alloy, which naturally 
increases its other physical properties. 

Sulphttf—Sulphur is an impurity in this alloy. There is some question as to 
the amount necessary to produce distinctly harmful results. Recommended prac- 


*PreB. and Gen. Mgr., The Ajax Metal Co.. Philadelphia. 
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tice relative to this impurity awaits results from work now in progress. Up to 
0.08% is not considered harmful. 

Aittminum—Aluminum is an extremely dangerous impurity and even a few 
hundredths of a per cent is likely to ruin the alloy, making it unsound. Aluminum 
apparently alters the crystalline structure of the alloy markedly, even small amounts 
cause lead sweats. 

SlMcoTir-Silicon has somewhat the same effect as aluminum on this alloy. It 
causes excessive dross formations and generkl unsoundness, and imparts a white 
discoloration on the surface of the castings. It also has the effect of producing 
lead sweats. 

Physical Properties for Sand Castings 


Ultimate tensile strength, psl. 28,000-35,000 

Proportional limit In tension, psl. 0,500-11,500 

Yield point In tension, psl. . 20,000-22,000 

Elongation In 2 In., % (average) . 13 

Reduction In area, % (average). 12 

Compression of 0.001 In. at. . 13,500-15,000 

Compression of 0.1 in. at. 45,000-47,000 

Compression* at 100,000 lb., in. 0.27-0.30 

Brinell hardness No.. 500 kg. (average) . 63 

Patternmakers Shrinkage. In. per ft. A 

Speolfle gravity . 8.9 

Weight per cu. in., lb. 0.324 

Resistance to shear by impact, Izod . 3-8 

Landgraf-Turner endurance, number of alterations . 150-500 


*The compression test specimens used were cylinders 1 sq in cross sectional area and 
1 in. high. 
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Properties of Wrought Manganese Bronzes 

By H. C. Jennison* and V. P. Weaver** 

The wrought manganese bronzes covered by this article are copper-zinc alloys 
of the Muntz metal type Improved by the addition of small amounts of manganese, 
tin, and iron. Tin imparts appreciable hardness and strength and also noticeably 
improves corrosion resistance by reducing dezinciheation, a type of attack to which 
such alloys are prone. Iron also increases the hardness and strength and acts as a 
grain growth inhibitor. Manganese also refines the grain structure, Increases 
strength, and Improves the working properties. The following composition limits are 
specified in Federal Specification QQ-B-721a (Class A) and United States Navy 
Department Specification 46B15c covering manganese bronze bars, plates, rods and 
shapes: copper, 57-60%; tin, 0.5-1.5; iron, 0.8-2.0; manganese (max.), 0.50; aluminum 
(max.), 0.25; lead (max.), 0.20; other impurities (max.), 0.10; and zinc, remainder. 

A typical nominal composition is 59% copper, 39% zinc, 0.5% manganese, 0.8% 
iron, and 0.7% tin. 

The approximate physical properties are as follows: 


Melting point, .896 

Electrical conductivity, % I.A.C.S. at 20°0. 24.6 

Thermal conductivity, cal. per sq. cm. per cm. per sec. per *C. at 20*’O.. 0.241 

Average coefficient of linear expansion per '‘C. from 25-300‘'C. 0.000021 

Specific gravity. 8.366 

Density, lb. per cu. In. 0.302 

Modulus of elasticity. In tension, psi. 16,000,000 


The usual requirements for tensile properties in accordance with the aforemen¬ 
tioned Federal Specification (Class A) are given in Table I: 


Table I 

Tensile Properties of Wrought Manganese Bronze 


Form, temper, and dla. or thickness, in. 

Tensile 

Strength, 

psi. 

(min.) 

Yield 
Strength 
or yield 
point, 
psi. 
(min.) 

Elongation 
in 2 in. 
or 4 times 
dla.> 

(min.), % 

Bend 

test, 

degrees 

Rods and bars, soft^. 

Footnote 3 

Footnote 3 

Footnote 3 

180 

Rods and bars, half hard 





1 and less. 

72,000 

36,000 

20 

120 

Over 1 to 2.5, incl. 

70,000 

35,000 

20 

120 

Over 2.5. 

65,000 

32,000 

25 

120 

Rods and bars, hard: 





1 and less. 

80,000 

56,000 

10 

90 

Over 1 to 2.5, incl. 

78,000 

55,000 

15 

90 

Over 2.5. 

68,000 

45,000 

20 

90 

Shapes, soft, all sizes. 

55,000 

22,000 

25 

180 

Plates, soft: 





0.5 and less up to 30 in. wide, incl- 

57,000 

22,000 

20 

180 

0.5 and less, over 30 in. wide, and all 





over 0.5 thick. 

56,000 

22,000 

. 25 

180 

Plates, half hard: 





0.6 and less, up to 30 in. wide, incl... 

60,000 

24,000 

18 

120 

0.5 and less, over 30 in. wide and all 





over 0.5 thick. 

58,000 

23,000 

22 

120 

*When round specimens, other than type 1 are used for testing rods, bars, and shapes, elonga- 

tion shall be determined on a gage length of 4 times diameter. ^Soft 

. rods and bars 

are intended 

for reforging. *No requirement. 






Manganese bronze has relatively poor cold working properties but excellent hot 
working properties. Forging is best done in the temperature range from 650- 
750®C. The machlnabiUty is rated at about 30% that of free cutting yellow brass 
rod. The alloys are readily welded by the oxy-acetylene torch and with zinc-free 
copper alloy welding rods such as some of the phosphor bronzes and copper-silicon 
alloys, carbon arc welds of moderate strength can be obtained. Because of the high 
vaporization of zinc from the base metal, they are not suited to metallic arc welding 
but thin sheets can be resistance welded. 


•Deceased. ••Assistant metallurgist, The American Brass Co., Waterbury, Conn. 
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Manganese bronze is available In the form of bars and plates, rods, shapes, 
strips, wire and die pressed forgings. Material manufactured to the above mentioned 
spe^catlons may be either hot or cold finished and is annealed or treated to meet 
toe mercurous nitrate strain test. Such material Is Intended for purposes requlru^ 
great strength and incorrodibility such as valve stems, propeller blade bolts, am 
pumps, and condenser bolts and may be used in lieu of Naval brass where high 
strength Is reqialred. 

Manganese bronze under some conditions 4s subject to season or corrosion crack¬ 
ing; It should, therefore, be manufactured to meet the strain test requirement of 
standard specifications and special consideration should be given to working stre^. 

Manganese bronze welding rod Is made to the following composition require¬ 
ments of Federal Specification QQ-R-571 and Navy Specification 46Rlb covering 
Nonferrous Welding Rods for Gas Welding: copper, 57.0-60.0%; manganese, 0.3-1.0%: 
Iron, 03-1.0%; tin (max.), 1.0%; lead (max.), 0.15%; aluminum (max)., 0.16%; and 
zinc, remainder. 

such rods are used for general welding of brass and bronze sheets, plates, shapes 
and castings. Manganese bronze welding rod is also used for toe oxy-acetylene weld- 
ing of steel, cast iron and malleable cast iron and lor building up wear resisting 

surfaces. «ui i. 

The wrought manganese bronzes belong to that group of alloys known as nign 

tensile strength brasses.” 


References 

W. L. Kent, The Behaviour of Metals and Alloys During Hot-Forging, J. Inst. Metals, 1928, 
▼. 39. p. 209. 

O. W. Ellis, High Strength Brasses, Trans., A.I.ME., Inst. MeJbals Dly., 1929, v. 83, p. 508. 

M. O. Corson, Manganese In Non-Ferrous Alloys, Proc., A.I.M.E., Inst., Metals Dlv., 1928, 
V, 78, p. 483. 

H W. Glllett, The Resistance of Copper and Its Alloys to Repeated Stress, Pt. 4. The Bronzes 
and Special Alloys, Metals A Alloys, 1932, v. 3, p. 275. 

j. E. Newson and A. Wragg, Note on the Failure of a High Strength Brass, J. Inst. Metals, 
1931, V. 46, p. 383. 

J H. S Dickenson, Note on a Failure of Manganese Bronze, J. Inst. Metals, 1920, v. 24, p. 315. 
Report of Subcommittee VII on Corrosion in Liquids, Proc. A.S.TM, 1935, v. 35, (I), p. 160. 


1432 


THE PROPERTIES OP CAST MANGANESE BRONZES Cu 3640a 


The Properties of Cast Manganese Bronzes 

By Lewis H. Fawcett* 

Introduction—Manganese bronze Is a copper-zinc alloy containing aluminum, 
manganese and iron; and occasionally nickel or tin. It is also (and more correctly) 
referred to as manganese brass, aluminiun brass, complex brass, high strength 
brass, high tenacity brass and high tensile brass. Apparently the first public mention 
of manganese bronze is to be found in “The Times” (London) of February 21, 1876. 
This article cited the results of mechanical tests made at the Royal Arsenal, Wool¬ 
wich, on certain new alloys (copper-tin-iron-manganese bronzes) Introduced by 
P. M. Parsons. About 1888 Parsons replaced the tin in his manganese bronze by 
larger percentages of zinc, thus converting the alloy from one that had at least 
some small claim to the name bronze into a true brass, nevertheless the name bronze 
has persisted. 

Application—Properly made manganese bronzes produce strong, ductile, non¬ 
magnetic castings possessing resistance to the corrosive action of sea water, sea air, 
waste water, industrial atmospheres and other corroding agents. Nevertheless, there 
is a probability of season cracking when manganese bronze is stressed above its 
yield point in certain applications such as valves. It is used for various parts of 
marine engine pumps, hydraulic machinery, valves, propeller hubs, propeller blades, 
engine framing, gears, worm wheels and general industrial purposes requiring high 
strength engineering castings. 

Composition—The ranges of composition generally employed in this country 
for manganese bronze and high tensile manganese bronze are given in Table I. 

Table I 

Composition of Manganese Bronze 

Manganese High Tensile 


Elements Bronze Manganese Bronze 


Copper . 55.00-60.00 64.00-71.00 

Zinc . 38 00-4? no 19.00-2200 

Tin . 1.50, max. 0.02, max. 

Manganese . 3.50, max. 3.50-4.50 

Aluminum . 150, max. 4.50-6.00 

Iron . 0.40-2.00 2.00-3.00 

Lead . 0.40, max. 0 02, max. 


The usual type of manganese bronze, namely, the type with higher zinc content, 
is approximately a 60-40 brass to which has been added small percentages of 
aluminum, manganese and iron, for example 58% Cu, 39% Zn, 1% Al, 1% Mn, 
and 1% Pe. 

Manganese bronze of extremely high tensile strength may be made of a 
composition which is approximately: 67.50% Cu, 21% Zn, 5% Al, 4% Mn, and 
2.5% Pe. 

Physical and Mechanical Properties—^The mechanical properties of a high- 
shrinkage alloy such as manganese bronze, are usually determined on a specimen 
cut from the test coupon of a separately cast bar such as shown in Fig. 1 in the 
article “Cast Aluminum Bronze.” The machined specimen should be of the usual 
form: 0.375 in. shoulder radius, 0.505 in. dia. by 2 in. gage length. Physical and 
mechanical properties are given in Table II. 

Manufacture—When passing from the liquid to the solid state manganese bronze 
has greater shrinkage than most brass or bronze alloys. It also has a strong tendency 
to form dross and sciun. These diflaculties may be overcome by care in design, the 
use of dry sand molds, chills, massiye feeder heads, the prevention of turbulent flow 
of metal into mold, and good general foundry practice. Manganese bronze may be 
melted in the usual types of furnaces used in melting brass, bronze and other 
nonferrous metals and alloys. 

Specifications—Speclflcatlons covering manganese bronze castings are as follows: 
A.S.T.M., B54-27; S.A.E. No. 43; Federal Specification QQ-B-726; and U. S. Navy 
Department Specification 49B3. 


•Metallurgist, U. S. Naval Gun Factory, Navy Yard, Washington, D. C. 
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Table n 


Physical and Mechanical Properties of Manganese Bronae 



Manganese 

Bronze 

High Tensile 
Manganese Bronze 

Ultimate tensile strength, psi.. 

65,000-75,000 

25,000-40,000 

15,000-25,000 

12,200,000 

20-40 

100,000-115,000 

55,000-75,000 

50,000-55,000 

15,800,000 

10-20 

Yield point, psi. * ** 

Elastic limit, psi. . 

Modulus of elasticity, nsl...!*!. 

Elongation, % in 2 in. . 

Reduction of area, %. 

20-40 

10-20 

Compression of 0.001 in., nsi.. 

20,000-26,000 

85,000-90,000 

20-40 

109-120 fBOO kcr load) 

oId.ooo 

90,000 

100,000 

7-11 

200-270 (3000 kg. load) 
7.11 

0.282 

487 

7/82 

1800-1900 

0 00000990 
0.00001016 
0.00001046 
0.00001099 
0.00001161 

12.8 

Compression of 0.1 in, psi... 

Compression of 0.18 in., nsi. . . 

Resistance to Impact (Izod). ft-lb. 

Brinell hardness number ___ 

Specific gravity (approx.). 

8.4 

0.303 

523 

7/32 

1725-1900 

0.00001977 

0.00001101 

0.00001137 

0.00001177 

0.00001210 

24.2 

Weight per cu. in., lb. (approx.). 

Weight per cu. ft., lb. (approx.). 

Patternmaker’s shrinkage, in. per ft. 

Pouring temperature. ®P. 

Thermal coefficient of expansion per ®P.: 

from 70-200® . 

from 70-300*. 

from 70-400®. . 

from 70-600* . ... 

from 70-600®. 

Electrical conductivity, % of copper standard (approx.) 


S.A.E. No. 43 conforms with the composition and physical properties of A.S.T,M., 
B54-27 and Navy Department Specification 49B3 conforms in technical detail to 
Federal Specification QQ-B-726. The U. S, Army uses Federal Specification 
QQ-B-726. 
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Cu 3645 


Properties of Copper-Nickel-Tin Alloyt 

By W. B. Price* 

This aUoy contains nominally 70% copper, 29% nickel, and 1% tin. The propor¬ 
tion of copper and tin is the same as in regular Admiralty condenser metal, while 
nickel replaces a like percentage of zinc. 

Physical Properties and Composition—Typical tension test values obtained on 
1 in. hot rolled hexagon rod are: 


Composition, % 


Cu . 

. 69.12 

Elastic limit, psi. 

. 30,500 

Pe . 

. 0.18 

point, psi. 

. 35,600 

Sn . 

. .. 1.03 


. 64,500 

Ni . 

.28.23 

1 R)nngfi.tlon, In 2 In. %. 

. 46 

Mn . 

. 0.94 

Reduction in %.. - 

. 72.2 

S. 

. 0.01 



C . 

. 0.06 



2 n . 





The alloy is readily hot rolled between 2000 and 1550’'F. or may be cold rolled or 
cold drawn. When cold drawn to wire of 0.006 in. dia. with 99.6% final reduction, 
the alloy has a tensile strength of approximately 131,000 psi., and an elongation 
of 2% in 2 in. In the annealed state this wire has a tensile strength of approxi¬ 
mately 77,000 psi., and an elongation of about 35% in 2 in. 



Annealing Temperature, ^C. 


Pig. 1—Annealing test on hot worked 0.102 in. strip. Analysis: Cu 71.21%, P© 0.35%, Sn 
1.07%, Ni 26.42%, C 0.04%, Mn 0.56%, 8i 0.12%, 2^ (dill.) 0.23%. Material cast and hot worked 
to 0.699 in., then cold rolled to 0.102 in., 15 No. hard (reduced 83%) before annealing. 

Pig. 1 shows the recrystallization temperature of the alloy when very hard 
worked to be about 1040'’P. Grain growth after recrystallization is nearly in direct 
prc^rtion to the annealing temperature. 


%Reduction of Area by Cold Rolling 



Fig. 2—Effect of cold roUing on tensile properties of strip. Anneal at 1435*F. before rolling. 
Cage: Soft 0.102 in.; 10 No. hard 0.032 in. Composition same as Fig. 1. 

*Ohlef Chemist and Metallurgist, Seovlll Mfg. Co., Waterbury, Conn. 
tThe trade name of this alloy is Adnlc. 
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Pig. 2 and 3 show the effect of cold rolling on the physical properties of strips 

% Reduction of Area by Coid Rolling 

•o tN; ‘s. 0 ) ^ io > K <6 


Shone 

UHammen 


^J>f''^'^i^lckenSi 10 kg. Load 
Rockure/t! ke*’8aU, 60ko. Load 

I [^7 

Rochye//; yro^Ba/l. 60 kg. Load 

I I I I I ^ 

Rockyye//; 06 "Be/L 100kg. Load 


01 23^56969 10 

BfLS Numbers Nerd 

Pig. 3—^Effect of cold rolling on hardness of Adnle strip. Anneal at 1435*P. before rolling. 
Gage: Soft 0.102 in.; 10 No. hard 0.032 In. 

Pig. 4 shows the improvement that may be effected in cold drawn wire by slight 
alteration of chemical composition. This wire contained 3% less copper, 3% more 
nickel and %% more zinc. The lower Cu, higher Ni material was originally softer, 
hardened faster and reached a greater final strength. 

% deduction of Area by Cold Rolling 
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Elongation in 2i'n. I 
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Pie. 4—Effect of cold drawing on tensUe properties of wire. Analysis: Cu 68.16%, Pe 0.60%. 
8n 1.11% Ni 28.37%. C 0.04%, Mn 0.61%, Si 0.05%, Zn (dlfl.) 1.17%. Material cast and hot 
worked to % In. wire, then cold drawn. Gage: Soft 0.267 In. (grain size of 0.046 mm.); 10 No. 
hard 0.081 in. 

In Pig. 5 the results of short time tension tests at elevated temperatures are 
given. The alloy used in these tests was annealed 1 in. rod, having a tensile 

Table I 


Temp., •P. 


Creep Characteristics By ‘TJp-Stcp*' Loading 

/—--Stress for Designated Rate of Creep Rate == % per 1000 hr.- 
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strength of 64,000 psi. The yield point and elastic limit values are abnormally high 
for an annealed nonferrous alloy, which is probably due to a carbon content of 
0.11%, approximately twice the normal. 

, ^ The results of creep tests" at 400, 600, 800, and lOOO’P. are shown in Pig. 6 and 
l|ible I. The data were determined by the “up-step” loading method. This method 
eidnsists of applying a fixed load and holding constant until creep either proceeds at 



Tempenature, 

Pig. 5—Short time tensile properties of Cu, Ni, Sn eUoy rod at elevated temperatures*. 


a constant rate for at least 200 hr. or until it comes to a complete st 9 P for at least 
200 hr. The load on the specimen is then increased and the procedure repeated. 



Time in hours 

Fig. a—Time by elongation curves of Cu, Nl, Sn alloy at 400, 000. 800, and 1000*F. 


^A. E. White, O. L. Clark, and L. Thomassen, An Apparatus for the Determination of Creep 
at Elevated Temperatures, Trans., Am. Soo. Mech. Eng., Puel and Steam Power Section, v. 62. No. 


Efongetion, in, per in. 
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The load carrying ability at 800®P. is somewhat better than that of plain car¬ 
bon steel at 1000®P., since the value usually reported for a rate of flow of 0.01% 
per 1000 hr. for carbon steel at 1000®P. is about 3,500 lb. It is doubtful if this copper 
alloy can be successfully used at lOOO'^P. except in cases where a large amount of 
deformation can be allowed. 

At 400®P., the elastic plus plastic deformation occurs immediately upon the 
application of the load, or within a relatively short time afterwards, and then creep 
comes to a complete stop, at least within the sensitivity of the equipment used. 

Corrosion Resistance—The corrosion resistance of this alloy is an important 
factor in many of its applications. It is basically a copper-nickel alloy of the type 
that has been used extensively because of its resistance to corrosion, but its prop¬ 
erties are enhanced by the addition of tin. For general guidance the following 
typical application may be noted: 

Condenser Tubing Laundry Machining 

Table Ware—Restaurant Ware Pulp and Paper Machinery 

Diaphragm Metal Plumbing Supplies 
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Cast Copper-Nickel-Tin Alloys 

(Nickel Bronsees) 

E. M. Wise* 

The addition of from H-2% nickel to the commonly employed tin bronzes 
Increases the strength properties, particularly the yield strength, and Improves 
fluidity, reduces the grain size and aids in securing hydraulic tightness.*' * A broad 
range of nickel bronzes can be further hardened and strengthened by conventional 
age hardening treatments analogous to those employed with duralumin and 
beryllium copper.*- *• • 

Reference to the copper-nlckel-tin diagram^ on page 1371 will show that a con¬ 
siderable change in the solid solubility of a nickel content phase occurs with a 


As Sand Cas£ 



Annealed for tO hr. at f400*F. A ^ 
Quenched. Aged for 5 hr. at 600^ F. 



Brinell 

Hardness 

Numbers 


^paooo/ 

^ 60 . 000 / 

50 , 000 / 



\ Tensile /q 
strength 

_ / 


Proportional 



Per Cent Ntcke! 

Fig. l—Properties of nickel bronzes as cast and after heat treatment. 


Change in temperature and it is this characteristic which permits these alloys, over 
a considerable range of composition, to be softened by annealing at 1400®P. and 
cooling, and subsequently hardened by heating for a few hours at 550-600*’F. While 
the highest properties are secured by the above treatment, substantial hardening 
can be achieved by merely aging the cast alloy for about 5 hr. at about 600*’F. 

The presence of lead in castings which are to be used as cast is no more 
detrimental to the properties than in nickel-free bronze, but lead must be excluded 
rigorously from castings which are to be heat treated as even traces seriously 
reduce the elongation and retard the age hardening reaction. 


*Auistant Manager, Research Laboratory, The Intematlonal Nickel Co., Inc., Bayonne, N. J. 
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The properties of as cast nickel bronzes and those of homogenized, quenched 
and aged alloys as reported by Wise and Eash* are shown in 1^. 1. As will be 
observed, the strength properties for a given copper content tend to reach their 
maxima when the nickel and tin contents are equal. The effect of temperature of 
aging upon the hardness and tensile properties of the 5% nickel 5% tin 2% zinc 
alloy is shown in Fig. 2.* 


5hr. at, 

600 550 500 400 



Pig. 2—Effect of aging upon the cast and heat treated 6% nickel 57® tin 1% zinc alloy. 

Fig. 3—Relation between tensile strength, proportional limit, and elongation. 

In common with other age hardened aUoys, precipitation hardening occasions 
some reduction in ductility. The relation between proportional limit, tensile strength, 
and elongation for the cast and heat treated 5.0% nickel 5% tin aUoy is shown 
in Pig. 3.* Relations of this type permit a proper balance to be struck between the 
strength and elongation to meet particular engineering requirements. 

It may be remarked that the 7.5% nickel 8% tin 2% zinc composition is rather 
vigorous in its response to age hardening and for general application the slightly 
softer 5% nickel 5% tin alloy generally provides sufficient strength and is readily 
handled in the foimdry. It is also a good general purpose alloy for use in the as 
cast state without heat treatment. The melting and casting of this alloy have been 
studied in considerable detail by Kihlgren whose recent paper ^ould be consulted 
for detailed information.* 

The composition and properties of the sand cast 5% nickel 5% tin 2% zinc 
alloy are as follows: Nickel, 5-5%%; tin, 5-5%%; zinc, 1-2%; phosphorus, .03-.05%; 
lead, absent; iron and other impurities low, and the balance copper. 



Tensile 

Psl. 

Yield 

Point, 

Psl. 

(0.5% 

under load) 

Elongation, 
% in 2 In. 

Brinell 

Hardness 

No.. 

1000 kg. 

As cast. 

. 48,500 

24,400 

40 

86 

Cast and aged, 550”F. for 10 hr. .. . 

Cast and annealed, 1400*’F. for 10 

. ... 73,000 

hr.. 

61,000 

5 

170 

quenched and aged, 550°F. 5 hr.. . 
By adjusting the aging temperature. 

87,000 

the 

70,000 

10 

190 

following 

properties can be had. 

70,000- 
. 90,000 

50,000- 

70,000 

25-5 

140-200 


Melting Practice and Heat Treatment—The melting and casting of nickel bronzes 
follows good bronze practice. Melting under oxidizing conditions is desirable and, 
in alloys to be age hardened, definite oxidation of the copper-nickel base is impor¬ 
tant. This is accomplished by melting the copper and nickel imder a light charcoal 
cover and stirring in 0.2% of cuprous oxide when the charge has melted. The oxides 
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are then reduced by adding 0.03% phosphorus and the zinc and tin are introduced. 
A final addition of 0.05% phosphorus has been found effective with the 5% nickel 
5% tin 2% zinc alloy. Other deoxidizers, such as 0.15% silicon plus 0.6% man¬ 
ganese or 0.05-0.1% barium have been found effective in the 7.5% nickel 8% tin 
2% zinc alloy but if silicon is employed in the 5-5 alloy an increase in nickel content 
of about 1% must be made to secure age hardening. 

As earlier mentioned, lead must be excluded from castings which are to be heat 
treated and for this reason good quality virgin metals and only clean revert scrap 
should be employed for such castings. 

The annealing or homogenizing treatment is usually carried out at 1400*’F., 
five hours at temperature bei^ sufficient for most compositions. The rate of cooling 
from the homogenizing temperature can be varied ^thin wide limits without much 
effect on the properties after aging, although water quenching or air cooling are 
usually most suitable. The time and temperature of aging are selected to give the 
most desirable combination of strength and elongation, 550-600 °F. for 5 hr. being 
generally suitable for the 5% nickel 5% tin and 7.5% nickel 8% tin alloys of com¬ 
mercial purity. The rate of cooling from the aging temperature is unimportant. 
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Properties of Copper-Nickel-Zinc Alloys 

By H. C. Jeimison* and W. S. Girvint 

Composition—The alloytt has a composition of copper 75%, nickel 20%, and 
zinc 5%. It has a bright nickel-like appearance. Another copper-nickel-zinc aUoy 
known as alloy 854 contains 30% nickel instead of 20% and 5% zinc. These alloys 
can be bent, stamped, spun, formed, drawn cold, or hot forged. Being a copper-base 
alloy it has the fundamental corrosion resistance associated ^th copper but increased 
by the nickel additions. 

These alloys resist corrosion in all types of atmospheres; natural and industrial 
waters and sea water, as well as many of the mineral and organic acids. They are of 

400 600 1200 1600 ^F. 



0 200 400 600 600 1000 O 20 40 60 

Anneeling Temp.,^C. Pen Cent Reduction 

Pig. 1—Sheet of alloy 850 rolled from 5 B a 8 No. to 0.033 in. annealed % hr. at temperature 
Indicated. 

Fig. 2—Sheet of alloy 850, 0.145 in. gage roUed to 0.045 in. 


particular value where resistance to corrosion by impingement attack is encountered, 
such as in condenser tubes and piping for handling salt water and alkalis. 

Annealing—The annealing temperature is llOO’^F. For deep drawing, an an¬ 
nealing temperature of 1475^F. should be used. 

Physical Properties 

Density at 20*C. (68*P.): 

8.84 g. per cc. 

0.320 lb. per cu.ln. 

553 lb. per cu.ft. 

The density is 0.62% less than copper. If accurate weights are required multiply the values in 
standard copper weight tables by 0.9938. 

Electrical resistivity at 20*0. 172 ohms per circular mil-ft. Circular mil-ft.—172 ohms. 

Melting point—1150*C. (2102*F.). 

CoefTicient of thermal expansion—0.0000164*0. 

0.0000091*F. 

Modulus of elasticity—19,000,000 psi. 

Mechanical Properties (Room Temperature)—Minimum tensile properties of this 
alloy in its several forms are given below and in Fig. 1 and 2. 


Hard Drawn Rods 


Dia., in. 

Yield 

Point, psi. 

Tensile 
Strength, psi. 

Elongation 
in 2 in., % 

Incl . 


65,000 

8 

Over %-lMi . 


60.000 


Over . 


60,000 

30 


Cold Rolled Plates, Sheets and Strips 


Thickness and Width, in. 



.. 45,000 

60,000 

50,000 

48,000 

10 

0 —Vii over 3Q wide..... 

. 25,000 

M 

Over Vh-" *11 widthe.. 

. 30,000 

SB 





tAsst. MetaUurgist, The American Brass Co., Waterbury, Oonn. •Deoesied. 
ttThe trade name of this alloy is Ambrac. 
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Hard Drawn Tubes 


Outside Dia., in. 

Yield 

Point, psi. 

Tensile 
Strength, psi. 

Elongation 
in 2 in., % 

ifc-m. 

. 50,000 

65,000 

60,000 

8 

Over IVi . 

. 25,000 

10 


Wire 


Temper 




Elongation 
in 10 in., % 

Spring . 

Medium hard. 


65,000 

55.000 

100,000 

80.000 

50,000 

0.25 

0.25 

Annealed . 


25,000 

20.00 


Mechanical Properties (Elevated Temperatures)—Hard drawn and annealed rods 
tested at elevated temperatures gave the following results in short time tests: 


Teora. at Which 

Teet Was Made, *C. 

Tensile Strength, psi. 

Elongation in 2 in., % 


Hard Drawn 


22 

63,180 

13.3 

70 

61.340 

12.5 

120 

59.560 

12.5 

170 

56.550 

12.0 

220 

55,100 

12.0 

270 

53.350 

11.5 

820 

49.220 

11.0 

870 

45.840 

12.0 

420 

43,290 

10.0 

470 

40,140 

13.5 

520 

33,720 

10.5 

r 

Annealed 


22 

51,610 

37.5 

70 

48,510 

38.5 

120 

• 46.350 

35.5 

170 

43,760 

34.0 

320 

42,200 

34.5 

270 

40,210 

32.5 

320 

38,770 

34.0 

370 

37,680 

30.0 

420 

36,250 

27.0 

470 

32,160 

22.0 

520 

25,640 

15.0 

570 

20,760 

13.5 


Applications—This copper-nickel-zinc alloy is being used for making screen 
cloth, tableware, window and door frames, tubes for oil coolers, heat exchangers, 
salt evaporators, and condenser tubes. The metal can be used as welding rod 
on a wide variety of base metals. It can be used with either the oxy-acetylene or 
electric methods. The alloys are available in the form of wire, rods, bars, sheets, 
strips, tubes, and shapes. 

Castings—Casting ingots are produced in both the 20 and 30% alloys. The 
chemical and physical properties of the 20% alloy are as follows: Cu 64.5%, Zn 
7A%, Ni 20.0%, Pb 5.0%, and Sn 3.07o. 


Physical Properties 

*TeiAlle strength, psi. 

•Yield point, psl. 

•Elongation, % in 2 in. 

•Brinell hardness. 

Bpeeiflo gravity. 

Density, lb. per eu.in. 

Uelting point. 

Pattern shrinkage. 

•Approximate figures from tests made on sand cast bars. 


40.000-45.000 

25.000 

15-20 

55-65 

8.92 

0.322 

1080*C. (107e*F.> 
Ain. 


The castings are used for architectural applications, general purposes, and where 
a corrosion resistant metal is required. 
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Properties of Wrought Nickel Silvers 

(Copper-Nickel-ZIne Alloys) 


^old iVork/ngy 

*and Castino/Z 


^/E xtf^ inq 


By T. E. Kihlsrren^ 

The nickel silvers are alloys of copper, nickel, and zinc which owe their im¬ 
portance to color, a degree of corrosion resistance higher than that of the common 
brasses, good mechanical properties, moderate cost, reasonably good productive facil¬ 
ity, and availability in a wide variety of cast, foiled, and extruded shapes. In addition 
to white alloys, subdued pink, green, and yellow tints can be secured by suitable 
adjustment of copper, nickel, and zinc contents, and these colored alloys have useful 
architectural applications. 

Fig. 1 shows in a general way the com- 
/ \r ' \/ V 7~\7 — T~/ ranges of the nickel silvers, although 

^ 30 ^ ^ given field it should be realized that 

# commercially important alloys are con- 

fined to relatively small areas. The cold 
V / / / working alloys which possess the face-cen- 

^ fo k ' ■■ cubic structure designated as alpha 

^ /'^Hoisi^coid y contain from 7-30% nickel. In general, as 

—r—^^ y the nickel content ia increased the zinc con- 

^ V 'b V ^ tent is lowered and a constant copper content 

Per Cent Zmc Of 60-65% gives alloys which are commer- 

Pig. l~Compositlon ranges of nickel sil- Cially pracUc^. j 

vers. One Of the most widely used of the 

wrought nickel silvers is “18% nickel silver” 
containing about 18% nickel, 17-20% zinc, balance copper. In some instances about 
1% of lead is added to improve the machinability, particularly when the alloy is in 
rod form. 

Where deep drawing properties are required, however, lead is undesirable, and 
this element is also frequently responsible for “fire cracking.” The low zinc alloyv 
may be satisfactorily worked both hot or cold. The best known of these is ttie 20% 
nickel alloy with 5% of zinc. At the 30% nickel level the 5% zinc alloy formerly pro¬ 
duced has been largely supplanted by a simple 30% copper-nickel. A small amount 
of zinc is sometimes added to the latter to obtain sound sheet bars, only a trace 
usually remaining in the metal. 


^Hoi end,Co/d IVorkrtg 


Per Cent Z/nc 

Fig. 1—Composition ranges of nickel sil 
vers. 


~'Br<ne! 1 1 fO kg -fmmj ~ 
of^Aree ~ 


[Ctongation r> 2 m 


The extruding alloys are only 

hot worked, possessing poor cold Reduction 

workability, the presence of the ^ Annealed by Cold Rolling 

body-centered beta phase con- < 5 *^^ ^^^1 I ^ I \r Tens',le 

ferring an excessively rapid rate § ^ too —^—i———I— —— 

of work hardening. The hot ^ ^ an - ' ^ ' I _ 

working properties are excellent Br>nen>JOk g -/mm j' \T\ t*^ 

and 8 , 10 , 13 and 15% nickel ex- 5 ^ | eo —\Pro<^st^fafO%l 

truding alloys are readily pro- ^ S $ | | | | | 

duced. In a multitude of shapes, | -g ° JaZ~ 

and are also hot forged. E p ^ ~— 

The casting alloys are not in- ^ 5/0 p _ 

eluded in this survey, but it may c 'b | ^ tfonqadon n Zm l /^l 

be remarked that these often S — -/^oportfonai Om/t — 

con^, in addition to copper, 8 g—I . t - 1-4 . 1 " 

nickel, and zinc, appreciable 5 J 

amounts of tin and lead, both of vT ^ — f^Pr^f stresslotoi/). —————— 

which improve the casting prop- 11 ^ _ J ] _ elongation n 2 hp 

erties. Proportional Lvn,t ““ 

Mechanical Properties of Cold F ^ 10 20 x K) 20 X 

Workable ^oys^mile the prop- cent Mckel 

erties of the nickel silvers wiU 

be more completely discussed un- ^18- 2-.Propertles of nlckel-sUver of varying nickel 
der individual headings in other »• 

articles dealing with specific al¬ 
loys, a brief summary of the properties as a function of the nickel content Is appro¬ 
priate. Fig. 2 is based on the work of Cook* who presents comprehensive and sys- 

* Metallurgist, The International Nickel Co.. Bayonne, N. J. 


^ 

1 

5 ^ fO 

•vj Vj 


-y^Rockr^eU "j 
^StresslO lOM 


Propor tion al Lfn,t\ 
JO 20 X 


SOX Reduction 
by Cold Rolling 


~\Proof Stress [0 tO%]\ 


, Reduct/on of Area 


~ ProfXJrbonel Ufntt' 


Elongation n 2 in.-\ 


Per Cent Nickel 

Fig. 2—Properties of nickel-silver of varying nickel 
content; copper 62% (Cook*). 
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temaUc data on the hardness and mechanical properties as affected by cold work, 
and the annealing characteristics, of seven nickel silver alloys of sensibly constant 
copper content (60-65%), with nickel ranging from 10-30%. 

In the annealed condition the properties increase with the nickel content, but 
after 60% reduction by cold rolling, changes in the nickel content between 10-30% 
have little effect. After a 90% reduction by cold rolling Cook finds that the lowest 
hardness value is obtained at the highest nickel level, suggesting that the extent 
of work hardening varies inversely with the nickel content at least in this range. 
The same author presents annealing curves to show that the recrystallization tem¬ 
perature Increases with the nickel content, and as in brass, decreases as the cold 
work performed before annealing Is increased. Cook’s data* on thermal conductivity, 
electrical resistivity and thermal expansion follow: 


Nickel, 

±1% 

Copper 

Zinc 

Specific 

Resistance 

Microhms- 

cm>* 

Coefficient 
of Thermal 
Expansion 
0-400*C. X 
10 «** 

Thermal 
Conductivity 
cal./cmVcm/ 
“C./sec.*** 
OO^C. 200‘’C. 

Temnerature 
Coefficient 
of Thermal 
Conductivity 

10 

60-65 

25-30 

20.71 

17.0 

0.089 

0.108 

+0.00123 

12 

14 

23-28 

22.32 

16 8 

0.072 

0.090 

+0.00124 

15 

14 

20-25 

24.79 

16.8 

0.064 

0.081 

+0.00148 

18 

44 

17-22 

27.55 

16.8 

0.054 

0.065 

+0.00114 

20 

ii 

15-20 

29.03 

17.4 

0.052 

0.063 

+0.00120 

25 

if 

10-15 

33.65 

17.6 

0.049 

0.060 

+0.00124 

30 

If 

6-10 

37.80 

17.8 

0.046 

0.056 

+0.00120 


*Hard drawn 0.057 in. wires (84% reduction in cross section). 
**5 X % in. cylinders, in annealed condition. 

***1 in. diameter cast rods machined to % in. diameter. 


Effect of Composition on Color** ^—Nickel is the most important element In 
developing whiteness. Zinc in the presence of sufficient nickel also exerts a definite 
though less vigorous decolorizing in¬ 
fluence. The relationship between 
composition and color of nickel-sil¬ 
vers containing 15-30% of nickel 
and 0-40% of zinc is schematically 
depicted^ in Fig. 3. There is of 
course no sharp transition from one 
fleld to the next, the colors merg¬ 
ing gradually. The shaded area in¬ 
dicates the region of approximately 
white alloys. Colors are relative 
and some alloys outside the area, 
when viewed alone, will be ‘‘white” 
to all intents and purposes. For ex¬ 
ample, a 20% nickel, 15% zinc alloy 
possesses a white color when viewed 
by Itself and it is only by placing 
in juxtaposition with alloys nearer 
the shaded area that its faint yellow 
cast is visible. It will be noted that 
as the nickel content is increased, 
less and less zinc is required to ob¬ 
tain a white alloy and at 30% 
nickel, 5% of zinc produces an essentially white alloy. At 13% nickel, upwards of 
40% of zinc is necessary to secure whiteness. 

In some instances, the ability to produce subdued color tints by suitable adjust¬ 
ment of t^e copper, zinc and nickel contents of the alloy offers interesting possi¬ 
bilities in decorative metal work, and is of interest to the architect. By suitable 
juxtaposition subdued color contrasts can be obtained using extruded, cast, rolled, 
and drawn sections. 

Uses—Nickel silver is used as a base for electroplated silverware, and for 
rolled gold plate in the jewelry industry, for architectural applications and orna¬ 
mental metal work; for certain types of food handling equipment, marine fittings, 
and numerous other applications where a combination of a white color and a useful 
degree of corrosion resistance are required. Nickel silver is used extensively in 



Per Cent Nfckef 

Fig. 3—Color trends of copper-nlckel-zinc alloys 
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strip form for spring elements, especially in electrical relays, where its mechanical 
properties and ease of spot welding contacts makes it particularly advantageous. 
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Properties of Wrought 18% Nickel Silver 

(Copper-Nlckel'Zino Alloy) 

By R. A. Wilkins* 

Composition and General—The wrought 18% nickel silver alloys are predominat¬ 
ingly white in color, with strength, hardness and general corrosion resistance 
superior to the usual brasses. 

The data herein apply, unless otherwise stated, to an alloy of the nominal 
composition, 18% nickel, 18% zinc and 64% copper. Other common 18% nickel 
silver alloys contain 10% and 27% of zinc. With increasing amounts of zinc, the 
tensile strength and hardness increase. 


Nominal Composition : 64% Copper, 18%Zinc, 18% Nickel 

Ready to Finish Grain : — 0.0i5mm. ■■ ■ * O.OPOmm. 



ihown. 

Fig. 3 and 4—Meclianlcal properties of rolled and annealed sheet. 

Fabrication is usually accomplished by cold rolling and annealing, hot work 
being possible only when the zinc content is around 40%, or less than about 10%. 

When the combined copper and nickel content is in excess of about 63%, the 
alloys structurally are simple alpha solid solutions. 

Nickel is the most important element in producing whiteness of color, with 
zinc In a secondary role. For ordinary commercial applications, where whiteness 
is desired, the 18-18-64 alloy is acceptable. 

*Vlce Preaident, Revere Copper and Brass, Ine.. Rome. N. Y. 
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Physical Properti^ of 18-18-64 Alloy 


Melting point, *0.1110 

Density, g./cm.* .8.72 

Linear coefficient ot thermal expansion (0-100*0.), *C.14.8 X 10-^ 

Thermal conductivity, cal./cm.Vcm./sec./*C.0.080 

Specific electrical resistance at 20*0., microhms/cm*.27.55 

Electrical conductivity, %, I.A.O.S. at 20*0.5.91 

Modulus of elasticity.19.5 x 10* 

Endurance limit at 10* cycles,* psi.17,500-21,500 


*For an alloy of nominal composition, 18% nickel, 26% zinc, and 58% copper. Smaller value, 
annealed; larger value. 37% and 69% cold work. 


Fig. 1 and 2 show the mechanical properties of sheet samples rolled from stock 
of two different grain sizes after varying degrees of cold work. 

Fig. 3 and 4 show the physical properties of annealed material. Specimens 
were rolled 6 B&S gage numbers prior to finish annealing from stock of two different 
ready-to-finish grain sizes as indicated. 

Workability—The wrought 18% nickel-silvers as indicated by the mechanical 
properties of annealed material, possess excellent ductility and as a result can be 
readily drawn, stamped, cold forged, coined, spun and otherwise fabricated. 

The 18% nickel-silvers can be readily hard and soft soldered and Joined by any 
of the conventional methods. 

These alloys, while not as easy to machine as special free-cutting brasses, 
machine as well as the copper-zinc alloys to which they are structurally equivalent. 
Where special cutting properties are required, special alloys containii^ small 
amounts of lead are available. 

Applications—Large quantities of 18% nickel-silver are used for plated silver¬ 
ware. Hardware, architectural details, ornaments, springs, resistance wire, and 
chemical equipment. 
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PROPERTIES OF WROUGHT LEADED NICEIEL SILVER Cu 3645e 


Properties of Wrought Leaded Nickel Silver 

By T. C. Merriman* 

General—Where lead is alloyed with nickel silver (copper*base alloy with zinc 
and nickel) it is usually done to promote machinability. Ease of machining is 
obtained at the expense of ductility; and in hard to spring tempers at the expense 
pt strength. Leaded nickel silvers have practically all the advantages of the lead- 
free alloys of this type so far as color, resistance to corrosion and durability are 
concerned. 

Compodtion—The three principal grades are 10. 12 and 18% nickel. In rod 
**full leaded” means 1% lead, but in sheet 10% and 12% “full leaded” usually means 
2% lead. The grade (10, 12 or 18%) indicates nickel content, the balance being 
copper and zinc in the ratio of about two to one in the 10% and 12% nickel grades 
and about three to one in the 18% grade. Typical compositions are as foUows: 


Grade 

Form 

Copper, % 

Zinc, % 

Nickel, % 

Lead. % 

10% 

Rod 

60 

29 

10 

1 

10 % 

-t 

60 

28 

10 

2 

12% 

Rod 

60 

27 

12 

1 


Sheet 

60 

26 

12 

2 

18% 

Rod 

62 

19 

18 

1 

18% 

Sheet 

62 

19 

18 

1 


Physical and Mechanical Properties 


Specific gravity.8.7-8 8 

Weight per cu. in.0.32 lb. approx. 

Color.. .Yellow white to silvery white 

Electrical conductivity.5.7-7% I.A.C.S. 

Tensile Strength.55.000-120,000 psi. (rod) 

Tensile Strength.54,000-95.000 psi. (sheet) 

Elongation in 2 in.0.5-55% 

Rockwell hardness. . B 35-90 (sheet) 


Typical values showing the variation of tensile strength and elongation for the 
10% and 18% grades of leaded nickel silver at different tempers are shown In Fig. 1 
for cold drawn rod, and in Fig. 2 for cold rolled sheet. 



Pig. 1—Tensile properties of cold drawn 
leaded nickel silver rod. 



0 I_^^_I_I_ i _I_ \ _I 

0 f P 3 4 

B&S GaNo.Cold Rollhq 




4 

cv> 




Pig. 2—Tensile properties of cold drawn 
leaded nickel silver sheets. 


Working—Leaded nickel silvers are hot short, and must be cold worked all the 
way from the chill mold casting. In general less severe reductions must be employed 
than are feasible for nonleaded nickel silver, both per operation and per cumulative 
cold reduction between anneals. Although these alloys can be cold worked to what 
might be called spring temper, there is little object in working either rod or dieet 


*Metallurglst. The Seymour Mfg. Co.. Seymour. Conn. 
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more than 4 B. & S. gage numbers hard, since the slight gain in strength is more 
than nullified by a tendency to brittleness. 

Annealing—Leaded nickel silvers are very sensitive to heat, and while the nickel 
content suggests high temperatures, the lead will not permit, so a compromise 
is necessary. It is essential to bring the alloys up to heat slowly, and also to cool 
slowly. The Importance of this cannot be overemphasized as fire cracking fre¬ 
quently results from neglect of such precautions. 

Uses—Leaded nickel silvers find their principal uses in builders’ hardware such 
as screws, keys, valves, nuts, bolts, lock p«^. 
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COPPER-NIOKEL-ZINO-TIN-LiEAD ALLOY 


Cu 3645f 


Properties of Cast Copper-Nickel-Zinc-Tin-Lead Alloy 

(20% NIekel SlWer) 

By T. E. Kihlgren* 

Castings In this composition are used for applications where a white alloy of 
attractive appearance possessing useful corrosion resistance, and good castabllity are 
requirecL 


Tensile Properties 


20% Ni; 4% Sn; 6% Zn; 5% Pb; balance Cu 
Composition. %—^Nickel 20; tin 4; zinc 6; lead 5; copper balance. 

Ultimate strength, psl. 42.000>48,000 

Yield point (.5% extension under load), psi. . 25,000-30,000 

Yield stress (.2% offset), psl. 23.000-28.000 

Proportional limit, psi. 14,000-18,000 

Elongation in 2 in.. %. 12-16 

Reduction of area, %. 14-18 

Brinell hardness. 1000 kg. load. 90-100 


Specifications 

Federal specification. WWP 541. Federal specification (same as WWP 541). FF-H-106. HI. 
116. 121. 


Federal Specification WWP 541 



Desired 

Max. 

Min. 

Nickel. % . 

. 20 


19 

Copper, % . 

. 65 


62 

Zinc, % . 

. 6 

io 

Tin, % . 

. 4 

‘2.5 

Lead, % . 

Manganese. % . 

. 5 

*6 

1 

Iron and other impurities, %. 


1 







Federal specifications FF-H-106, 111, 116, and 121 are the same as the above 
WWP 541. 

General Properties—Variations in tin. zinc and lead content within the speci¬ 
fication will be accompanied by changes in tensile properties. An increase in zinc 
to the maximum permitted by the specification is accompanied by a moderate 
improvement in tensile properties. Lowering the tin to 2.5% causes a sharp drop 
in strength and a marked Increase in ductility. Increasing the lead lowers the 
strength and ductility moderately. 

For casting, zinc lowers the melting point and increases the ease of obtaining 
freedom from gas porosity. Lead aids in securing pressure tight castings, and 
improves the machinability, and tin hardens the mixture, while both lower the 
melting point, Improve fiuidity, and favorably infiuence the mode of distribution 
of shrtokage. Nickel is the dominant factor in securing whiteness and tarnish 
resistance; zinc is also beneficial in these respects but its effect is much less 
vigorous than that of nickel. 

In addition to the Fed. Spec. Alloy WWP 541, a wide variety of nickel silver 
casting compositions bearing various designations are used which may contain 
from 10-30% nickel, 5-30% zinc, up to 10% lead, and up to 6% tin. 

Uses—Nickel silver meeting the above specifications is used for plumbing fixtures, 
builder’s hardware, in certain types of food handling equipment, and for applica¬ 
tions where the white color, corrosion resistance, and machinabilty are desired. 
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Cu 3672 


Properties of Copper-Tin-Zinc Alloys 

(88-10-2 Md 88-8-4) 

By Lewis H. Fawcett* 

General-^The casting composition known as 88-10-2 consists of approximately 
88% copper, 10% tin, and 2% zinc. It is an ancient alloy which is still popular and 
importwt. The alloy 88-8-4 is a modification of 88-10-2. Both compositions are 
also known commercially as Government bronze, composition G, gun metal, Admi¬ 
ralty gun metal, and zinc bronze. 

The importance of gim metal is due to a combination of properties, such as 
strength, toughness, bearing qualities, uniform shrinkage and contraction, good 
casting characteristics, and resistance to sea water corrosion and other similar 
severe conditions. It has a fine grained, more or less equiaxed crystalline exterior 
surface, with pleasing full red color, which will take a high polish. This fine 
grained surface is an aid in the prevention of leakage (if too much of it is not re¬ 
moved by machining) when gtm metal castings are subjected to hydrostatic pressure. 

Extremely slow cooling of gun metal, because of high pouring temperature or a 
large cross section of metal, is apt to result in hard spots caused by the local pres¬ 
ence of a very high percent^e of tin, Indicating that the delta constituent, instead • 
of being evenly distributed, has formed in large masses, making the machining of 
the casting very difficult. The usual chemical analysis may not reveal this con¬ 
dition. The lower tin content of 88-8-4, as compared to 88-10-2, reduces this tend¬ 
ency on account of a smaller amount of the alpha-delta eutectoid being present 
and consequently less chance for Inverse segregation or liquation. 

Gun metal is an excellent steam and structural bronze which may be used 
for expansion joints, pipe fittings, gears, bolts, nuts, valves, pump pistons, castings, 
bushixigs, bearings, and, in general where strength and resistance to salt water 
cprrosion are required. It Is extensively used in naval and other marine work. 

Composition-Uniform composition and freedom from impurities are essential 
in obtaining maximum mechanical properties and consistent service. Where the 
best pfbperties are desired, the alloy should conform to the following range of ele¬ 
ments, which is not a specification but an ideal practical manufacturing range of 
composition: 


Copper ..*. 87 (MJ9.0 

Tin . . .. 9.&-10.6 

or 

7.&- 8.5 

Zinc. 1.5- 2.6 

or 

3.5- 4.5 

Lead . 0.30 max. 

Iron . . .. 0.10 max. 

Nickel . 0.75 max. 

Phosphorus . 0.05 max. 

Sulphur. 0.05 max. 

Antimony . 0.25 max. 

Aluminum . None 

Other elements. 0.15 max. 


Effect of Major Consfifuenfs—Increase of tin will cause an increase of the 
amount of the delta constituent, which will result in increased hardness and stiff¬ 
ness of the alloy. An increase of zinc tends also to increase the hardness and stiff¬ 
ness, but to a much smaller extent than an increase of tin. 

Effect of Minor Constituents 

Lead—43eldom, if ever, does lead add strength to a copper alloy. On the con¬ 
trary, it generally detracts from the strength and its action on gun metal is no 
exception to this fact. Hardness is also reduced by the addition of lead, but machin- 
ability is improved by a very small amoimt of this metal. One-half per cent lead will 
make gim metal free cutting, but it is better practice to keep the lead content below 
this figure in foundry production, because of the liability of exceeding this amount 


*Metallurgliit, U. 8. Naval Oun Factory, Navy Yard, Washington, D. C. 
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by the pyramiding of the lead content by the re-use of scrap. Lead over 0.50% 
does not give proportional improvement in the machinabllity. One-half per cent 
lead will also prevent checks or cracks at the Junction of a boss and the body of the 
casting when a sufficient fillet has not been provided. In a case of this kind it 
would aid in pressure tightness. 

Irorir—Iron will increase the hardness and is especially objectionable on account 
of its tendency to produce hard spots which increase the difficulty of machining. 

Nickel—h small amount of nickel has a tendency to decrease the grain size 
and its presence is beneficial rather than detrimental to the casting properties of 
the metal, and does not adversely affect the resistance to corrosion or wear. In 
the case of 88-10-2, 0.50% of lead may reduce the hardness. Three-quarters of a per 
cent of nickel will not materially affect the hardness. One-half per cent lead with 
0.75% nickel has a tendency to maintain the normal hardness of 88-10-2 with the 
increased machinability due to lead. Nickel is not generally added to 88-10-2. 

As 88-8-4 is normally somewhat softer than 88-10-2, an addition of 0.50% lead is 
not likely to affect its hardness, although it will act to increase the machinability. 
An addition of 0.75% nickel has a tendency to increase the hardness to that of 
88-10-2 without materially affecting the casting properties or machinability. This 
small amoimt of nickel is also apt to increase the tensile strength and to increase 
slightly the elastic properties of 88-8-4. One-half per cent lead plus 0.75% nickel 
tends to increase machinability without loss of the increased hardness due to nickel. 
It is common practice to add from 0.50-0.75% nickel to 88-8-4. 

Phosphorus—It is common practice to add a little phosphorus to gun metal for 
the purpose of “deoxidizing” the metal. But this practice should not be overdone 
because phosphorus has a greater effect on increasing the freezing range of this 
alloy than any other usual addition. It is difficult to produce good sound sand cast¬ 
ings from an alloy with increased or varying amounts of phosphorus causing an 
increased or uncertain freezing range. No more than 0.05% of phosphorus should 
be added. Also, above this figure phosphorus is apt to cause the appearance of 
free CuaP with a reduction in mechanical properties and will result in poorer sur¬ 
face appearance and increase cleaning costs. 

Sulphur—yfhUe there is little definite information on the effect of sulphur, it 
is generally considered doubtful practice to permit this impurity to exceed 0.05%, if 
the best results are desired. 

Antimony—Antimony, while undesirable and never deliberately added to this 
alloy, will ordinarily cause no trouble if kept below 0.25%. 

Aluminum—The presence of aluminum is very objectionable and it should be 
most rigorously excluded. During the melting of gun metal contaminated with 
aluminum the aluminum forms an oxide which is insoluble and results in alumina 
inclusions being trapped in the finished castings. Even a trace of aluminum will 
cause the castings to have a white silvery skin on their surfaces and its presence 
is fatal to castings requiring pressure tests. 

Other Elements —If other elements including arsenic do not exceed 0.15%, no 
harmful effects can be attributed to their presence. 

Physical and Mechanical Properties—The cast to shape test bar shown in Fig. 1 
was employed in determining the properties in tension. Machined tension specimens 
were of usual form: 0.375 in. radius, 0.505 in. dia. by 2 in. gage length. The ends 
were threaded and screwed into self aligning fixtures to prevent displacement of 
Ewing extensometer while determining the elastic properties. Electrical resistivity 
was determined on these machine specimens prior to making the mechanical tests. 

Physical Properties 
88-10-2 and 88-8-4 


Specific gravity. 8 5-8 8 

Weight per ou. In., lb. (approximate). 0.314 

Patternmaker’s shrinkage In. per ft. 0.15 

Pouring temperature (1050*P. Ideal). 19SO-2200*F. 

Electrical resistivity (approximate) 88-10-2. 15.5 

88-8-4 . 13.5 


Electrical resistivity as referred to is the resistance, expressed in millionths of 
an ohm, between opposite faces of a 1 cm. tube of the material. In these units 
copper has a resistivity of 1.72 at 68*F. 
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Mechanical Properties 
88-10-2 and 88-8-4 


tntlmftte tensile strength, psl. 30.000- 40,000 

Sastie limit, psl. 11,000- 14,000 

Modulus of elasticity. 16,000,000 

Propc^onal limit, psl. 11,000- 14,000 

Proof stress, psl. :. 13,000- 16,000 

Yield point by extensometer, psl. 18,000- 21,000 

Elongation, % In 2 In. 16-40 

Compression of 0.001 In., psl. 16,000- 17,000 

Compression of 0.01 In., psl. 21,000- 23,000 

Compression of 0.1 In., psl. . ... 41,000- 47,000 

Compression of 0.25 In., psl. ... 85,000- 97,000 

Compression of 0.27-0.29 in., psl. 100,000 

First Indication of rupture, psl.200,000-300,000 

Resistance to Impact (Izod), ft-lb. 7-14 

Brlnell hardness number (10 mm. ball, 600 kg. load, held 30 sec.) 88-10-2. 60-80 

88-8-4 . 50-70 


Elastic limit was determined as the stress which produced a permanent elonga¬ 
tion of 0.00008 in. in 2 in. after the load was released. 

Proportional limit was obtained by applying the load in uniform increments 
of 400 pounds (2,000 psi.) imtll the elongation under stress ceased to be proportional. 

Proof stress was the stress which produced a permanent elongation of exactly 
0.0002 in. in 2 in. after the release of the load. 

Yield point was determined by applying loads until the specimen had stretched 
0.01 in. while under stress. 

Compression specimens were machined, 1.129 in. dia. (1 sq.in. area) by 1 in., 
from 1% in. dia. bars cast vertically in sand. Measurements were taken with a 
micrometer caliper, calibrated to 0.0001 in. 

Specifications—The following specifications are in general use for gun metal: 

A.S.T.M., B60-36. 

Society of Automotive Engineers Specification, No. 62. 

Federal Specification, QQ-B-691, Grades 5, 6 and 6x. 

' n. 8. Navy Department Specification, 46-M-6. 

U. 8. Navy Department Specification, 46-B-5. 

Federal Specification QQ-B-691, Grade 5, requires a minimum tensile strength 
of 40,000 psi., and a minimum elongation of 20%. The Navy Department Specifica¬ 
tion 46-M-6 conforms in tech¬ 
nical requirements to Federal 
Specification QQ-B-691, 
Grade 5; and Navy Depart¬ 
ment Specification 46-B-5 
conforms to Federal Specifi¬ 
cation QQ-B-691, Grades 6 
and 6x. While the A.S.T.M., 
Federal, and Navy Depart¬ 
ment Specification desire 88- 
8-4, they nevertheless specify 
a range broad enough to per¬ 
mit the composition 88-10-2, 
The U. S. Army use Federal 
Specification QQ-B-691. 

Design—Gun metal has 
good casting properties, but 
to obtain the best results with 
this alloy, as with other cast¬ 
ing compositions, the design 
should be given very careful 
thought. The Ideal casting 
should be of uniform thick¬ 
ness throughout at the time 
of pouring. When uniform 
cross sections are not possible, 
an abrupt change from ozie section to another should be avoided by the use of 



Sechon X-X 
Fig. 1--Ca8t test bar for bronze. 
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fillets. Also, it Is important to avoid excessive machine finish allowances on cast¬ 
ings to be subjected to hydrostatic pressure. The chilling effect of the sand mold 
causes the gun metal casting to have a fine grained exterior, as compared with its 
interior. To retain this fine grained pressure tight surface, the design should main¬ 
tain a cast finish for pressure castings when possible, and a minimum allowance 
for machine finish when machining is necessary. 

Melting and Molding—This alloy may be melted in the usual type of ^ bronze 
melting furnaces. Ingots may be purchased and remelted or the alloy compounded 
and poured into the molds from the first melting. In foundries compounding their 
own alloys, when difficulties are encountered or if ideal quality or the highest 
mechanical properties are consistently required, melting in crucibles placed in a 
natural draft pit type furnace is recommended. In the crucible process the copper 
is first melted, protected by a covering of crushed charcoal, if the copper shows 
indications of wildness; carbon-free manganese is added (about 1 oz. per 100 lb.); 
then the nickel (if desired) as 50% cupro nickel; then the tin and finally the zinc 
plus 0.50% for loss. If lead is desired, it should be added and stirred in well just 
before removing the crucible from the furnace. When phosphorus is used as a 
“deoxidizer.” it may be added with the copper or as a final addition. A fiux is not 
necessary. The melt is poured into cast iron pig molds; analyzed; remelted under 
a covering of charcoal, preferably without further additions, care being taken to 
prevent overheating so as not to unduly increase the zinc loss; and then poured 
into the castings. 

Proper pouring temperature in the case of gun metal is most essential. A low 
pouring temperature is a great help in securing sound castings, pressure tightness 
and high mechanical properties. Excellent results may be obtained by pouring at 
IQSO^P., but the actual temperature can only be obtained by trial of the particular 
job. Temperatures above 2200®P. are not recommended. 

As gun metal is an excellent casting alloy, with a patternmaker's shrinkage of 
not more than 0.15 in. per ft., the usual moldmg practice for bronze is sufficient to 
secure good results. The molds may be made of either green or dry sand; green 
sand molds with dry sand cores are quite generally used. On larger castings the 
molds are frequently skin dried. Heavy sections may be chilled. With care in 
design, careful melting and low pouring temperature, uniformly sound castings free 
from defects can be consistently produced. 

Test Bar—Federal Specification QQ-B-691 permits the use of either of two types 
of machined test bars, shown as Fig. 10 and lOA, in Federal General Specifica¬ 
tion QQ-M-151. The Webbert type is given in Fig. 10 of the specification. Fig. 
10A is a modification of the Webbert type (the so-called Crown type test bar) and 
is very generally used. This bar differs from the Webbert type solely in the connec¬ 
tion of the head with the test specimen. The head feeds the Webbert specimen 
through a web of equal thickness extending the entire length of the specimen, 
while in the case of the Crown type the head is connected to the ends of the speci¬ 
men with no contact on the gage length. The thickness of this connecting metal 
is also greater in the Crown than in the Webbert proper. 

The advantages of Crown type are threefold: (1) The elimination of feeding 
metal on the important part of the casting, in this case the gage length of the 
specimen; (2) better feeding of the large ends of the specimen which in turn feed 
the gage length; (3) ease of detaching the head without danger of bending the 
specimen. 

The drawing of the test bar (Fig. 1) in flask gives the dimensions and manner 
of molding of this type of bar. The dimensions of the specimen and head are taken 
from Federal General Specification QQ-M-151, Fig. lOA, but as the method of 
molding is not specified, the molding practice generally used has been included in 
the drawing. The mold is made of green sand with dry sand cores, which is repre¬ 
sentative of a large percentage of castings made of this composition. When de¬ 
tached, the test specimens are machined to conform to the dimensions of the stand¬ 
ard tension test specimen, 0.505 in. dia. by 2 in. gage length, shown as Type 1 in 
Federal General Specification for the Inspection of Metals, QQ-M-151. 

Heat Treatment—Castings of this type of bronze may be heat treated to correct 
leakage, due to interdendritic unsoundness, in castings subjected to hydrostatic 
pressure test; to relieve stresses; or to improve the mechanical properties—especially 
ductility. The usual heat treatment consists of an anneal at HOO'^F. for one hour 
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per inch of wall thickness (one hour per % in. is preferred in some cases) followed 
by air cooling. Generally only pressure castings are heat treated because the 
mechanical properties usually specified are readily obtained without risking possible 
changes in dimensions by the relatively high temperature of an annealing treat¬ 
ment. Castings may be air cooled by opening the furnace door but to reduce dis¬ 
tortion to a mlnimiun they should not be removed until cooled to a moderate 
temperature of 500*'F. or less, or they may be placed in pans and removed at 
the maximiun temperature. Heat treatment should be done prior to machining and 
thus avoid dimensional discrepancies in the finished product. 

The ductility of chilled cast bars can be greatly Improved by heating at a tem¬ 
perature ranging from 1200-1400°F. for 1 hour per inch of diameter or thickhess. 

Welding—This type of bronze casting may be welded by the metallic arc process 
with bare or coated phosphor bronze electrodes. A phosphor bronze electrode of 
normal composition, except with a 5-7 percent tin content, gives good physical 
properties in the deposited metal. Such electrodes are wrought phosphor bronze 
which does not contain zinc. Preheating and annealing are advantageous. Gas 
welding may also be employed for this purpose when economy permits. 
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Properties of Wrought Copper-Tin-Phosphorus Alloys 

(Phosphor Bronze) 

By H. C. Jennison* and W. S. Girvinf 

The copper-tin alloys deoxidized with phosphorus are commonly called “Phosphor 
Bronze”. The phosphorus content varies from a trace to 0.50%. Copper and tin 
form a complex series of alloys but only the alpha alloys are used for wrought 
bronzes. The tin content varies from a fraction of 1% up to a maximum of about 
11%, depending on the shape of the finished product and the physical requirements. 

In sheet form the industry has standardized on three grades which have become 
known as Grade A, C, and D. Grade A is nominally a 4 or 5% tin alloy, while 
the C and D grades contain 8 and 10% tin, respectively. This series of alloys Is 
used most extensively for springs and diaphragms because of its higher resiliency 
and resistance to fatigue. They also have good resistance to wear. Properties of 
these alloys are given in Table I. 

Table I 

Properties of Phosphor Bronze 



Meltlngb 
Point, -C. 

Coefficient 
or Expansion, 
25-300‘'C. 

Electrical 
Conductivity, 
% LACS, 
at 20“C. 

Thermal 

Conductivity* 

Modulus of 
Elasticity, 
psl., X10-« 

Density 
lb. per 
cu.ln. 

Grade A. 

. 1050 

0 0000178 

18.37 

0.195 

15.0 

0.320 

Grade C. 


0 0000182 

13.00 

0.150 

15.0 

0.318 

Grade D. 

. 1000 

0.0000183 

10 6 

0.121 

15.0 

0.317 


» = Cal. per sq.cm, per cm. per sec. per *0. at 20*C. 
k = Heycock-Neville constitution diagram. 


The properties given in Tables II, III, IV, and V are from A.S.T.M. Specification 
—for Sheet Phosphor Bronze, Grades A, C, and D. 

There are also leaded alloys in sheet form, usually containing about 5% tin 
and from 1-4% lead to make the alloy free cutting and for bearing purposes. 
Grades A, C, and D are produced in rod form. Grade A is also modified by the 
addition of lead. The leaded alloys are especially adapted to screw machine work. 
The two most common have the following nominal composition; 

Copper . 94% Copper.88% 

Tin . 5% Tin . 4% 

Lead . 1 % Lead . 4% 

Zinc . 4% 

The second alloy is usually made to meet the following physical requirements: 


Min. 

Min. Tensile Elongation 

Strength, psl. In 2 In., % 


60.000 25 

55.000 30 

50.000 30 


Grade A spring wire is made to the following requirements: 


Up to V4 in., incl. 

V4-I In., incl. 

Over 1 In. 


Over 


-wire Dla., In.-- 

To and Including 


Tensile Strength, psl., Min. 


0.0000 0.0625 130,000 

0.0625 0.1250 . 120.000 

0.1260 0.2500 110,000 

0.2500 0.3750 100,000 


The wrought phosphor bronze alloys are usually cold worked but some of the 
lower alloys containing less than 2% of tin can be hot worked. The endurance 
limit of Grades A, O, and D Phosphor Bronze is approximately 25,000-27,000 psL in 
the hard state. Because these alloys are refractory they take 25% addition over the 
regular brass tolerances for sheet and tube. 


•Deceased. tAsst. Metallurgist, The AmarioM Brass Co.. Waterbury. Conn. 
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Annealing Tempenature, ^C. 


Fig. 1—^Phosphor bronze Grade A sheet— 
gage, 0.040 In. Reduced 60% In thickness by 
rolling. Annealed % hr. at temperature noted. 
Fig. 3—Same as Fig. 1, but for Grade O. Fig. 
3—Same as Fig. 1, but for Grade D. 



0 2 4 6 6 iO 

Pen Cent Tin 


Fig. 4~Rockwell hardness of an¬ 
nealed and cold rolled phosphor bronze 
sheet, tin 0-11%. Average grain diam¬ 
eter of 0.050 min. and a minimum gage 
of 0.040 in. Bottom curve represents 
annealed material, other curves repre¬ 
sent same material, but rolled as indi¬ 
cated. Fig. 6—Tensile strength in 
thousand psl. on same material as in 
Fig. 4. Fig. 6->Denslty values for 
same materials as in Fig. 4. 
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Table II 

Temper Requirements for Grade "A** Phosphor Bronze Sheet 




Nominal 



Rockwell 

Rockwell 

Rockwell 



Thick- Reduction 

Tensile 

• 

B" 

* 

G” 

30 



No. 

ness, by Roll- 

Strength, psi. 

Hardness 

Hardness 

Hardness 

Temper 

Hard 

in- ing, % 

Min. 

Max. 

Min 

Max. 

Min. 

Max. 

Min. 

Max. 

Soft 

0 

0.040 and over 0 

0.030 and over 

40,000 

55,000 

7 

50 

•• 

12 

24 

50 



0.020-0.040 

0.010-0.030 



0 

45 


" 

16 

46 

Half hard 

2 

0.040 and over 20.7 

55.000 

70.000 

60 

81 

20 

53 





0.030 and over 
0.020-0.040 


53 

78 

15 

h 

57 

73 




0.010-0.030 







52 

71 

Hard 

4 

0.040 and over 37.1 

72,000 

87.000 

82 

90 

55 

66 





0.030 and over 
0.020-0.040 


80 

88 

53 

64 

71 

77 




0.010-0.030 







69 

75 

Extra hard 

6 

0.040 and over 50.0 

84.000 

98,500 

88 

94 

64 

73 





0.030 and over 
0.020-0.040 



86 

92 

62 

ni 

75 

90 



0.010-0.030 




.• 



73 

78 

Spring 

8 

0.040 and over 60.4 

91,000 

105,000 

90 

96 

69 

75 





0.030 and over 
0.020-0.040 



88 

94 

67 

73 

77 

81 



0.010-0.030 






• • 

75 

79 

Extra spring 

10 

0.040 and over 68.6 

96,000 

109,000 

92 

97 

72 

77 




0 030 and over 
0.020-0.040 



89 

94 

70 

75 

78 

82 




0.010-0.030 






.. 

76 

80 


Table III 

Temper Requirements for Grade **C"* Phosphor Bronze Sheet 


Nominal Rockwell Rockwell Rockwell 

Thick- Reduction Tensile "B” “G’' 30 **T” 

No. ness, by Roll- Strength, psl. Hardness Hardness Hardness 
Temper Hard in. Ing, % Min. Max. Min. Max. Min. Max. Min. Max. 


Soft 

0 

0.040 and over 0 
0.030 and over 

53,000 

67,000 

29 

70 

•• 

33 

38 

68 



0.020-0.040 

0.010-0.030 



20 

66 

• • 


27 

62 

Half hard 

2 

0.040 and over 20.7 
0.030 and over 

69,000 

84,000 

76 

91 

47 

68 

67 

78 



0.020-0.040 



69 

88 

40 

64 

,. 




0.010-0.030 




•• 



63 

75 

Hard 

4 

0.040 and over 37.1 

85.000 

100,000 

91 

97 

69 

77 





0.030 and over 
0.020-0.040 



89 

95 

65 

74 

76 

81 



0.010-0.030 




•• 



73 

90 

Extra hard 

6 

0.040 and over 50.0 
0.030 and over 

97,900 

111,500 

95 

100 

76 

82 

78 

83 



0.020-0.040 

0 010-0.030 



93 

98 

73 

79 

77 

82 

Spring 

8 

0.040 and over 60.4 

105.000 

118,500 

97 

102 

79 

85 




0.030 and over 
0.020-0.040 



95 

l66 

76 

82 

79 

84 




0.010-0.030 






•• 

78 

83 

Extra spring 

10 

0.040 and over 68.6 

109,500 

122,000 

98 

103 

81 

86 




0.030 and over 
0.020-0.040 



96 

loi 

78 

83 

80 

84 




0.010-0.030 






.. 

79 

83 
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Table IV 








Temper Requirements for 

Grade “D** 

Phosphor Bronze 

Sheet 





Nominal 


Rockwell 

Rockwell 

Rockwell 



Thick- Reduction 

Tensile 




30 

•T" 


No. 

ness, by Roll- 

Strength, psl. 

Hardness 

Hardness 

Hardness 

Temper 

Hard 

In. ing, % 

Min. Max. 

Min. 

Max. 

Min 

. Max. 

Min. Max. 

Soft 

0 

0.040 and over 0 

0.030 and over 

58,000 73.000 

35 

75 


40 

40 

78 



0 020-0.040 

0.010-0.030 


25 

7i 

.. 

30 

29 

64 

Half hard 

2 

0.040 and over 20.7 

76,000 91,000 

78 

95 

48 

75 





0.030 and over 
0.020-0.040 


74 

93 

38 

71 

67 

80 



0.010-0.030 



•• 

•• 


63 

77 

Hard 

4 

0.040 and over 37.1 

0 030 and over 

94,000 109,000 

94 

101 

72 

83 

78 

82 



0.020-0 040 

0.010-0.030 


92 

100 

68 


75 

81 

Extra hard 

6 

0.040 and over 50.0 

107,000 122.000 

98 

103 

79 

86 





0.030 anc2over 
0.020-0.040 


97 

102 

76 

a 

80 

84 



0.010-0.030 



•* 



79 

83 

Spring 

8 

0.040 and over 60.4 

0 030 and over 

115.000 129.000 

99 

104 

81 

88 

81 

85 



0.020-0.040 

0.010-0.030 


98 

103 

78 

85 

80 

84 

Extra spring 

10 

0.040 and over 68.6 

120,000 133,000 

100 

105 

83 

90 




0.030 and over 
0.020-0.040 


99 

104 

80 

87 

82 

86 




0.010-0.030 


•• 

•• 

•• 

•• 

81 

85 


Table V 

Chemical Composition 
f A.S.T.M. Specification B-36-T) 


Copper ... 

Tin . 

Phosphorus. 

Iron, max. 

ijead, max. 

Antimony, max. 

Zinc, max. 

Nickel, max. 

Copper plus Tin plus Phosphorus, min. 


Grade A 

— tfer cent- 

Grade C 

Grade D 

... Remainder 

Remainder 

Remainder 

.. . 3.80-5 80 

7.0 -9 0 

9.0 -11.0 

0.03-0.35 

0.03-0.25 

0 03- 0.25 

... 0.10 

0.10 

0 10 

0.05 

0.02 

0.02 

.. . 0.01 

0.01 

0.01 

0 03 

0.20 

0.02 


0.16 


- 99.50 

99.50 

99.60 
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Properties of Cast Copper>Zinc>Tin>Lead Alloys 

(AUoy 85-S-5-5) 

By J. W. Bolton,* F. L. WoU,* and Wm. Romanoff’ 

The alloy known as 85-5-5-5 is a copper base alloy composed of 85% copper, 
and 5% each of tin, zinc, and lead, plus or minus certain tolerances. Years ago 
it was called ounce metal, because the usual mixture was 1 oz. each of tin, zinc, 
and lead to each pound of copper—which roughly approximates 85-5-5-5. Today 
this alloy is widely known as eighty-five three fives. The derivation of this appella¬ 
tion is obvious. 

The alloy is used for general utility purposes where reasonable strength and 
noncorrosive properties are demanded. It is rather widely used in the manufacture 
of many pressure castings, in some cases for bearings, and for miscellaneous engi¬ 
neering applications at temperatures not exceeding about 450*^. 

The eighty-five three fives alloy is one of the most widely used nonferrous sand 
cast alloys. The alloy possesses the attributes of fairly low cost, good physical prop¬ 
erties, good casting properties, and easy machinability. 

The microstructure of the matrix of this alloy closely resembles that of the 
binary alloy of copper with 7 or 8% tin. The coring formation, characteristic in 
sand cast alloys of this type, is well pronounced. As a rule, the alpha-delta 
eutectoid is not found, or occurs only in small amounts. The characteristic cored 
matrix contains many small globular particles of lead. Lead is relatively Insoluble 
in the matrix and usually is found in the dendritic fillings. 

Specification—Most modern specifications for this alloy are based upon the 
A.S.TM. specification B 62-36, the chemical and physical requirements of which are: 


Desired Min. Max. 


Copper, rc ... 85 00 84.00 86.00 

Tin. % 5 00 4.00 6.00 

Lead, % 5 00 4.00 6.00 

Zinc, %. 5 00 4.00 6.00 

Iron. % .. . . . - 0.2S 

Nickel, % .... ... 1.00 

Phosphorus, C'r . . 0.05 

Tensile strength, psl. .... 30,000 min 

Yield point, psi. . 14,000 “ 

Elongation in 2 in., . . 20.0 


Most 85-5-5-5 is made from refined ingot which may be purchased under 
A.S.T.M. specification B 30-36 Alloy Grade 4. The chemical specifications for ingot 
metal are different than and should not be substituted for those for castings. 

The most important factors influencing the physical properties of castings made 
from alloys of this type are soundness and freedom from internal porosity. The 
underlying causes of unsoundness and the methods for correcting are subjects 
which are touched upon in the data sheets of the A.F.A. dealing with this alloy. 
The Foundry has published a summary of this subject in serial form in the issues 
of Aug. 1, Sept. 1, Oct. 1, and Nov. 1, 1930. 

Effects of Major Constituents—Increase of tin increases the hardness and stiff¬ 
ness of the alloy. Increase of zinc also acts in this direction, but to a less degree 
than an increase of tin. Increase of lead gradually decreases the strength. Increases 
machinability, and lowers elongation. 


Impurities 

Iron—Free iron in appreciable amoimts causes hard spots. Alloyed iron, within 
the specification, has no pronounced effect on the alloy. High iron increases hard¬ 
ness very materially, particularly when not in combination or when nickel is present. 
In any quantity it increases the electrical resistivity. 


^Metallurgist, The Lunkenheimer Co., Clnoinnati. 
*rechnlcal Supt., Ohio Brass Co., Mansfield, Ohio. 
•Technical Supt., H. Kramer 6 b Co., Chicago. 
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iVicJteZ—Within the maximum specified, nickel is not detrimental. Large amounts 
of nickel raise the initial freezing point and may increase the sluggishness of the 
metal. When sufficient nickel is added the cored structure is broken up and the 
color of the alloy changes. It then is not 85-5-5-5 alloy, properly speaking. 

Phosphorus—Phosphorus is usually employed as a deoxidizer. For this purpose 
not more than a trace need be retained in the final alloy. The maximum amount 
permitted under the specification lengthens the freezing range of the alloy and 
Increases the fluidity an appreciable degree. Phosphorus Increases the hardness and 
in some cases has a tendency to discolor the surface of the castings. It also in¬ 
creases the tendency of the castings to ‘‘burning in’* and consequent rough 
appearance. 

Aluminum —Aluminum is an extremely dangerous impurity and even a few hun¬ 
dredths of a per cent has a detrimental effect on the physical properties of the 
allqy, because it makes the castings very unsound. Aluminum apparently alters the 
crystallization characteristics of the alloy very markedly. Even very small amounts 
sometimes cause lead sweat. 

Silicon —Silicon is also a dangerous impurity. As much as 0.03% is likely to 
produce decided unsoundness. It apparently goes into solid solution and affects 
the crystallization characteristics of the alloy. In leaded alloys, the tendency 
toward formation of dross from interaction of silicon and lead compounds is 
pronounced. 

Sulphur —Sulphur within the amounts allowed by the specification is not likely 
to cause trouble. Sulphur promotes sulphide inclusions, which if not too great in 
amount do not seriously impair the properties of the alloy. 

Antimony —Antimony up to the maximum allowed by the specification appar¬ 
ently does not cause trouble. 

Physical Properties—The ultimate tensile strength minimum of the specification 
is 30,000 psi. Average foundry practice is about 33,000 psi. However, foundries 
maintaining rigid technical control are able to materially exceed this average. 

The modulus of elasticity of this alloy must be established arbitrarily, since 
no exact proportional limit is apparent. At 8,000 psi. stress the apparent modulus 
is about 13x10* psi. 

The yield point in the specification is given as 14,000 psi. min. stress required to 
produce 0.01 in. strain in a 2 in. gage length. In a sound, well made alloy this point 
will be found to average about 15,500 psi. However, there is a sharp “elbow” or 
change in curvature in the stress strain diagram somewhat above 10,000 psi. and 
proportional limit is about 8,000 psi. 

The min. elongation in 2 in. gage is 20%. On a good sound alloy the aver¬ 
age will be nearer 25%. 

At elevated temperatures the strength while under load drops gradually until 
400®P. is reached, rather rapidly from 400-500°P., and very rapidly above 500®P. 
Above 500°P. the drop in tensile strength is very rapid. The above suggests that 
this alloy, in common with others of its type, should not be used much above 450‘’F. 
unless a reasonably large safety factor is employed. Long exposure to temperatures 
above 450®P. causes embrittlement. , 

The Brinell hardness ranges from about 48-58 (500 kg. load). 

Rockwell using H in. ball is about 65-75. 

Specific gravity of sand cast alloy at 25®C. is about 8.7. This varies according 
to the soundness. 

Specifle gravity of chill cast alloy at 20®C. is 8.9. 

Weight per cu.ln. 0.314 lb. 

Pattern makers* shrinkage usually is taken as ^ in. per ft. 

The linear contraction 20-900®0. is 18.4 x 10-*. 

The volume shrinkage 20-900^C. is 5.5%. 

The solidification shrinkage is 4.9%. 

Izod test Is about 9 ft-lb. (average of several tests). 

Electrical conductivity (% of annealed copper at 20 *C.) 16.4. 

Creep tests have shown that the 85-5-5-5 alloy is quite inferior to the A.S.T.M. 
B 61-36 type valve or steam bronze at 600®P. The 85-5-5-5 alloy shows rapid and 
continuous creep at load of 3,000 psi.* at temperature of 500°P. (Ref.. Proceedings 
A.S.T.M., Vol. 35, Part II, p. 213.) There is no danger of lead sweat in this alloy 
within the temperature range indicated if the alloy is made properly, 

»Proc.. A.S.T.M.. 1935. v. 35, p. 213. 
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Properties of Wrought Copper>Zine>Tiii Alloys 

(Admiralty Metal) 

By William B. Price* 

History—Admiralty metal was originally developed by the British Admiralty 
for use as a condenser tube material. Copper-zinc alloys which were used for 
condenser tubes before the inception of Admiralty metal were either Muntz metal, 
containing 60% copper and 40% zinc or an alloy of 70% copper and 30% zinc. 
Admiralty metal rapidly superseded the 70:30 mixture and also much of the Muntz 
metal which had been used under less severe service conditions. The consumption 
of this material has continued to grow since its beginning and it is now, without 
question, the most common of all nonferrous tube mixtures. 

In recent years many special alloys have been developed and are now offered 
by nonferrous tube producers. These include the copper-nickel alloys, aluminum 
brasses and bronzes, red brasses, and modifications of Admiralty. While these 
materials are of great value in a great many specific installations, Admiralty metal 
,at present continues »to be in considerable demand. 

Properties—The chemical composition of Admiralty metal as specified by the 
A.S.T.M., United States Navy, and others, is as follows: 

Copper, not less than 70.00%; tin, 0.90-1.20%; lead, not over 0.075%; Iron, not 
over 0.06%; and zinc, remainder. 

Physical Properties of Admiralty Metal 


Soft 


Hard 


Tensile strength, psl. 

Yield strength, psl. 

Endurance limit, psl...... 

Modulus of elasticity. 

Elongation, % in 2 in. 

Reduction In area, % . 

Rockwell hardness (|^ In. 100 kg.). 

Brinell hardness (10 mm. 500 kg.). 

Coefficient of expansion (range 77-572*P ). . . .. 

Thermal conductivity B t.u./sq.ft./ln /sec /«F ... . 

Electrical conductivity {% of copper).. 

Weight. 

Melting point. 


50,000 fmin.)t 
23,000 
15.000 
15.000,000 
60-75 
70 min. 

B 10 
50 


309 Ib./cu in 
ITIS^’P. 


90,000 (min.)t 
88,000 


2 min. 

55 min. 

B 95 
190 

0.0000112 

0.218 

25 

8.55 g/c/c 
934'»C. 


tStress In a material at which there occurs a permanent deformation of on a 2 In. gage 
length. 


The above table gives the normal commercial tensile strength limits of hard 
and soft Admiralty tubing. Finish annealed tubing usually will average a tensile 
strength of approximately 55,000 psi. or higher. Hard drawn wire can be manu¬ 
factured having a tensile strength in excess of 125,000 psi. 

The value of the endurance limit is an average result of tests on annealed 
Admiralty metal. Under combined corrosion and repeated stress, this value would 
be lower. Cold working raises the endurance limit of Admiralty metal and, in 
general, it may be stated that the stronger the material is in tension, the higher are 
the endurance properties. 

The figure given for coefficient of expansion is taken from Scientific Paper 
No. 410, U. S. Bureau of Standards, and represents an average value for the given 
range of temperatures. 

Machinability—Admiralty metal machines similar to mild steel and should be 
cut at speeds and feeds approximately 50% of those used for free turning leaded 
brass. Cutting speed should not exceed 200 surface feet per minute. High speedy 
steel or carbide tools are recommended. 

Physical Properties at Elevated Temperatures—Fig. 1 illustrates the physical 
properties of Admiralty metal at elevated temperatures. Determinations were made 
on standard high temperature tensile test specimens machined from % in. cold drawn 
rod. The variation in properties with increasing temperature is normal for non- 
leaded alpha brasses up to SOO^'C. At this temperature a second phase (tin-rich) 

•Bcovlll Mfg. Co., Waterbury, Conn. 
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begins to separate at the grain boundaries in a molten or semimolten condition 
and makes the alloy "‘hot short”. These data Indicate the hot workability of the 
mixture and should not be used to predict its service at elevated temperatures. 


32 400 800 1200 1600^F 



Pig. 1—^Properties of Admiralty metal at elevated temperatures. 


Usca—Wrought Admiralty metal is made in the form of rod, wire, sheet, and 
tubing. The alloy is easily worked and combines ductility, malleability, and 
strength with a pleasing greenish yellow color and good resistance to general corro¬ 
sion. Because of these desirable characteristics, it is frequently substituted for 
yellow brass rod, wire, or sheet. By far the greatest application of the alloy is, 
however, in the form of tubes and tube fittings. As such it is used in con¬ 
densers, preheaters, evaporators, and air conditioning units, in contact with salt 
or fresh water, oil, steam and other liquids. 

Specifications— Many specifications are in use to control the purchase of Ad¬ 
miralty metal tubing. Among these are United States Navy Spec. 44T7e, United 
States Federal WW-T-756 and A.S.T.M. B44-33. The latter specification is most 
generally used in the trade and represents the Joint opinions of many producers 
and users. 

With respect to the difference in British and American practice, namely, the 
use of hard drawn and finish annealed tubing, it Is quite generally accepted that 
each tsrpe has its particular merits. The hard drawn British tubes better resist 
mechanical forms of attack, air impingement, and erosion. The soft American 
tubes better resist chemical and electrochemical forms of corrosion. 

Corrosion Resistance—^The problems of corrosion resistance are by nature com¬ 
plex. Each installation should, where possible, be treated as an individual case. 
In presenting a problem of tube corrosion to a tube producer no detail of the 
case history should be overlooked. 

Bearing in mind the limitations, it can be stated that, in general. Admiralty 
tubing can be used with “fair to excellent” results in practically all types of indus¬ 
trial heat exchanging equipment in contact with circulating water, steam, or oil 
at operating temperatures imder 500^F. 

Tinning of one or both tube surfaces subject to attack frequently is of great 
, value in improving service life of Admiralty used under adverse conditions. 

Some producers claim that tubes finished with an oxidized surface are superior 
in corrosion resistance to those acid cleaned. 
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Properties of Cast Copper*Zinc>Lead>Tin Alloys 

(Medium Bed Brass) 

By H. M. St. John* 

Classification—-Medium red brass alloys contain from 2-3% of tin, 7-10% of lead, 
8-15% of zinc, balance copper. Alloys in this group cast well, are readily machin¬ 
able, and are in general suitable for pressure work where pressures do not greatly 
exceed 40 or 50 psi. at temperatures not over 250®P. They are also suitable for a 
great variety of brass castmgs where it is desired to obtain a red color at low cost, 
and when the mechanical properties are not important. Radiator valves, low- 
pressure steam fittings, and low-pressure water fittings are among the products 
made from alloys of this general composition. 

Typical Composition and Physical Properties—A typical alloy has the following 
composition, in per cent: Cu 77, Zn 10, Pb 10, and Sn 3. Representative physical 
properties^ are as follows: 

Tensile strength, psl.27,100 

Yield point, psi. 17,900 

Per cent elongation in 2 in. .... .11.5 

Brlnell hardness (600 kg. 10 mm. ball).50 

A modification of this alloy with a composition in per cent of Cu 78, Zn 9, Pb 10, 
Sn 2.5, and Ni 0.5 has the following properties: 

Tensile strength, psi. 29,000 

Yield point, psl.17,200 

Per cent elongation In 2 In.16 

Brlnell hardness (500 kg. 10 mm. ball).57 

In the A.S.T.M. Specification B30-36, copper-base alloys in ingot form for sand 
castings alloy No. 9 is listed as follows: Cu 79-80%, Sn 2.5-3.5%, Pb 6.25-7.75%, Zn 
7.5-9.5%, P. 0.03% max., Sb 0.25% max., Fe 0.35% max., Ni 050% max., S 0.08% max., 
A1 none, Si 0.05% max., and total impurities (other than nickel) 0.50%. 

It is further stated that the following properties may be expected: 


Tensile strength, psl. .22,000 to 28,000 

Elongation in 2 in., %. 10 to 15 

Brlnell hardness No. . 50 to 55 

Pattern maker's allowance lor shrinkage, in. per ft. 0.1875(A) 

Weight, lb. per cu. ft. . 640 


Influence of Nickel—The addition of 0.5% nickel increases the elongation, densi- 
fies the structure (so that the interior of a moderately thick section is almost as 
fine-grained as the part close to the outer skin), lowers the optimum pouring tem¬ 
perature, and improves the machinability. 

The influence of nickel on the pouring temperature is pronounced and seems 
to increase the fluidity at temperatures close to the freezing point. The pouring 
range is slightly decreased due to the effect of nickel in raising the actual freezing 
point. Castings of moderate size and section which may best be cast at 2200-2100®P. 
in the unmodified alloy cast equally well at 2125-2050®P. when 0.5% nickel is included 
in the composition. 

Machining Qualities—The machining qualities of the alloys have been com¬ 
pared by a drilling test in which the time required for a weighted % in. cirill to pass 
through a % in. thick test block was measured and compared with the time required 
for a standard block of the same thickness. Ten holes were drilled in each block 
and the average taken. Arbitrarily assigning the value of 100 to the modified alloy 
(0.5% Ni), the following results were obtained as the average of a large number 
of tests: 


cu 

Zn 

Alloy Composition, %- 

Pb Sn 

NI 

Machinability No. 

78 

9 

10 2.5 

0.5 

100 

77 

10 

10 3 


108 

85 

6 

5 5 

— 

145 


As compared with the alloy containing 0.5% Ni, it takes 8% longer to drill a 
hole through a given thickness of alloy 77:10:10:3 and 45% longer through the same 
thickness of the alloy 85:5:5:5. The difference in machinability may be ascribed 


*Supt., Brass Foundry, Orane Oo., Chicago. 

^Average of six tests on an alloy made from 50% new metal and 50% re-run metal. 
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to the diHerence in tin content. The substitution of 0.5% Ni for an equal propor¬ 
tion of tin improves the machinability without impairing other mechanical prop¬ 
erties. 

Properties at Elevated Tempcraturcs—Exact data with respect to properties of 
these alloys at elevated temperatures are lacking, but it is well known that alloys 
containing as much as 10% lead cannot safely be used much above 250^F. unless 
at higher temperatures the pressure to which they are exposed is slight. If the 
percentage of lead is decreased, the temperature at which the alloy can be used 
Increases somewhat. 

Resistance to Corrosion—Generally speaking, all of the alloys in this group 
have about the same resistance to corrosion as the 85:5:5:5 alloy. As ordinarily 
used, the only point of real importance is that they do not stand up well against 
alkaline waters. 

Effect of Alloying Elements—A large number of alloys, varying in composition 
within the range included here, are being made by different foundries; each one 
seems to have its favorite. In general their properties are much the same but there 
is, naturally, some variation due to change in the principal constituents. Increas¬ 
ing the proportion of zinc hardens the alloy, slightly increases its strength and 
m^es it more difBlcult to machine. Increasing the proportion of tin hardens the 
alloy, substantially increases both strength and yield point and makes it more diffi¬ 
cult to machine. Increasing the proportion of nickel (to a maximum of 2.0%) 
toughens rather than hardens the alloy, substantially increases the strength but 
not the yield point and does not greatly affect the machinability. Increasing the 
proportion of lead above 10% is undesirable because of difficulty with lead sweat. 
This segregation of lead on the surface of the casting cannot be prevented by thor¬ 
oughly mixing before pouring the castings, since it is caused by the separation of 
lead during solidification followed by extrusion of the still molten lead to the sur¬ 
face of the metal as a result of contraction. This is evidenced by the fact that the 
lead covered surfaces are almost always foimd on the cope of the casting. 

In order to avoid sweat at a 10% lead content the tin should be held at 2.25% 
or above, the zinc at 6% or above. In alloys of this class nickel does not seem to 
have much influence on lead segregation, whereas both tin and zinc are important. 
If the proportion of lead is decreased below 10%, the machinability and density 
of the alloy are both impaired but the danger of lead sweat decreases. With such 
reduction in lead content the proportion of tin may also be reduced and the 
strength of the metal maintained by increasing the zinc. 

Impurities—The principal impurities to be considered are aluminum, magnesium, 
silicon, iron, sulphur, antimony, and phosphorus. Aluminum is a very undesirable 
impurity and should be under 0.01%. Magnesium-copper is an effective deoxidizing 
agent, but cannot be used with safety because there must be no residue of metallic 
(unoxidized) magnesium in the alloy, certainly not more than 0.01%. The presence 
of silicon to the extent of 0.01% or more results in segregation of lead, accompanied 
by a weak, brittle structure with intercrystalline fissures. Iron should not exceed 
0.30%, preferably 0.20%. Sulphur should be under 0.10%, preferably 0.05%. Less 
than 0.20% antimony has a noticeable effect on foundry brass containing 10% lead; 
0.15% should be considered a maximum. Phosphorus is permissible up to 0.05%. 
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Corrosion Resistance of Copper and Copper-Base Alloys 

By H. L. Burshoff* and N. W. Mitchell* 

Metallic copper Is resistant to alkaline solutions, except those containing am¬ 
monia. Its attack by mineral and organic acids is dependent largely upon the 
presence of an oxidizing agent in solution. Copper also resists oxidation by water 
vapor at high temperatures and has good resistance in general to most salt solu¬ 
tions. Under certain conditions, copper or copper alloys acquire a film which may 
be protective, but may be damaged by the high velocity of the solution or from 
other causes. 

Copper has poor corrosion resistance to sulphur and sulphur compounds. All 03 ring 
the metal with zinc to produce brasses greatly increases the resistance to sulphur. 
In general, the lower the copper content of the brass, the better the resistance to 
sulphur compounds. 

A considerable variation in corrosion resistance occurs with the change in 
copper content in the copper-zinc alloys (brasses). Those alloys containing less 
than about 80% of copper are sometimes subject to corrosion in such a manner 
that the zinc is selectively removed from the alloy. This phenomenon which 
results in the formation of porous masses or layers of copper in the article imder- 
going corrosion is called “dezincification.” 

Dezinciflcation is encountered with corrosive water supplies in plumbing work 
with alloys such as Muntz metal containing 60% copper and 40% zinc, and **2 and 1” 
alloy containing 67% copper, 0.5% lead, and 32.5% zinc. It is particularly serious 
at hot water temperatures, resulting in some cases in very short life of the installa¬ 
tion. In condenser tube applications for marine power plants and the oil industries, 
dezinciflcation occurs with Admiralty brass, which contains 70% copper, 1% tin, and 
29% zinc. 

Dezinciflcation is avoided by the use of alloys containing more than about 
80% of copper. In plumbing work the use of red brass (85% copper 15% zinc) has 
entirely eliminated failures by dezinciflcation. Red brass appears to possess the 
greatest general corrosion resistance of the binary copper-zinc alloys, its advantage 
over copper being a somewhat superior resistance to pitting. 

Addition of small amounts of antimony or arsenic have been found to improve 
the resistance of low copper alloys to dezinciflcation. Although arsenic inhibits 
dezinciflcation of yellow brass alloys, its use frequently leads to intercrystalline 
corrosion. The fact that antimony improves the resistance of low copper alloys to 
dezinciflcation is important in the oil industry in particular where low copper 
brasses are desirable for good resistance to sulphur and sulphur compounds. 

The addition of tin is of lesser but still of essential benefit with regard to 
dezinciflcation when added to high brass alloys. The addition of tin to Muntz metal, 
resulting in Naval Brass, improves the resistance of this alloy to sea water and other 
corrosive solutions. The addition of tin to 70-30 brass, resulting in Admiralty, gives 
an improvement over the binary alloy. 

The accelerated corrosive action occurring in marine and seaboard power station 
condenser tubes is the result of high water velocity, particularly when considerable 
air is entrained in the cooling water. This type of attack is known as impingement 
attack or destructive cavitation. Impingement attack is usually characterized by 
deep pitting, quite frequently with the pits having the shape of a horseshoe. With 
the addition of about 2% of aluminum to the ordinary brass alloys, the resulting 
alloy will form a self-healing film resulting in good resistance to impingement 
attack. 

The common aluminum brass alloy used in condenser tubes for resisting 
impingement attack contains about 76% copper, 2% aluminum, and 22% zinc. A 
modification of this alloy contains 82% copper, 2% aluminum, 1% tin, and 17% zinc. 
The modified alloy in particular has good resistance both to impingement attack 
and to dezinciflcation. 

The commercial copper-nickel alloys include 20% and 30% copper and the 
so-called nickel silver alloys contain usually 10, 12, or 18% nickel with copper 
contents of about 65%, and the balance zinc. The copper-nickel and nickel silver 
alloys have good corrosion resistant properties, including resista^nce to destructive 
cavitation or impingement attack. The cupro nickels in particular are used many 


^Research Metallurgists, Chase Brass Ss Copper Co.. Waterbury, Conn. 
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times when conditions are so corrosive that other copper-base alloys have failed 
to show the necessary resistance. In general, the resistance of this series of alloys 
increases slightly with the nickel content. 

Copper-alumintim alloys, known as aluminum bronzes, have gained a good rep¬ 
utation for corrosion resistance. The commercial alloys of this series contain usually 
5, 8, or 10% aluminum with the balance copper. 

Tlie tin bronzes, or as they are frequently called, phosphor bronzes, contain up 
to about 8% of tin with the balance copper. These alloys are used for resisting many 
corrosive solutions and for plaques and tablets in the form of castings which are 
exposed to the atmosphere. The usefulness of tin bronzes has been limited by the 
high cost of the alloys and by the difficulty involved in working them. 

A group of alloys which has found wide use is the silicon bronze group of 
copper-base alloys. These contain about 3% of silicon with or without about 1% 
of a third element such as zinc, tin, or manganese. The usefulness of these alloys 
is due to the good corrosion resistance, desirable physical properties, and the ability 
to be readily welded. The corrosion resistance is. in general, equal or somewhat 
superior to that of pure copper; for many solutions they are markedly superior. 

There have been some failures of silicon bronze in a steam atmosphere under 
conditions of stress. There is, however, no evidence indicating that in the absence 
of stress the silicon bronzes are appreciably attacked by water vapor or steam. At 
the present time, however, the use of silicon bronzes in steam atmosphere under 
high sttess is not reconunended. A study of the effect of steam on stressed silicon 
bronzes is now being carried out and the data are at present quite incomplete. It is 
expected that considerable additional information will be available after some 
of these studies are completed. 
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Polishing of Copper and Its Alloys for 
Metallographic Examination 
By C. H. Davis* 

Location of Test Pieces 

Castings—Prepare any section, preferably % in. square by % in. thick, by polish¬ 
ing the face that is normal to the side of the casting, or in the region of defects. To 
avoid tearing the cloth on the wheels, bevel the edges of the face of the specimen 
except where they are to be examined. 

(a) In the case of cast copper ingots and wire bars, the uniform practice is to 
go 1 in. below the “set” and 1 in. in from a side or end. Such points reveal an 
average distribution of cuprous oxide. 

(b) Sections of alloy castings to be subsequently wrought should be taken 
below the cropping cut at the gate end so as to reveal unsoundness. Shrinkage 
cavities, cold shuts, and other defects may be searched for at any point, particularly 
under risers and at heavy sections of sand castings. Complete sections for micro¬ 
scopic examination may be prepared by sawing and grinding, or by finishing the 
desired surface with a very sharp-pointed tool on a shaper. 

Wrought Copper and Copper Alloys—For the estimation of grain size or amoimt 
of cold working of sheet metal, polish below and parallel to the surface; though 
if desired, one may standardize upon a lengthwise section normal to the surface. In 
the case of rods, wire, tubes, and other drawn material, prepare a longitudinal sec¬ 
tion either from the center to the very surface, or at points thereon. Transverse 
sections reveal seams, pipes, and cracks if present. 

Manufactured Articles —^Examine in such a way as to reveal the grain size and 
amount of deformation of the original metal and the history of manufacturing 
operations as fully as possible. For instance, in the case of cartridge shells, prepare 
a complete longitudinal section from base to rim. 

Mounting—^When delicate measurements are to be made or the edges of cross 
sections carefully studied, the specimens are electro-plated with copper or with 
nickel followed by copper. Thin sections should be mounted singly or in packs in 
low melting point alloys or in other media, such as plaster of Paris, sulphur, sealing 
wax, Bakelite, or litharge and glycerine. There is usually a difference in solution 
pressure between the specimen and the mounting material in certain reagents. 
Therefore a proper selection must be made, for instance, lead-tin alloys for brasses 
which are to be etched in ammonia plus H 2 O 2 , while Bakelite may be employed for 
electrolytic etching. 

A hydraulic mounting press is convenient for mounting specimens in Bakelite 
or the clear transparent Pontalite. The low curing temperature makes them excel¬ 
lent mounting media for specimens where higher temperatures would be injurious. 
Black Bakelite cures at 135 °C. under 2500 pounds pressure, also as low as 90®C. at 
2500 pounds pressure; Pontalite at 120®C. under 4000 pounds pressure. 

Polishing—To obliterate saw marks or to get to the average structural condition 
below the surface, file the specimen carefully, but omit this operation when the 
surface only is to be studied. Avoid straining the metal. In the case of hard alloys 
it is often quicker to use an emery wheel with a copious supply of water. Grades 
of the finer emery cloths may be employed after filing, though this step is not 
essential. 

The specimen is then applied to the polishing wheels which may be either 
vertical or horizontal, and move at velocities usually ranging from 1000-1800 r.p.m. 
though speeds up to 3300 r.p.m. are successfully us^. There should be no appre¬ 
ciable vibration, a requirement best met perhaps by having a ball bearing vertical 
shaft motor for each horizontal wheel. Variable speeds may be secured by the use 
of a rheostat. Automatic polishing devices and special holders or clamps for speci¬ 
mens may be employed. 

In order that the cloths may wear evenly, the specimen is moved constantly 
from center to edge of the wheel. The position on each wheel is changed so as to 
polish across the scratches made by the previous operation. On the last wheel a 


*A8S’t. Technical Manager, The American Brass Co., Waterbury, Conn. 
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rotary motion is given to the specimen to prevent the tailing out of any pits in 
the metal. 

The first polishing wheel is covered with 8-12 oz. canvas duck. The abrasive 
may be PP Turkish emery. No. 600 carborundum, or powdered alundum. Dripping 
water keeps the wheel wet. The second wheel is covered with a wool broadcloth 
and is also kept wet. The abrasive is tripoli. (Two felt covered wheels may be used 
for the intermediate stage. A good felt retains the emery better than broadcloth. 
The grades used are first “RP” flour, then “SP 6X” flour emery.) The final wheel 
may be covered with a fine grade of wool broadcloth, or a selected material of soft 
nap often known as **kitten*s ear’*. Chamois has also been used. Levigated 
alumina suspended in water is applied to this final wheel, and the cloth is kept wet 
with dripping water. Finely powdered magnesia is sometimes used and is applied 
as a dry powder, but the cloth on which magnesia is used must not be left exposed 
to the air for long periods because of the formation of carbonate particles. When 
through, the cloth should be removed from the wheel and kept moist in water 
containing a little hydrochloric acid. Another polishing powder is jeweler’s rouge 
which may be applied as a thin paste and the wheel just moistened with water. 

The specimens are kept wet and thoroughly rinsed free from abrasives between 
steps. They may be removed wet from the final wheel and immediately etched, 
or may be dried quickly after an alcohol rinse. When using rouge for the final 
polish, it is possible to take the specimens from the wheel at the critical moment 
when the polished face becomes clean and dry. Such a specimen is ready for 
etching. Pure copper is more difficult to polish than its alloys, especially since 
a perfect surface is required to detect the presence of cuprous oxide in the unetched 
specimen. 

Generally speaking, an unknown specimen should be examined under the 
microscope before etching in order to detect flaws, oxides, soft or hard constituents, 
and insoluble elements, such as lead in brasses. These details may be lost or masked 
by etching. Variations in the practice of polishing are frequently met with and 
extreme care is not always necessary to accomplish the desired end. 

Reference 

Tentative Recommended Practice for Metallographic Testing of Ferrous and Nonferrou? Metals 
(with Bibliography), A.8.T.M. Standard E3<36, 1936, pt. I, p. 773. 
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Etching of Copper and Its Alloys for Macroscopic and 
Metallographic Examination 

By C. H. Davis* 

Etchinsr for Macroscopic Examination—^For macroscopic examination the sur¬ 
face may be prepared by grinding and rough polishing or by cutting with a fine 
tool on a shaper. The chromic acid, ferric chloride, nitric acid, or potassium 
bichromate reagents as given in the table may be used for etching copper, brass, 
bronze, copper-nickel-zinc mixtures and other alloys. The specimens may he par¬ 
tially immersed in the solution or the prepared surface may be swabbed with cotton 
dipped into the reagent. If specimens are porous, drying must be carefully accom¬ 
plished, using alcohol and at times ether following the water rinse. To preserve 
the surface temporarily for photographing, the specimen may be covered with a 
thin film of colorless mineral oil, glycerine, or for permanent preservation, with a 
thin clear lacquer. 

Etching for Microscopic Examination—^Forceps having a firm spring and made 
of nickel-silver or phosphor bronze wire are used to hold all small samples. Platinum 
tips are silver soldered on these forceps if they are to be used with highly corro¬ 
sive reagents. The reagent is poured into a watch glass so that the specimen may 
be easily agitated. A stream of running water should be close at hand. Usually 
one specimen only is etched at a time, but where many of the same composition 
and hardness are to be prepared, it is sometimes possible to etch a large number 
by using a potassium bichromate, ferric chloride, or copper-ammonium chloride 
reagent, because the action can be closely controlled. 

The reagent generally employed in etching copper, alpha brass, and many other 
copper alloys is ammonia plus hydrogen peroxide. The proportions vary with the 
copper content. For instance, for pure copper five parts each of ammonium 
hydroxide (0.88 sp.gr.) and of water, and two parts of 9% (30 volume) hydrogen 
peroxide; for brass (65% copper), five parts each of ammonium hydroxide and 
water, and one part of 9% hydrogen peroxide. Pure beta brass may be etched with 
the last mixture, but alpha plus beta structures are etched first as for yellow brass, 
then in ferric chloride if one desires to darken the beta. Copper-ammonium 
chloride may be used in. a similar manner, and is especially good for coloring large 
areas of beta. 

A combination of etches must often be used to secure contrasts or the correct 
coloration of two or more constituents. A beautiful coloration of copper and phos¬ 
phor bronze can be obtained by following an ammonia-peroxide etching with a few 
seconds of electrolytic etching. In this case the etched surface must not be swabbed, 
but should be dried quickly by alcohol, or hot air blast. 

The potassium bichromate reagent is not only convenient, but etches alloys of 
manganese, beryllium, silicon, and other elements with copper that may not be 
well etched in any other manner. This reagent is also excellent for leaded brass 
rods, Tobin bronze, pure copper, and the nickel alloys. When beta in brass is to be 
darkened or a deeper contrast is desired on copper-manganese-silicon or copper-tin 
alloys, the potassium bichromate etch may be followed by a weak Grard's solution. 
Copper and beryllium-copper alloys may be first slightly etched in potassium 
bichromate solution and then placed for 10-15 sec. in the American Brass Co.'s 
formula, electrolysis solution. 

The polish attack method of etching is advocated, by many and is widely used. 
Hudson, Desch, and Pulsifer, among others, have given detailed accounts of pro¬ 
cedure with such reagents as ammonia and its compounds. 

The time required for etching increases with the amount of annealing received 
by the material, and decreases with the amount of cold working. The reagents 
given in the table generally etch well in less than one minute. Some electrolytic 
etching may require several minutes. 


*As8't. Technical Manager, The American Brass Co., Waterbury, Conn. 
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Hardeners for Copper and Copper Alloys 

By Dr. G. H. Clamer* ' 

General—The term “hardeners” is used in the industry to denote alloys em¬ 
ployed to simplify introduction of other metals into molten copper or copper alloys; 
moderate amounts of these added metals do increase the hardness of copper. 

Phosphor-Copper—Alloys of phosphorus with copper are manufactured chiefly 
in two grades containing 10 and 15% of phosphorus respectively. The approximate 
melting points of these two alloys are 1760 and 1870®F. 

The A,S.T.M. Standard Specifications B52-27 for the chemical composition of 
phosphor-copper state that the material shall conform to the following require¬ 
ments as to chemical composition: 


Phosphorus 

Phosphorus Plus Copper Iron 

Min., % Min., % Max., % 


Grade A 14.0 99.75 0.10 

Grade B 10.0 99.75 0.15 


The above chemical compositions are also in accordance with Standard Speci¬ 
fications QQ-C-571 Issued by the Federal Specifications Board. 

Phosphor-copper may be manufactured by forcing cakes of phosphorus under 
the surface of molten copper and holding until the reaction ceases, or by the absorp¬ 
tion of the phosphorus vapor by the molten copper. The first method is chiefly 
practiced in this country while the second process is prevalent in foreign coun¬ 
tries. All grades of phosphor-copper are furnished as ingots in the form of notched 
slabs weighing from 15-20 lb. each. The alloys are brittle and can be readily broken 
in small pieces for weighing pui*poses. They are also available in shot form. 

Phosphor-copper is used in the manufacture of phosphor-bronze and as a 
deoxidizer for zinc bronzes and other copper alloys. 

In phosphor-bronzes, the phosphorus content varies from 0.05 to approximately 
1.00%. The effect of phosphorus is to lower the melting point, widen the freezing 
range, increase shrinkage and fluidity, increase the tensile strength and resistance 
to compression and lower the pouring temperature of the alloy. It also has a 
tendency to cause the metal to eat into the sand and cores; therefore, special 
precautions should be taken to counteract these effects when producing sand 
castings. 

When employed as a deoxidizer, only a small percentage of phosphor-copper 
is added, the purpose being to introduce only enough phosphorus to insure com¬ 
plete deoxidization of the metal and have no excess phosphorus remaining in the 
alloy. It is customary to introduce approximately 1 oz. of 15% phosphor-copper 
for each hundred lb. of metal to perform this function. The addition of phosphor- 
copper as a deoxidizer is particularly recommended for alloys such as 85-5-5-5t» 
88-10-2, high lead alloys, and semi-red brass mixtures containing approximately 10% 
zinc. Phosphorus is usually considered an impurity in yellow brass but additions 
of small quantities have been recommended for deoxidizing and cleaning purposes. 
Not more than 1 oz. of 15% phosphor-copper per hundred lb. of metal should be 
used for this purpose. An excessive amount of phosphor-copper added to brass 
alloys containing more than 10% zinc may produce porous castings and cause 
wrinkle-like formations, often referred to as “spelter marks,” on the surface of 
the castings. Where such conditions prevail, the phosphor-copper additions should 
be reduced. 

Nickel-Copper—The principal alloy of nickel and copper contains approximately 
50% nickel and has a melting point of approximately 2350*’F. It dissolves readily 
in brass and bronze mixtures. 

Nickel-copper may be produced from electrolytic nickel or from wrought monel 
metal. There are no standard specifications covering the composition of this prod- 

*Pre8., The AJex Metal Co., Philadelphia. 

tExceeslve phosphorue in deoxidation of this alloy leads to low ductility. A.8.T.M. Speelfloa- 
tlon B30-36 permits a maximum of 0.03% phosphorus In bronze, red brass, and semi-red brass 
alloys, and a maximum of 0.01% In yellow brass. Oooasionally as much as 0.00% phosphorus is 
added. The excess above that required for deoxidation is intentionally added to produce fluidity. 
The excess phosphorus makes it possible to pour a greater number of molds per heat. 
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uct; however* the approximate composition of the resultant alloys are as follows: 

Made From Made From 

Eleetrolytio Nickel. Wrought Monel Metal, 


^ % Min. % Min. 

Nickel . 50.00 60.00 

Iron . 0.05 1.20 

Carbon . Trace 0.10 

Silicon . Trace 0.05 

Sulphur . Trace Trace 

Manganese . Trace 0.50 

Copper .Balance Balance 


Nickel-copper can be purchased in slabs or small notched ingots weighing 
approximately 10 lb. each. The slabs or ingots should be thin as the alloy is some¬ 
what difficult to break in small pieces. It can also be purchased in shot form. 

Nickel-copper is used in the manufacture of nickel-silver for the addition of 
relatively small percentages of nickel to the common brasses and bronzes and for 
the improvement of leaded copper bearing alloys. 

In combination with copper and zinc it imparts a white color to the metal and 
produces a class of alloys known as nickel-silver or German silver. The nickel 
content of the resultant alloys varies from approximately 5-30%. 

There is evidence to support the fact that the addition of 0.50-3.00% of nickel 
to brass and bronze alloys will result in an increase in tensile strength* yield 
point, elongation* and resistance to compression* also* that some of these alloys 
are rendered more fluid and can be poured at lower temperatures despite the 
fact that the addition of nickel has been found to cause a slight increase in the 
melting point. 

The addition of 0.50 to approximately 1.50% nickel is recommended for brass 
and bronze castings intended to withstand high internal pressures. Nickel addi¬ 
tions cause a reduction in grain size and tend to produce dense, uniform fractures 
necessary for pressure-tight castings. 

The addition of approximately 1.00% of nickel is recommended for high lead 
copper-base bearing alloys for the purpose of helping to hold the lead in sus¬ 
pension. The presence of nickel increases the rate of cooling to such an extent 
that the tendency towards lead sweating or segregation is reduced to a minimum. 

To Insure best results from nickel-copper additions to bronze alloys, special 
attention to deoxidization may be necessary. For this purpose, a small percentage 
of phosphor-copper is recommended. 1 oz. of 15% phosphor-copper per 100 
lb. of metal should be sufficient to insure complete deoxidization. 

Manganese-Copper—^This composition is manufactured chiefly in two grades 
containing 25 and 30% manganese. The approximate melting points of these 
two alloys are 1700 and 1660®F.* respectively. 

Manganese-copper is produced by adding metallic manganese made by the 
aliuninothermic process to a bath of molten copper with constant stirring and 
heating to prevent chilling of the copper. Both grades of manganese-copper are 
available in the form of ingots or notched slabs weighing approximately 10 lb. 
each. The slabs or ingots should be thin as the alloys are somewhat difficult to 
break into small pieces. They are also available in shot form. 

There are no standard specifications covering the composition of these alloys: 
however* the approximate compositions of 25 and 30% manganese-copper produced 
from the above grade of metallic manganese are as follows: 


25% Grade 


Manganese, min. %. 25.00 

Iron, max. % . 0.60 

Silicon* max. 0.50 

Aluminum* max. . 0.50 . 

Carbon* max. % . 0.05 


30% Grade 
30.00 
0.76 
0.60 
0.60 
0.05 


Manganese-copper finds a major use in the preparation qf manganese bronze; 
in this class of alloys the manganese content varies from 0.25% to approximately 
3.50%. There is evidence to support the fact that the addition of manganese 
increases the tensile strength* yield point, elastic limit and hardness of these 
alloys with a slight lowering of elongation. 

Manganese-copper is also used for deoxidizing brass and white nickel casting 
alloys containing lead and nickel-silver. There is evidence to show that small 
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amounts of manganese-copper introduced in alloys s lmUar to 88-10-2 bromse will 
result in a material increase in tensile strength and elongation. Unlike phos¬ 
phorus, manganese does not prevent the formation* of an oxide on the 
metal during pouring. Manganese also has a tendency to reduce the fluidity 
of the metal. To counteract these effects, the introduction of a small percentage 
of phosphor-copper is recommended. 

Silicon-Copper—^There are various grades of silicon-copper containing from 
5-50% silicon. The 10% grade is most generally used for deoxidizing purposes, 
while the alloy containing 50% silicon is chiefly employed in the pr^uction of 
copper-zinc-silicon bronzes. The melting points of the 10% and 20% grades of 
silicon-copper are approximately 1500 and 1650®P. 

The Aj3.T.M. Standard Specification B53-27 for the chemical composition of 
10% silicon-copper states that the material shall conform to the following require¬ 
ments as to chemical composition: Silicon, 10-12; tin, max., 0.25; zinc, max., 0.25; 
iron, max., 0.75; aluminum, max., 0.25; and copper, remainder. The sum of copper, 
silicon, and iron shall be not less than 99.4%. 

This chemical composition is also in accordance with Standard Specifications 
QQ-C-581 issued by the Federal Specification Board. 

The approximate composition of the 50% grade of silicon-copper is as follows: 
Silicon, 50; iron, 0.80; aluminum, 0.35; manganese, 0.05; calcium, 0.20; carbon,' 0.04; 
other elements. 0.25; and copper, remainder. 

Silicon-copper is manufactured by adding metallic silicon to a bath of molten 
copper with constant stirring and heating to avoid chilling of the copper. All grades 
of silicon-copper are available in the form of ingots or notched slabs weighing 
approximately 10 lb. each. The alloys are brittle and can be readily broken into 
small pieces for adding to molten baths. 

In copper-zinc-silicon bronzes the silicon content varies from 1.00 to approx¬ 
imately 6.00%. The effect of silicon additions in the above amounts is to increase 
the tensile strength, hardness, and compressive strength in addition to increasing 
the fluidity of the metal. The presence of silicon also imparts greater corrosion 
resisting properties to these alloys and renders them admirably suitable for die 
castings. 

Silicon-copper is particularly useful in deoxidizing nonferrous alloys that do not 
contain lead, such as cast monel metal and nickel-silver, and for the production of 
pure copper castings. In the presence of lead, the addition of silicon is harmful as 
it reacts with the lead and produces drossy and dirty castings. Even as little as a 
few hundredths of 1% produces this difficulty. 

Phosphor-Tin—This alloy, used to a limited extent in the production of bronzes, 
is applied principally to the manufacture of white metals. It is prepared chiefly in 
two grades containing 3.50 and 5.00% of phosphorus. The 3.50% grade is the one 
most generally used. The approximate melting points of the two alloys are 925 and 
975‘*F.. respectively. 

The A.S.T.M. Standard Specification B51-27 for phosphor-tin states that tlie 
material shall conform to the following requirements as to chemical composition; 
Phosphorus, min., 3.50%, and phosphorus plus tin, min., 99.50%. 

The above chemical composition is also in accordance with Standard Specifica¬ 
tion QQ-T-351 issued by the Federal Specification Board. 

Phosphor-tin may be manufactured by forcing cakes of phosphorus under the 
smface of molten tin and holding imtil the reaction ceases, or by the absorption of 
phosphorus vapor by the molten tin. It is believed that most of the phosphor-tin 
produced at the present time is made by the former method. Both grades of phbs- 
phor-tin are available in slabs weighing approximately 15 lb. each. Phosphor-tin 
has a white color and a metallic lustre and is extremely brittle and can be easily 
broken in small pieces for weighing purposes. It breaks with a coarse crystalline 
fracture. 

As a deoxidizer for babbitt metals, only a small percentage of phosphor-tin is 
employed, the purpose being to add only enough phosphorus to insure complete 
deoxidization of the metal and have no excess phosphorus remaining in the alloy. 
Phosphor-tin can be used to purify babbitt metal which has become oxidized through 
overheating. 
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A small amount of phosphor-tin is advantageously added to genuine babbitts 
containing high percentages of copper for the purpose of increasing the fluidity 
thus making possible the pohring of thin linings which would otherwise be difficult 
because of the natural sluggishness of the molten metal. 

In tinning operations where the article is dipped into molten tin and it is 
desirable to obtain thin and uniform coating, small additions of phosphor-tin are 
recommended. 

Phosphor-tin is sometimes used for introducing phosphorus in the manufacture of 
phosphor-bronze, also for deoxidizing bronze alloys; however, its advantages for 
such uses do not seem to be evident in view of the fact that phosphor-copper can 
be used for the same purposes and at a much lower cost. 
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Brass Foundry Temperature Measurements 

By Walter F. Graham* 

Necessity for Temperature Control—A number of important advantages accrue 
in the brass foundry from accurate temperature control of the molten metal by 
means of pyrometers. First, it is often desirable in a production foundry, where 
physical properties of the cast metal are not particularly important, to be able to 
pour a maximum number of molds from a single pot in order to obtain economy of 
labor. The measurement and adjustment of the starting temperature will assure 
the foundryman that the last molds poured will contain sound, worKable castings 
and that misruns will be eliminated. Second, the practical operation of the foun¬ 
dry is facilitated, in that the foundry difficulties arising from too high or too low 
temperature may be minimized. For example, cracks, blowholes and bad surface 
due to high casting temperatures and misruns, gas inclusions and cold shuts from 
low temperatures, may be avoided. Third, when the requirements of high strength 
and ductility are imposed on the foundryman, the maximum physical properties of 
a given alloy are developed by pouring at as low a temperature as is feasible to 
run the casting, assuming that the temperature is high enough to enable the liquid 
metal to feed out sections having a tendency to shrink. 

Supplementary benefits obtained from temperature control are reduction in over¬ 
heating, thereby decreasing the consumption of furnace refractories, and a mini¬ 
mizing of changes in composition due to volitization of constituents of the alloys. 

Pyrometric temperature control will permit the employment of semiskilled labor 
in handling the metal and a diversified list of alloys can be properly cast. 

Effect of Pouring Temperature—High pouring temperatures in general permit 
excessive grain growth in the alloy during the period of the cooling of the metid 
in the mold. This lengthened time of cooling also permits undue segregation of 
impurities in the metal at the grain boimdaries. The result is a lowering of the 
tensile strength and the ductility of the metal which has been poured at a high 
temperature as contrasted with better physical properties obtained in metal poured 
at a low temperature. Some patterns are so gated or have such sections that feed¬ 
ing by the pressure head of the metal in order to obtain sound sections demands 
metal of comparatively high temperature in order to obtain fluidity. This accounts 
for the belief of some foundrymen that high pouring temperatures are desirable, 
but it will be obvious that this consideration has nothing to do with obtaining max¬ 
imum strength in castings of even section by pouring at minimum temperatures. 

In obtaining the maximum physical properties it is necessary to work in a tem¬ 
perature range in which small variations bring about considerable effect. Therefore, 
close temperature control, which can only be obtained by the use of proper pyrom¬ 
eters, is necessary. 

Methods of Temperature Measurements—As the use of the molten metal in 
practically all foundry operations is diversified, as regards the types of castings 
poured, it is, in practically all cases, necessary to measure the temperature in each 
individual ladle rather«than in the furnace. Furthermore, it is desirable to have 
the temperature as nearly representative as possible of the temperature of the 
metal going into the mold. The system adopted may vary for different foundry 
conditions, but it should in every case be such that it will be flexible, and permit 
a quick measurement of the temperature of each ladle or crucible immediately 
before pouring. 

In some cases it is desirable to use pyrometer equipment in the form of a 
portable millivolt meter which can be carried by the operator from pot to pot as 
the furnaces are emptied. In other cases, particularly where the metal is handled 
by cranes or monorail systems, it is convenient to have a millivolt meter fastened 
to the wall or a support adjacent to the line of travel of the ladles. As the whole 
matter of temperature measurements and their use is based on comparison and 
judgment it would seem that indicating rather than recording instruments are 
more adaptable to this service. 

Practically all of the alloys handled in the brass foundries give off more or less 
fume in the ladles and for this reason optical and radiation methods of pyrometry 


^Caskey Foundry Go., Philadelphia 

This article was not revised for this edition. 
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are usually of little value. The thermo-electric system* in which there is a milli- 
voltage generated between two dissimilar wires and in which this emf. is measured 
by a millivolt meter calibrated to a temperature scale, is the method generally used 
for brass foundry purposes. 

The instnmient itself should be in the middle range of resistivity as high resist¬ 
ance instruments of high sensitivity are too delicate to use for the rough service 
which may be expected in the foundry. Low resistance instruments, while rugged 
in their mechanical construction, are so easily affected in their reading by varia¬ 
tions in the external resistance of the line and couplings that they are not particu¬ 
larly well adapted for foundry use. The instrument used should be dead beat, that 
is, the needle should approach the maximum point slowly without oscillation. 

A potentiometer is a desirable Instrument to use with the exception that the 
needle indication is not so easily seen by the operator as in a millivolt meter, and in 
addition one of the operator’s hands is engaged in turning the knob to balance the 
Instrument. The potentiometer has certain advantages over the millivolt meter 
in that it is not affected by variations in external resistance of the circuits. 

The thermocouple or the hot ends of the wires which aife immersed in the 
liquid metal fall into two classes; ffrst, open end, and, second, closed end. 

The open end thermocouple consists of two wires of dissimilar alloys of high 
melting point fastened to a handle. The operator immerses the ends of these wires 
4-6 in. in the molten metal imtil they have each come up to the maximum tem¬ 
perature of the central portion of the metal in the pot. He then withdraws the 
wires quickly imtil the tips remain just under the surface of the metal and catches 
with his eye the maximum reading of the needle of the indicating instrument. 

One reason for this manipulation is to avoid the effect of the cooler metal of 
the surface on the upper portion of the wires, and the reading is supposed to be 
taken while the tips retain the greater temperature of the metal in the central 
portion of the pot. The most important reason for raising the tip of an open end 
couple before taking the reading is to get rid of the film of oxidized metal which 
covers the surface of the metal between the tips. This film forms instantly after 
the metal has been skimmed and always has a pronounced but variable effect on 
the accuracy of the reading. When the tips are raised the film clings to them and 
is lifted from the surface of the metal with the result that momentarily there is a 
clear limpid metallic surface between the tips. A reading taken at this time is 
remarkably accurate. It is evident that this method requires a certain amount of 
skill in manipulation. It has, however, the advantage of requiring only two unpro¬ 
tected wires which are cheaper in maintenance than fabricated closed end couples. 
The open end tip gives a very quick reading of the temperature of the metal. 

The second method, in which a closed tip is used, involves the use of a couple 
made by one of a number of methods. The manufacturers of various tips have 
claims for the advantages obtained by their particular designs, which are outside 
of this discussion, but in general, the most desirable one is that which gives the 
quickest reading. The construction of the tip must be such that the Junction of 
the wire is protected from the alloying and corrosive action of the hot metal in 
order to give maximum life, but protection should be such that there is sufficient 
heat flow at the junction so that the maximum temperature reading will be ob¬ 
tained as quickly as possible. The closed type of tip may be immersed in the molten 
metal and the reading taken when the needle of the indicating instrument comes 
to rest. The construction of this type of couple protects the wires at the surface 
of the hot metal and prevents the error due to the lower temperature at that point. 
This couple is easy to manipulate and requires but little skill in handling, but the 
maintenance cost is higher than for the open end type. 

The use of refractory tubing, which gives long life to the inclosed thermo¬ 
couple, Is feasible under certain circumstances where the handling conditions sur¬ 
rounding the use of the couple permit. Practically all nonmetallic protection tub¬ 
ing is fragile and in many cases considerable breakage is encountered in rough 
foundry usage. Metallic materials for protection tubing are satisfactory, but will 
eventually corrode at a shorter period than the nonmetallic refractories. Ferrous 
and nonferrous alloys containing nickel do not give as long life when used for pro¬ 
tection tubing as do ferrous alloys containing high chromium. 

Standardization of Pouring Temperatores»>In a production foundry the pouring 
temperature for a given pattern can be determined by a study of the fractures and 
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by gaging the number of misruns obtained. The desirable temperature is the low¬ 
est pouring temperature which will give the soundest and toughest metal with the 
least number of misruns. The effects of small and large gates are obvious and the 
pouring temperatures decided upon can be raised or lowered or the gating changed 
in order to obtain the proper results. 

After the proper pouring temperatures have been decided upon, the foundry- 
man or pyrometer man can measure the temperatures of the metal going to the 
particular floor and adjust it by chilling do.wn with gates or scrap castings. 

With proper adjustment of gating, generally all patterns of certain type will fall 
within a given temperature range for castings of equal weight, so it becomes a rela¬ 
tively simple matter to dispatch metal of the proper temperature to the different 
foundry floors. 

In the case of Jobbing foundries where relatively large castings are poured, or 
where molding is done with loose patterns and one or two molds are set up from 
each pattern, the temperature of the metal is regulated and determined from pre¬ 
vious experience with patterns and gating of a similar nature. 

The maximum range of temperature encountered for the various alloys in use 
in the brass foundry is approximately from 1850-2350®P., depending on composition, 
section, and gating of the casting. The difference between correct and incorrect 
temperatures for any given alloy or casting may be as small as 20®P. It is obvious 
that this difference cannot be determined satisfactorily by the eye. The measure¬ 
ment of temperature of molten metal in the brass foundry by pyrometric methods 
leads to a greater standardization of all the foundry operations, as well as an 
Improvement in the physical properties of the alloys cast. 
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Hot and Cold Working of Copper Alloys 

By B. S. Pratt* 

General—Plastic deformation of copper alloys is carried on in a great variety 
of commercial operations. All of these operations are accomplished by subjecting 
the material to compressive forces, although the exact nature of the application 
may vary considerably. The operations may be partially classified as those which 
are hot working operations and those which are cold working operations. 

The hot working operations are those which are performed after preheating 
the metal to temperatures between approximately llOO^F. and 1650^F. In cold 
working operations the metal is not preheated above room temperature, although 
the operation itself may raise the temperature of the metal appreciably. Those 
copper alloys which are nearly pure copper are quite generally hot worked in the 
early stages of fabrication. The copper-zinc alloys containing appreciable quan¬ 
tities of the beta solid solution, that is, about 60% copper, are also hot worked 
commercially. There are other copper alloys which may be hot worked but most 
of the commercially hot worked alloys are of the types mentioned above. The 
copper alloys capable of cold working cover a much wider range of analyiSis. Prac¬ 
tically all of the commercial alloys may be readily cold worked within the limits 
of the solid solubility of the alloying elements. 

In Tables I and II an effort has been made to classify the more common hot 
and cold working operations with respect to the performance of some of the com¬ 
mercial alloys in these operations. They are intended to cover the more important 
operations and alloys. The new proprietary alloys and precipitation hardening 
alloys which are in a rather different class are not covered in these tables. 

The ability to either hot or cold work is affected not only by the physical prop¬ 
erties of the metal, that Is, strength and ductility, but also by the chemical char¬ 
acteristics of the metal and mechanical features of the operation by which the 
metal is to be worked. It is, therefore, difficult to predict without actual trial, 
whether or not a given alloy can be successfully worked in any particular operation. 

Hot Working—The physical properties of a copper alloy which are required 
to enable it to be hot worked, are known only generally. Considerable work has 
been done by various investigators,'* ^ to determine the physical properties of 
alloys at elevated temperatures using different tests for this purpose. The results 
have not been definitely consistent, particularly when viewed in respect to known 
results of a commercial hot working practice. Part of this difficulty has been due 
to the fact that different operations require different properties. Undoubtedly, if 
it were possible to analyze readily the forces set up in the various operations, a 
better imderstanding would be had of the properties required in the alloy. Some 
of the operations are involved in this respect and as a result the best way in which 
to determine the hot workability of an alloy in any particular operation Is to 
try it out and learn by experience. Some progress is being made, however, as shown 
by the fact that many alloys can now be hot worked in operations in which they 
were scarcely attempted 10 or 15 years ago. 

It is a generally conceded fact that the best indications of ability to be hot 
worked are high ductility and malleability values at high temperatures. Work 
has been done to determine these properties by both tensile* and compression tests* 
or drop hammer tests.' Tensile strength or deformation under compressive loads 
as shown by these tests is directly related to the ease with which the alloys can 
be forged or extruded. Both these values indicate resistance to deformation which 
is a direct measure of the working pressures required in performing these opera¬ 
tions. Increased working pressures mean greater wear on dies and tools, heavier 
equipment and greater cost. These factors, as well as ability to withstand the 
operations without failure, have a bearing on the commercial adaptation of the 
alloy to the operations involved. The success of hot working operations generally 
seems to depend on a fortunate combination of physical properties with respect 
to the particular machine in which the operation is to be performed. 

One of the primary factors involved in hot working operations is the quantity 
of impurities in the metal. It is well known that small amounts of lead, bismuth 
or antimony seriously affect the workability of electrolytic copper. It is also known 


^Metallurgical X^pt.. Bridgeport Brasc Co., Bridgeport. Conn. 
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that smaller quantities of at least some of these elements affect the hot working 
of the copper alloys, but there is little quantitative evidence to support the known 
results experienced. Tests by Bunting* on brass give some data on the effect of 
lead and tin. The quantitative effect of the tin and lead brought out by the type 
of test used are not significant. In the alpha copper-zinc alloys, lead seems to 
develop intercrystalline weaknesses which cause some cracking. In the drop hammer 
test this is only shown by observation of the surface of the compressed cylinder. 

In the copper-zinc alloys, hot working has generally been associated with alloys 
which at the higher temperatures consist largely of the beta constituent. Copper 
also is readily hot workable and some of the alloys containing 10% of zinc or less, 
have also been hot worked for some time. It is only in the last few years, how¬ 
ever, that any appreciable amount of commercial hot working has been done on 
the alloys from 10-30% zinc. Undoubtedly much of the progress along this line 
has been made possible by the reduction in amount of lead, usually found as an 
impurity in the zinc. Probably the apparent hot shortness of high brass has been 
due to 0.04-0.05% of lead, which most of these alloys formerly contained. 

A similar advancement in copper-tin alloys has been noted in the past few 
years, although probably for a different reason. A few years ago alloys containing 
more than 2% of tin were not considered hot workable. Some concerns are now 
hot rolling copper-tin alloys containing as much as 4% tin, although as far as is 
known, no other hot working operations have been successful. The advances in 
this alloy have been due to improvements in heating and rolling technique, rather 
than improvement in the purity of the alloy. 

Certain of the nickel-silver alloys with copper contents of about 50% may be 
hot worked as well as cold worked. A paper by Price and Grant® shows the range 
of analy/sis on which both hot and cold working operations may be employed. Most 
of the commercial alloys, however, are not readily hot worked. 

Cold Working-Due to the greater amount of experience available considerably 
more is known about the possibilities of cold working copper alloys. As in the 
case of hot working, however, there is no conclusive laboratory test which is capable 
of predicting the action of any given alloy in all types of cold working operations. 
As in hot working, this is due primarily to the complicated forces to which the 
metal is subjected. While in general the metal is caused to flow by compressive 
forces, in most cases there are additional tensile forces set up locally which may 
cause failure. 

Generally speaking, the material to be successfully cold worked must show in 
physical tests at room temperatures an appreciable elongation and reduction of 
area. Most commercial wrought copper alloys show good elongation and reduction 
in area test values in the annealed condition. Certainly if test values are less than 
about 25% elongation in 2 in. and 50% reduction in area, difficulty will be encoun¬ 
tered in performing any appreciable amount of cold working, even of the most 
simple kind, such as rolling and wire drawing. Roughly the extent of drawing 
possible in one operation depends on the amount of elongation in the tensile test. 
The extent to which an alloy may be redrawn seems to vary with the reduction 
of area and more particularly with the degree to which the reduction of area value 
is reduced by each successive draw. 

Despite the fact that cold working operations are compressive operations, little 
work has been done as yet to correlate the characteristics of laboratory compression 
tests to commercial operations. Laboratory compression tests are not conveniently 
made to give as much information of a quantitative nature as the tensile test, be¬ 
cause of the difficulty in making them without stresses other than compression 
of Indeterminate types and amounts. Within the past few years, however, con¬ 
siderable time has been spent by investigators in this connection,* with particular 
reference to the sheet metal cupping problems.'' • Some progress has been made 
but as yet there has been no unanimity of opinion as to the results obtained. 

What has been said up to this point applies only to the alloy itself in its internal 
characteristics. Quite often these properties are normal and satisfactory, but 
because of surface conditions, which are of course related to the alloy, difficulties 
arise in cold working. Tl\e oxides of copper and zinc formed in the annealing 
operation cause trouble, but are readily dissolved and removed from the surface of 
the copper-zmc alloys by dilute sulphuric acid. In the alloys containing Un, nickel. 
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or silicon, the oxides formed are not so readily removed and will, unless other 
precautions are taken, give difficulty in commercial cold working. For many years 
the nickel bearing alloys have been bright or clean annealed in some way, to avoid 
this difficulty. With the Increasing use of tin and silicon alloys similar steps will 
probably be found of help. 

There are also many cases in which the type of lubricant used has been found 
to be important in the success of cold working operations. The purpose of a lubri¬ 
cant is to provide a film between the metal surface and the die or tool surface. 
A lubricant must be iised which protects the surface and which even at high pres¬ 
sures will not permit the alloy and the die or tools to come into contact. The 
surface of the alloy must also be such as to hold the lubricant and not be either 
so smooth as to fail to hold it. or so rough as to produce stress raisers on the 
surface. 

Impurities in the alloy are also the cause of difficulty in cold working. Of 
the common impurities lead and iron tend to reduce the ductility of the alloy as 
compared with the purer alloys. Iron raises the strength of the alloy and reduces 
the normal grain size produced by annealing after cold working. If these materials 
are present, it becomes more difficult to cold work. However, other advantages such 
as increased tensile strength and hardness may be obtained. Impurities such as 
tin have only a slight effect on the cold working of the alloy, although when present 
as an ingredient, it appreciably increases the strength of the alloy. Antimony and 
bismuth result in severe cold shortness, when present in quantities of as much 
as 0.01%. 

Machining—As with all metals, machining operations are actually cold working 
operations, involving the shearing of small sections from the surface of the metal. 
The commercial success of this operation depends on the physical characteristics 
of the material to a large extent. The strength of the material affects the stress 
to which the cutting edge is subjected and the ductility affects the type of chip 
formed and the ease with which it is removed. The method of lubrication and 
design of tools are also Important factors and they must be varied in accordance 
with the properties of the alloy. A small amount of lead added to the copper alloys 
greatly increases their machlnability. The improvement is brought about by the 
lesser ductility of the leaded alloy. This in turn results in the chips breaking up 
as they leave the tool, reducing the wear on the tool and permitting the rapid 
removal of the chip. Alloys for machining purposes, therefore, normally contain 
some lead. The other alloys can be machined, but the speed and extent of the 
commercial operation is considerably reduced. 
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Machining of Copper Alloys 

D. K. Crampton* and H. P. Croftt 


The machining 
usually be effected 
but free 


of wrought copper alloys containing over 50% copper can 
by machines and tools designed for the cutting of ferrous 
metals, but free cutting nonferrous alloys such as the leaded brasses may be 
machined more rapidly than cast iron or steel and some changes in tool angles and 
lubricants are beneficial. 

For the purpose of discussing the machining of copper alloys they may be 
divided roughly into the following classes. 

^ass I. Free or semifree cutting brasses to which some element has been added 
specifically to Improve cutting qualities. 

Class n. The straight brasses without any such additional element. These are 
seldom machined by the consumer to any considerable extent but present cutting 
problems to the producer. 

in copper content, and containing one 
or more additional elements which Impart high strength, hardness and toughness. 

of Class III to which a moderate amount of 
another element has been added specifically to Improve the machining properties. 

Combination of toughness and low hardness the 
conditions for machining copper often differ from those suitable for Class III. 

Machinability is a term not readily defined, but usually described by its effect 
on cutting properties and conditions of operation. Insofar as wrought copper alloys 

are concerned, it is more 
Solid Tooth Shapes dependent on composition 

than on physical or other 
mechanical properties. The 
metal being machined must, 
of course, be rigid enough 
to stand up against the 
turning tool without distor¬ 
tion. The temper of wrought 
copper alloys for automatic 
screw machining should, 
accordingly, be hard, con¬ 
sistent with ability to with¬ 
stand any other possible 
subsequent cold working 
operation such as upsetting, 
flanging or bending. A 
softer temper is conducive 
to more rapid drilling. 
Generally speaking, ma- 
cKIhability improves con¬ 
siderably with increasing 
amounts of lead and de- 




Standard 
Square hath 




Topped 
Square Tooth 


"A" ips 

Double Bevel 
Standard 


Single Bevel 
Standa^a 


Inserted Tooth Snapes 

'• ) 2 ’ 5 . 5 






yj. ! 5 ‘ 


Standard Square Tooth 


A' 


Double Bevel 
Standard 


"B- 


Single Bevel 
Standard 


Fig. 1—Solid and Insert tooth shapes for circular saws 


creases with increasmg amounts of tin, silicon, aluminum, nickel, and other elements. 
It also varies with the amount of copper present, the maximum machinability in 
the straight brasses being attained between 56 and 63%. 

Machining operations should be carried out in such a manner as to produce the 
part in question for the lowest over-all cost and the conditions for accomplishing 
this might not be those which would produce the lowest power consumption, least 
pressure on tool, lowest temperature generated at the tool point or other criteria by 
which the efficiency of machining operations are often rated. Tool manufacturers* 
publications have a tendency to specify operating conditions which will give long 
if not maximum tool life whereas economical production might often be furthered 
by exceeding these conditions at the expense of the tool. 

Tool Angles—Clearances of 4-10® are used with copper alloys while top or back 
rake angles range from 0-30® depending upon the alloy. Classes in and IV should 
be machined with greater clearance and rake angles than Class I. 

Speeds—It is customary to nm free cutting brass rod at the maximum spindle 
speed of the screw machine. However, surface speed does not always depend upon 

^Director of Research, Chase Brass a Copper Co., Inc., Waterbary, Conn, and tChlef MetaUurglst^ 
Chase Brass a Copper Co. Inc., Cleveland. 
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the speed of the machine as the number and type of operations have to be taken 
into account. For instance, if deep drilling is required, the surface speed is often 
limited by the speed at which it is possible to drill. Other copper alloys may be 
machined at speeds equal to that used for free cutting brass multiplied by the 
“relative machinability’* factor given in Table I. 

For unusually close tolerances and fine finishes some modifications of the operat¬ 
ing conditions recommended here may be necessary. 

Tool Steels—The tendency is toward the use of high speed steel tools. For 
short runs some economies may be obtained by the use of carbon steel tools. 
Tungsten and tantalum carbide tools are being employed to a considerable degree. 

Lubricants—Although many cutting operations on brass are carried out dry, 
a light mineral oil having a Saybolt viscosity of 100 seconds at 100°P., commonly 
known to the trade as paraffin oil is the standard for automatic screw machine work 
for metals of Class I. For metals of Classes II, HI. and IV. 5 to 10% lard oil may be 
added to the paraffin oil to give better finish and tool life. Soluble oil is used for 
soft alloys but the refractory materials which give long chips need a lubricant as 
well as a coolant and sulphurized mineral lard oils are used. For fine finishes, high 
oiliness and film strength are more important than cooling properties. For a coolant 
with little lubricating properties, a soda solution is often employed. Where sulphur 
bearing oils are used with copper alloys, the problem of tarnish and its removal 
has to be considered. 

Taming Tools 


Class 1 Class 11 Class III Class IV Class V 


Top or back rake, degrees. 0 5-7.5 10 10 16-20 

Side rake, degrees. 0-5 . 6 6 20-30 

Clearance, degrees. 6 6-10 10-15 10 10-15 

Speed, ft. per min.450-800 125-200 75-300* 225-450 125-350* 

*Claimed with carbide tools. 




Finish rough, in. 

Finish rough, in. 

Peed (depth of cut— 

in.) . 

. 0.008-0.040 

0.006-0.040 

. ^ 

in.) . 

. 0.006-0.040 

0.005-0.040 

“ ** ** Vs 

in.). 

. 0.005-0 040 


. A 

in.). 

. 0.004-0.040 


49 44 4 € 

in.) . 

. 0.040 


44 44 44 ^ 

in.) . 

. 0.040 



Box Tools—^For Fine Finishes—For Class I have the face of the tool ground 
parallel with the axis. 


* 

Depth of cut, in. 

Feed, in. 

1 

r 3^ 

0.012 


A 

0.010 

Roller rest, 1 chip finishing.J 

Vb 

0.008 

A 

0.008 

1 

L Vi 

0.006 

Finishing. 

0.005 

0.010 


Cut Off Tools For Class I 


1. Angular . Peed 0.0015 in. 

2. Straight . Top or back rake 0* 

Side rake 5* 

Clearance 6>10* ground concave. 

For tools in.i.Peed 0.0035 in. jwuSb 0.0025>0.0055 In.^ 

boow TM TB .... w.wwoo m. 0.002 -0.004 In.) 

3. Circular ...••••Angles and thicknesses. 


A is 23* when cutting brass, (Class Z) and copper 
(Class V> 

A is 15* when cutting bronze (Class HI) 

Least thickness used when cutting off into tapped holes 
is the lead of two and one-half threads plus 0.010 in. 

Least thickness used when cutting off Into reamed holes 
smaller than H in. dia. is 0.040 in. 

Thickness us^ when cutting off tubing, la two-thirds T 
as given below for corresponding diameters of stock. 

Thickness used when angles or radii start from outside 
diameter of tool is governed by varying conditions and 
determined accordingly. 
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' 



D 


T 

Depth of Angle 

Diameter of Stock, in. 

Thickness, in. “ 

for Brass (Class I) 


0.020 

0.0085 

A 

0.030 

0.013 

Vb 

0 040 

0.017 

A 

0 050 

0.0215 

Vb 

0 060 

0.0255 

h 

0 070 

0 030 

% 

0 080 

0.034 

iV 

0 090 

0.038 

V2-A 

0.100 

0 042 


0 120 

0.051 


0.140 

0.059 


0 160 

0 068 


0.190 

0 081 

2-2*4 

0.220 

0 093 

For tools mcl 


Peed -^.0035 in. 

Form Tools—Circular 


Top or back rake, degrees. 


,-Cl ass- 

I IT III IV 

0 5-7 5 10 


V 

15 


For tools H-1 in. 


•Feed 


(Rough 0.0015-0 004 in.) 
[Finish 0.001 -0.002 In.) 


Hollow Mills and Balance Turning—Class I—The top or back rake is equal to 
zero for brass, and the top or face of the teeth is parallel with the center line to 
avoid ‘‘hogging in.” The clearance is 12-15°, cutting edges parallel to radii, but 
for brass the teeth should be ahead of the center lines 0.010-0 015 in. because subse¬ 
quent grinding of the teeth will move the cutting edge back toward the center line 
which after passing, the cutting action would be impaired. 


Turned dia in 

Width of Cut, in. 

Peed, in. 

Under ^ 

A 

0 012-0.030 



0 010-0.025 


Vb 

0.010-0.025 

Pointing and Facing 

Tools. 

0 001 -0.0025 

Rece.5smg Tools, end 

cut. 

. 0 001 -0.005 


Inside Cut i^-*8 in 

. .. 0.0025-0 008 


Skiving Tools—For Class I the face of the tool block below the cutting edge is 
ground back 10-12° for clearance. 

Swing Tools—These are not perpendicular but inclined about 12° toward the 
work. For brass, Class I, the top face is ground 12° so as to make it horizontal. 
For Class III and IV the angle should be slightly greater. To improve the finish 
on Class I metals, raise cutting edge slightly above arc through the center. 


Width of Cut. in. Feed. In. 


Forming . 

Turning Straight. 


i*'8-y4 

[%-V2 

]a 


0.0013-0.002 

0.0008-0.001 

0.008 

0.006 

0.005 

0.004 


Drilling 


I 

n 

m 

M 

< 

< 

20-40* 

30 


40 

12-15 



10-12 

135 

140 


140 

118 

.... 


100 

350-700 



200 

250-350 

150 

70-158 

100-125 

[Dry or 
Paraffin 

.... 

.... 

.... Soda Water 


Helix angle, degrees. 

Clearance angle, degrees. 

Web to edge angle, degrees. 

Included point angle, degrees. 

Speed ft. per min. for depths up to 10 x dia... 
For small diameters (under .080 in.). 


Lubricant 


*For quick chip removal, but tends to 


[OU 

*‘puir' in to work. 
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—Peed, in.- 


_ ^ 


Hole Dia., in. 

Deep Holes 

Shallow Holes 


0.020 


0.0015 


4 0.040 


0.002 

Heavier than 




0.004 

for steel to 



0.005 

0.012 

eject chips. 



0.005 

0.015 

Feed also de- 


A 

6.010 

0.020 

pends on wall 





thickness. 


V4 

0.010 

0.0141 



A 

0.010 

0.016 

or over, actually 


% 

0.010 

0.016 

limited by chuck- 



0.010 

0.016 

Ing capacity. 


% 

0.010 

0.016J 


Center drills under... 

Vt 


0.003 


over. 

y» 


0.006 



Reamers Depth of Cut, in. 

Hole Dia., 

in. 

Feed, in. 

Clearance 

0.003-0.004 

Under Ve 

0 010-0.007 7-8“ 

0.004-0.008 

Over Va 


0 010 



Speeds—Class I. Same as for drilling. 

Drills--metal blasted flutes for brass) . i ^ 

bulled flutes for copper} assist chip ejection. 

Deep Holes—use decreasing helix 

—^use two straight flutes 

—rotate drills opposite to work to remove chips and obtain greater cutting 
speeds. 

—drill to depth = 5 x dia., then remove drill and finish with second operation, 
—half round drills reduce time 50%—start hole to 2 — 3 x dia. with usual twist 
drill to center properly. 

To use heavy feeds without pulling drill into work, grind off cutting edge angles, that is 
reduce rake at the cutting edge. 


Thread Cutting 

Chasers-Tangent 


-Class- 

I II HI IV V 


Rake angle, degrees. —5 to 4 10 10-20 10-30 28-35 

(Second figures for use when helix built 


Chasers, tap and die 



into chasers) 


Hook angle, degrees. 

Chasers, circular 


4 

7-10 

7 10-25 

Face angle, degrees. 

. 0 

1 

1 5 

2 

Hook angle, degrees. 

5 

5 

20 

25 

Clearance angle, degrees... . 

. 12 

12 

12 

12 12 

Above angles vary with exact 
length of throat 

composition, machine 

and condition, speed, 

lubricant, and 


Taps for brass—commercial are satisfactory. 

Speeds—multiple spindle machines machine speed 


Knurling and Thread Rolling—These operations are grouped together as they 
consist essentially of displacing metal under pressure by an indenting tool thereby 
differing from strictly cutting operations. Due to this inherent difference the 
highly leaded and consequently brittle (in shear) brasses are less suited than the 
semileaded or nonleaded alloys. However, it is possible to supply standard free 
turning brass rod in a lighter temper than ‘‘drill” which will permit the majority 
of thread rolling and knurling operations and still provide excellent machinability 
for strictly cutting operations. This temper is known as ‘‘quarter hard.” 

For the most severe knurling and thread rolling operations semileaded or non¬ 
leaded alloys should be used. Coarse knurls must be effected at a slower speed than 
fine knurls. 


Class I 

Knurl Tools 

Peed, in. 

Turret on 

0.025 

off 

0.050 up 

Side or swing 

0.007-0.012 

Top 

0.007-0.014 


For thread rolling of high brasses the blank should be turned to approximately 
(— 0.002 in.) the pitch diameter. The blank diameter should not vary more than 
0.001 in. 
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Milling-Many variables enter Into milling practice but in general conditions 
are determined by the finish desired. The high tooth of the cutter will always leave 
a series of parallel ridges. For finish cuts the following conditions hold: 


Class 


• 

I 

II 

UI 

IV 

V 

Rake angle, degrees. 

Clearance angle, cutters oyer 3 in. dia.... 

cutters under 3 In. dia... 
Peed, ft. per min. 

0-10 

10-12 

6-7.5 

1-2 

150-200 

.010-.250 


0-10 

4-12 

3-6 

1-2 

60-200 

.... 

10-15 

12-17 

8-9 

Speed, .ft. per min.*. 

Depth of cut may vary between wide limits. 

.... 


100-200 

For very rough cuts on heavy slabs— 

cutters 6 in. dia. 

Rake angle, degrees. 

Clearance angle, degrees. 

Peed, ft. per min. 

Speed, ft. per min. 

0 

8-12 

15-20 

1100 

0 

8-12 

15-20 

1100 

0 

8-12 
10-12 
. 1100 

0 

8-12 

15-20 

1100 



♦Actually governed by finish desired. 

At high speeds the greater the helix and the feed, the greater should be the clearance. 
Use of a coolant Is recommended. 

Engraving tools—Class I—dia. under % In.—surface speed of 400 ft. per min. 


Band Saws 

Type 


^ _ 



n 

Alternate left and right 

■— C/iass - 
III 
Wavy 

IV 

Alternate 

V 

Alternate 

Teeth per in . ... 

10 

18 

14 

10-12 

Speed, ft. per mm.... 

300 

250 


.... 

Peed. In. per min. 

3 2 


.... 

.... 


Grinding 


Material and Job 

Abrasive 

Grain 

Grade 

Bond 


Brass, Class I and 11, and 
bronze, Class IV 


Cylindrical . 

Internal . 

Surfacing, Cups and 

Cylinders . 

Snagging . 

Cutting Oil 

.. Silicon carbide 

M M 

36-60 

36-60 

24-36 

20-36 

24-36 

Med. Hard 
Med. 

Soft 

Hard 

Hard 

Vitrified 

Vitrified 

Vitrified 

Vitrified 

Reslnoid and rubber 

Bronze, Clasa ill 

Cylindrical . 

Internal . 

Snagging. 

Cutting Off. 

.. Aluminum oxide 

44 S« 

46 46 

36-60 

40-60 

20-30 

24-36 

Med Hard 
Med Hard 
Hard 

Med. Hard 

Vitrified 

Vitrified 

Vitrified 

Resinoid and rubber 

Copper, Class V 
Surfacing, Cups and 

Cylinders . 

Cutting Off. 

.. Silicon carbide 

44 46 

14-20 

24-36 

Soft 

Hard 

Vitrified 

Rubber 


Coolant, 5% soda solution or clear soluble oU. 


Machinability— The relative machinabilities listed in Table I are only.approxi¬ 
mate and are based on free cutting brass rod, drill temper taken as a standard of 
100. The machinabilities indicate approximately the average comparative perform¬ 
ance which may be expected in the various operations of turning, drilling, milling, 
sawing, and grinding. 
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Spinning of Copper and Copper Alloys 

By L. A. Ward* 

Spinning of copper is particularly adapted to the manufacture of relatively 
small quantities of any given article since the necessary tools are relatively cheap 
when compared to those used in draw or stamp presses. Hence, trophy cups, vases, 
and models are frequently produced by spinning. It is also used for quantity produc¬ 
tion of articles where this method is more economical than others. 

In addition to copper, there are a number of copper-base alloys which are used 
for spinning. These include gilding metal, commercial bronze, red brass, high brass, 
and nickel silver. The choice of alloy will usually depend on the color desired, but 
frequently the choice is also influenced by physical properties, cost, or both. The 
most commonly used nickel silver is the 18% nickel alloy. The most commonly used 
copper is electrolytic or tough pitch copper, but for some applications phosphorus 
deoxidized copper has been found superior while for others oxygen-free high conduc¬ 
tivity copper has certain inherent advantages 

Nominal analyses and average physical properties of copper and copper-base 
alloys in the tempqr usually used for spinning are as follows: 


Tensile Elonga- Grain Rockwell 
Strength, tion Size, “P” 

Alloy % Copper Zinc ^; Nickel psi. In 2 in. mm. Hardness 


Copper . 100* 32,000 45 0.030 40 

Gilding mi'tal . . 95 5 . 36,000 44 0.030 50 

Commercial bronze .. 90 10 .. 38,000 45 0.030 53 

Red brass. 85 15 42,000 47 0.030 60 

Nickel silver (18%)... 65 17 18 57,000 40 0.040 85 

High brass . 70 30 .. 50,000 60 0.035 65 


Note—The above physical properties are based on sheet 0.040 In. thick. 
•Phosphorus-copper contains approximately 0.02% phosphorus. 


Certain classes of articles can best be spun from special tempers. 

The equipment consists of a lathe, spinning chucks, and tools. The head stock 
should provide speeds of 1200, 1800 and 2400 r.p.m. The lower speeds are used for 
large articles or thick sheets while the higher speeds are used for small articles, 
thin sheets, and for finishing operations such as planishing. 

The chucks may be made of wood, cast iron, or steel, depending on the number 
of pieces to be made. Because of the high pressure used in spinning, a hardened 
steel chunk will last much longer and be more satisfactory for quantity production 
and will also aid in producing a smoother surface. Where the inside surface of a 
spun article is to be polished, a hardened steel chuck will be found much more 
satisfactory. 

The number of chucks necessary depends on the .shape of the article to be 
produced and the ratio of the depth and diameter of the finished shell to the 
diameter of the original circle. Articles of which the side walls are perpendicular 
to the base are much more difficult to spin than those with sloping walls and will 
normally require a greater number of chucks. 

Special sectional chucks are used where the mouth of the finished shell is 
smaller than the main body so that the chuck may be drawn from the shell after 
the spinning operation. At times offset rolls are used in place of sectional chucks. 
The advantage of this method is that the chuck does not have to be taken off for 
every article and thus it is possible to increase the speed of production. This method 
is most frequently used in conjunction with draw-press-forming of articles and is 
economical only for large quantity production. 

The spinning tools used are usually made from carbon steel (1.1% carbon), but 
may be made from special alloy steel or have a special hard alloy tip. The tools 
are usually made from % in. rod and the ends have varying shapes depending on 
the use such as forming, planishing, or curling. The tool itself is about 18 in. long 
and fitted into a wood handle of approximately the same length. Yellow laundry 
soap is generally used as a lubricant although heavy oil or grease is some¬ 


times used. 

The amount 


of reduction possible without annealing will vary consiaerably with 


•Asst Metallurgist, Chase Brass & Copper Co., Waterbury, Conn. 
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the alloy, the shape of the part and the size and thickness of the blank. When 
heavy blanks are being spun it is impossible to give heavy reduction due to the 
amount of pressure necessary. Again, with thin blanks wrinkling is much more 
severe and troublesome on heavy reductions. Consequently, in practice, the operator 
is the best judge of when it is necessary to stop the operation and anneal. 

Annealing should be carried out at approximately 1000®P. and is preferably 
done In a furnace designed for annealing copper and copper alloys. If necessary, 
it can be done with a blow torch, but it is much more diflacult to uniformly soften 
an article this way, and whenever possible such a method should be avoided. After 
annealing, the article must be cleaned to remove the oxide or scale and this is done 
in a 10-15% sulphuric acid solution, usually warm, followed by rinsing in cold and 
hot water. 

The flow of copper and copper-base alloys during spinning is regulated in the 
^me manner as for any other metal and buckling is avoided by holding a flange on 
me blai^ during spinning. No definite rule can be given for the width of this 
flai^e, but excessive thinning will be encountered if the flange is too wide, while 
buckling will occur if the flange is allowed to become too narrow. There will always 
be some thinning during spinning and where a definite wall thickness is desired 
this must be taken into account. 

Although mass production of copper articles is now usually carried out in 
presses, the art of spinning copper alloys is still practiced extensively. 
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The Constitution of Gold-Copper Alloys 

4 

By Dr. Oscar E. Harder* 


The early use of alloys of gold with copper in the form of coins and orna¬ 
ments naturally made this system one of the first to which the various scientific 
methods for the study of alloy systems were applied as they were introduced. 
Strangely enough, the true nature of these alloys was not discovered until about 
1916, and even today there is still lacking complete information regarding the 
crystal structures of alloys of different compositions and after different thermal 
treatments, although the alloys of gold and copper have been the subject of 
numerous X-ray investigations during the past decade. 

.The discovery that gold-copper alloys of certain compositions respond to 
heat treatment has created unusual interest in this system, because the mechanism 
of hfurdening is by atomic rearrangement and does not involve the precipitation 
phenomenon. The practical application of heat treating alloys containing gold 
and copper in considerable proportions to produce tough and ductile or hard and 
strong products by simple processes has been of great interest to the dental, 
jewelry and other professions. 



resented a continuous series of solid solutions with a 
interval at 40.5 atomic per cent of copper. 


iviai/tiiiessexi* seems 

to have been one of the 
first to investigate this 
system. His work re¬ 
lated to the microstruc¬ 
ture and electrical con¬ 
ductivity of wire drawn 
from cast alloys and 
was published in 1861. 
Alloys in this system 
were also studied by 
Roberts-Austen and Os- 
mond» in 1896, by Hey- 
cock and Neville* in 
1897, and by Roberts- 
Austen and Rose* in 
1901. These investigators 
concluded that gold and 
copper form a continu¬ 
ous series of solid solu¬ 
tions. The freezing point 
curves were studied by 
Heycock and Neville* 
and by Roberts-Austen 
and Rpse.* 

In 1907 Kumakow 
and Zemczuzny®' •* • 

published the results of 
their careful determina¬ 
tions of the liquidus 
and solidus lines of 
these alloys and con¬ 
cluded that they rep- 
minimum in the solidification 


Xumakow^ and some of his associates had, in connection with their early inves¬ 
tigations, noted that some of their specimens hi the region of equal atomic per cent 
concentration showed unusual hardness values. Kumakow, Zemczuzny, and 
Zascdatelev* reinvestigated the system and published their results in 1916. On 


*As8t. Director, Battelle Memorial Institute. Columbus. 
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checking the llquidus and solidus lines the values were found to agree with their 
previously published data. These values are shown in Fig. !.♦ They found, how¬ 
ever, differences in the hardness, electrical conductivity, and other properties of 
the quenched and slowly cooled alloys. 

As a result of an extensive series of experiments, they concluded that the 
system in the stable form at ordinary temperatures has two intermetallic compounds, 
CusAu and CuAu. These compounds were found to form on slow cooling or on 
reheating the quenched alloys. Their work outlined the region of stability of each 
of these compounds and showed a good correlation between such physical proper¬ 
ties as hardness, electrical resLstance, thermal conductivity, and the proposed con¬ 
stitution diagram. Their hardness curves of the quenched and slowly cooled alloys 
are shown in Fig. 2 along with their electrical resistance curve for the quenched 
alloys. These Investigators determined the temperature of the formation of the 
compounds by means of coolmg curves, and later investigations have shown that 
there is a hysteresis effect in the formation of these compounds. Therefore, the 
regions outlining the existence of the compounds shown in Fig. 1 are taken from 
the more recent investi¬ 
gation by Haughton and 
Payne,'® which, although 
based on electrical con¬ 
ductivity measurements 
in which the transfor¬ 
mations were studied 
both on heating and 
cooling, are thought to 
represent more nearly 
the equilibrium condi¬ 
tions. 

Portevin and Durand" 
had started an investi¬ 
gation of this system at 
the beginning of the 
war, but the work was 
Interrupted, and before 
it could be renewed the 
researches by the Rus¬ 
sian Investigators® had 
been published. Porte¬ 
vin and Durand, how¬ 
ever, pointed out that 
gold alloys containing 
20-30% of copper by 
weight were often brittle 
and could not be cold 
worked, but after 
quenching from a tem¬ 
perature above which Per Cent Gold - by Weight 

these compounds 

formed, the alloys could Fig. 1 -A—Oold-Oopper constitution Diagram with concen- 

be cold worked satisfac- tratlon m weight per cent. 

torily. 

The gold-copper system has been studied extensively' in connection with vari¬ 
ous theories concerning the ability of noble metal atoms to protect baser metal 
atoms from corrosion. Tammann" referred to these alloys in his work as early as 
1918. 

m connection with Tammann’s study'*- " on corrosion, he concluded that 2/8 
molecular gold concentration was the minimum which prevents solution of the 


•For convenience In showing the Intermetallic compounds In gold-copper alloys the concen¬ 
trations in Figs. 1 and 2 are plotted In atomic per cent; however, in order to make the correlation 
between these diagrams and the more usual methods of showing concentrations. Pig. 1-A has 
been Included, In which the concentrations are given In weight per cent. 
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copper ions. With strongly oxidizing agents he found that 4/8 molecular gold con¬ 
centration was necessary to prevent corrosion. Tammann’s' work was all based on 



Atomic Per Cent Cold 

Fig. S—Rardness and electrical resistance of slowly-cooled 
and quenched gold-copper alloys. 


the assumption of reg¬ 
ular atom distribution of 
the gold and copper 
atoms in the face-cen¬ 
tered cubic lattice. 

A more recent in¬ 
vestigation by LeBlanc, 
Richter, and Schiebold^ 
does not confirm the 
application of Tam- 
mann's theory to the 
gold-copper alloys. They 
found little difference in 
the corrosion resistance 
of tempered and untem¬ 
pered alloys. No sharp 
resistance limits were 
found in the alloys of 
different atomic concen¬ 
trations. 

On the other hand, 
Graf’s work^*‘” on sin¬ 
gle crystals tended to 
support Tammann’s 
theory, except when the 
corrosion was at in¬ 
creased temperatures, 
which might cause atom 
migration. X-ray exam¬ 
ination of some of 
Graf’s corroded speci¬ 
mens showed the gold 
lattice only, and some of 
them showed “super¬ 
structures.” 

Bain^*»».» discussed 
the gold-copper system 
in connection with his 
papers on “The Nature 
of Solid Solutions”, 
“Cored Crystals and 
Metallic Compounds”, 
and “Crystal Structure 
of Solid Solutions”. 


From the results of X-ray analysis he observed that the unit parameter of the 
alloys was generally lower than the straight line relation between the unit para¬ 
meters of gold and copper when the concentration is plotted by atomic per cent. He 
studied the alloys containing 25 atomic per cent of gold and suggested that the 
gold atoms in the slowly cooled alloy occupy half of the positions in alternate 111 
planes, which he referred to as “planes of greatest symmetry”.* He observed that 
the concentration of the gold atoms in certain planes should give some special lines 
correspondi^ to a “superstructure” composed of gold atoms in the lattice. In some 
of his alloys he noted faint lines, which he attributed to such a “superstructure”. 


Smith* studied the unit parameters of a series of alloys annealed 2 hr. at eOD^O. 
a?ul then quenched, and found that the values were all above the straight line 
connecting the values for the pure metals. He was unable to prepare either of the 
compounds in the pure form, but observed in the slowly cooled alloys of equal atomic 
concentration, lines which fitted the tetragonal lattice with a c/a ratio of 0.86. 


The extent of the beta field in Fig. 1 was placed at 22.5-35 atomic per cent of gold 
by Kumakow, Zemczuzny, and Zasedatelev.* More recent investigations by Kuma- 
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kow and Ageew“ placed these limits as 22-40 atomic per cent of gold. The recent 
investigations by Haughton and Payne“ fixed the limits of field as 17.5-36.6 atomic 
per cent of gold, as they are shown in Pig. 1. Kumakow, Zemczuzny, and Zase- 
datelev* originally established the field of existence of the delta-phase (CuAu) as 
42-65 atomic per cent of gold. Kumakow and Ageew“ placed the range at 42-70 atomic 
per cent of gold, while Haughton and Payne^® have placed this limit at 36.6-71 
atomic per cent of gold, as shown in Pig. 1. The gamma region, which might rep¬ 
resent CusOua, was noted 
by Haughton and 
Payne'®, but the char¬ 
acter of this possible 
phase has not been de¬ 
termined. 

Kumakow, Zemczu¬ 
zny, and Zasedatelev* 
placed the maximum 
temperature for the for¬ 
mation of CusAu at 
about 371*’C. and that 
for CuAu at about 
367®C. Borellus and his 
associates*® found the 
alpha ^ beta transfor¬ 
mation in the 25 atomic 
per cent gold alloy at 
382®0. on cooling and 
390®O. on heating. They 
observed the alpha 
delta transformation, 
the 50 atomic per cent 
gold alloy, at 400®O. on 
cooling and at 430®C. 
on heating. The tem- 
peratures of these 
transformations, as de¬ 
termined by Haughton 
and Payne,'® are those 
shown in Pig. 1. These 
values are admittedly 
tentative. They esti¬ 
mated that the CusAu 
transformation was 
probably accurate to ±3°C. Owing to the hysteresis noted in the CuAu transforma¬ 
tion, it was considered that the values obtained on heating were more reliable and 
the curves were drawn accordingly, but the equilibrium temperature was consid¬ 
ered less accurate than in the case of the CusAu transformation. 

With further regard to the crystal structure, there is rather general agree¬ 
ment that the beta-phase (CiuAu) has the face-centered cubic arrangement. Some 
investigators have failed to show this transformation and have questioned the 
existence of this phase, but the more detailed investigations seem to establish its 
existence without question. The rate of transformation is, however, slower than 
in the case of the transformation from the alpha to the delta phase. 

Johansson and Linde**-®® have suggested that the arrangement of the atoms 
in CusAu is face-centered cubic with the gold atoms at the comers of the cube 
and the copper atoms at the center of the faces. The space lattice of copper, which 
is face-centered cubic with a imit parameter or cube edge of 3.61 Angstrom units, 
is shown in Pig. 3-A, while the lattice for CuaAu is shown in Pig. 3-B. The lattice 
remains face-centered cubic, but the gold atoms of larger diameter have expanded 
the unit parameter to 3.75 Angstrom imits. This arrangement satisfies the require¬ 
ments with reference to the atomic concentration and results in a “superstructure" 
with concentration of the gold atoms in the 001 and 110 planes, as can be seen 
in Pig. 3-B. A similar atomic arrangement has been proposed by Seemann and 
Vogt,®® who noted in certain cases superimposed structural Unes. 




35 



•Copper Atom 
OGold Atom 


3C 

Fig. 3—Crystal lattices of gold-copper alloys. A. Copper 
100%. Face-centered cubic lattice. B. Copper 76 and gold 35 
atomic per cent (CusAu). Face-centered cubic lattice. C. Cop¬ 
per 50 and gold 50 atomic per cent (CuAu). Face-centered 
tetragonal or body-centered tetragonal lattice. 
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With reference to the crystal structure of the delta-phase (CuAu) there Is a lack 
of complete agreement. Preston’s work*’ on an alloy containing 51.2 atomio per cent 
of gold showed that an alloy thoroughly annealed at 400°C. and quenched gave the 
face-centered cubic lattice with a unit parameter of 3.94 Angstrom imits. On spec¬ 
imens cooled slowly from 700®O. he observed the body-centered tetragonal lattice 
with “a” equal to 2.79 Angstrom imits, and the axial ratio c/a = 1.31. This would 
seem to be in agreement with Masing’s findings," in which he suggests that the 
tetragonal lattice is formed by compressing the tetragonal group, which is present 
in the face-centered cubic lattice, in the direction of the “c” axis, and filling half 
of the planes perpendicular to the “c” axis with gold atoms. This arrangement 
results in a concentration of the gold atoms in the 110 and 001 planes and should 
result in a ‘‘superstructure**. 

On the other hand, Johansson and Linde"* ® reported a tetragonal face-centered 
arrangement of the atoms in the delta-phase (CuAu) with an axial ratio of 0.926. 
Likewise, Gorskii" found a tetragonal lattice, but without systematic distribution 
of the copper and gold atoms, to be the stable form below 385®0. He noted that 
the c/a ratio changed from 0.935 at 380®C. to 0.926 at 300''O. Dehlinger and Graf,»® 
using electrical conductivity methods, noted the transformation in the 50 atomic per 
cent alloy, which they considered must be due to valence electrons. 

Ohshima and Sachs" studied the structure of alloys containing 49.3 atomic per 
cent of gold, which were quenched from 350-300®0. They noted a tetragonal lattice 
a = 3.95 Angstrom imits, c = 3.68 Angstrom units and c/a = 0.932. They also noted 
that the axial ratio varied with the temperature. They found a similar value when 
single crystals were examined. 

Elsenhut and Kaupp“ have studied these alloys using electron emissions from 
a hot cathode, and observed that the copper-gold alloys of 1:1 atomic ratio, de¬ 
posited on mica from the vapor phase, developed a tetragonal structure with super¬ 
structure lines after annealing 1 min. at 225-400®C. They reported that when 
this alloy was heated to ‘450-500®C. the tetragonal structure is converted into a 
structure of the zinc blend or diamond type with a unit parameter of 5.40 Angstrom 
units. 

Thus, there seems to be rather general agreement with reference to the Struc¬ 
ture of the beta-phase (CusAu), but some disagreement as to the structure of the 
delta-phase (CuAu). Some investigators contend that the arrangement is body- 
centered tetragonal with an axial ratio of about 1.31, and others that it is a face- 
centered tetragonal arrangement with an axial ratio of c/a = 0.926-0.932; these 
crystal units, however, are essentially equivalent. Both of these groupings can 
be noted in models, as was pointed out by Preston." 

In both cases it is necessary to compress the original face-centered cubic lattice 
in the direction corresponding to the “c” axis of the tetragonal lattice. This 
condition is satisfactorily provided for by placing the gold atoms in alternate 
planes perpendicular to the “c” axis, as is shown in Pig. 3-C. In this case the 
resulting tetragonal unit cell contains gold atoms at the comers (gold atoms 1-8, 
Pig. 3-C) and at the centers of the two faces which have not been compressed, while 
the four faces which have been compressed will contain copper atoms. This arrange¬ 
ment gives a cell comprising four atcxns, two of which are gold, and the remaining 
two are copper. The tetragonal body-centered grouping is also present in the model 
in which the unit cell contains a gold atom in the center and copper atoms at the 
comers, or vice versa. This arrangement is shown in Pig. 3-C with the gold atoms 
(9-3-10-4-11-9-12-8) at the comers and a copper atom in the center. Another 
tetragonal body-centered group is also shown with a gold atom (9) at the center 
and copper atoms at the comers. 

It is, therefore, evident that there is no essential difference in the atomic 
arrangement, depending upon the system being face-centered tetragonal with a c/a 
ratio of about 0.93 or a body-centered tetragonal with a c/a ratio of about 1.3; 
perhaps the former is somewhat easier to visualize. Either arrangement will give 
the same symmetry and the same possible “superstructure**. 

The iwssibility of heat treating gold-copper alloys to produce certain desired 
physical properties was indicated by the researches of Kuraakow, Zemczuzny, 
and Zasedatelev* in 1916, and the application of this method for controlling the 
properties of dental golds containing considerable amounts of copper was pointed 
out the present author* In 1923: 
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It is now known that the hardening of alloys by atomic rearrangement is not 
unique in the gold-copper system, but that other systems, for example copper- 
platinum and copper-palladium, show a similar phenomenon. 

Recent Progress—Since the above manuscript was prepared in 1932 there has 
been considerable research on metal structures and superlattices have received 
much attention. There does not seem to be justification for changing the material 
originally presented but some slight additions may be made. 

Superlattices have been reviewed by Nix and Shockley and by Barrett** and 
these reviews supply adequate references to the literature on the subject. 

The more recent researches have not materially changed the information re¬ 
garding the beta phase (GUjAu) as represented in Fig. 1. However, the change 
from the random arrangement of alpha appears to be simply to an ordered arrange¬ 
ment. Experimental data indicate that the face-centered cubic cell has copper atoms 
in the faces and gold atoms at the corners. While, as mentioned above, there does 
not now appear to be any change in the type of lattice in the alloys corresponding 
to approximately the CUjAu composition, certain discontinuities in properties such 
as specific heat and electrical conductivity have been observed in the temperature 
range of about 250-390®C. by Sykes and Jones“ and by Sykes and Evans** which 
are not entirely consistent with the usual theories for a simple change from random 
to ordered atomic arrangement. 

In the case of the delta phase (Cu-Au) in Fig. 1, some new information has 
been obtained. Johansson and Linde” have reported not only the tetragonal lattice 
previously reported but have also reported on orthorhombic structure in the 53 atomic 
per cent gold alloy in the range of about 420-380°C. which slowly changes into the 
tetragonal lattice in the range of 200-380°C. These authors have also reported the 
orthorhombic structures in alloys containing 47-53 atomic per cent of gold rapidly 
cooled after annealing at 410-420‘’C. and in alloys containing between 36 and 47 or 
between 53 and 65 atomic per cent gold annealed in the temperature range of 
400-200°C. 

Unpublished researches by Hultgren and Tamopol show the ordered orthorhombic 
lattice in the Cu-Au alloy at 400 and 390°C., the tetragonal lattice in the range of 
350-300°C., and the presence of both lattices at 375°C. Hultgren and Tamopol have 
obtained the orthorhombic and the duplex lattices by both heating and cooling into 
the selected temperatures so that their evidence seems quite convincing. Long 
annealing times were required to establish equilibrium conditions so that good X-ray 
lines were obtained. The following data from Hultgren and Tamopol show some 
of their results for the 50 atomic per cent alloy: 


Annealed, 

“C 

Days 

Annealed 

b/a 

ratio 

b/a after 6 Months at 
Room Temperature 

400 

13 

1 018 

1.031 

390 

24 

1.017 

1.026 

375 

37 

1.025 

1.027 


From the above data, it appears that the orthorhombic structure can be pre¬ 
served at room temperature but that it undergoes a slight change in axial ratios. 

This new information indicates that the region in Fig. 1 designated as delta 
will have to be modified to show the region of the orthorhombic lattice but the data 
are as yet hardly adequate for location of the areas. 

If a phase change is based upon a change in lattice as the criterion, then there 
are phasial modifications of the Cu-Au alloy and also for alloys ranging from about 
36 to 65 atomic pex cent gold. There is some indication that careful microscopic 
work may support the X-ray studies which have been made on the Cu-Au alloys 
of about equal atomic concentrations. 
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Constitution of Gold-Silver Alloys 

By JEtobert H. Leach* 

Native alloys of gold and silver occur in many different parts of the world and 
consequently were among the first metals worked by prehistoric races. The alloys 
are malleable and ductile. The yellow color changes to a series of light green 
as the percentage of silver is Increased and at* 50% silver by weight, the color Is 
nearly white. 

Gold and silver can be alloyed in all proportions to form a continuous series 
of solid solutions. 

The early investigators of this system, W. O. Roberts-Austin and T. K. Rose,* 
C. T. Heycock and P. H. Neville,® and others determined the freezing points of 
different compositions and their dia¬ 
grams showed a single continuous curve 
between the melting points of gold and 
silver. More recently, Raydt,* V. 

Fischer,* L. Stemer-Ralner,* W. Bro- 
niewski and K. Wesolowski* have de¬ 
termined the solidus and liquidus 
points. The constitution diagram se¬ 
lected is based upon the work of Bro- 
niewski and Wesolowski, and is in 
close agreement with that of Stemer- 
Rainer. Although these investigators 
report small differences, they are in 
general agreement that the solidus and liquidus curves are parallel a few degrees 
apart and converge near the extremities of the diagram. 

X-ray examinations show that all of the gold-silver alloys have a face-centered 
cubic lattice. H. Weiss^ made an X-ray study of the system by the powder method 
and found a continuous variation in lattice dimensions from pure gold to pure 
silver. S. Holgerssen® foimd that the variation in lattice dimensions corresponds 
closely to a linear fimction of the atomic composition. B:e reported 4.060 A as the 
lattice constant for pure gold and 4.076 A for silver. G. Sachs and J. Weerts* deter¬ 
mined the lattice constants over the entire range of composition. They found the 
value for pure gold to be 4.0700 A, and silver 4.0776 A, and a minimum of 4.0672 A at 
19.9 weight per cent silver. M. LeBlanc and W. Erler” confirmed the results obtained 
by Sachs and Weerts; finding a parabolic variation of the lattice parameter with the 
composition. Their determinations, however, show the minimum at approximately 35A 
weight per cent silver Instead of 19.9. 
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Gold Alloys 

. E- M. Wise* 

Pure gold when annealed has a tensile strength of only 16,000-17,000 psi., a 
Brinell hardness of about 30, and a density of 19.3. For most industrial purposes gold 
is alloyed with other metals to produce a harder material of lower density and 
lower cost. Where silver or base metals are employed for alloying, a reduction in 
nobility and tarnish resistance results. Where high resistance to corrosion or a high 
melting point is required or other special requirements are to be met, platinum 
or palladium are employed as alloying elements rather than silver or base metals. 

Alloys of 14 cara^t or above are quite resistant to nitric acid while 12 carat Jewelry 
alloys are marginal and their behavior depends upon the major alloying elements. 
Ten carat alloys may be considerably attacked. This behavior of gold alloys, and 
analogous tests using a mixture of nitric and hydrochloric acids (aqua regia) to 
attack the more resistant alloys are employed for quickly judging the quality of gold 
articles. Comparisons are made of the behavior of a streak made by rubbing the 
unknown gold alloy on a corrosion resistant stone and comparing its behavior in 
contact with acid with that of similar streaks made with a series of alloys of known 
composition. Many small lots of used gold articles change hands on the basis of 
this test which is described in detail in the book, “Testing Precious Metals.*'** 

By proper selection of the alloying elements, gold alloys of considerable range 
in color can be had, from the yellow of pure gold to fair reds, greens, and good 
whites. These colored golds are important in Jewelry. 

The quality of gold alloys is commonly expressed in terms of carat or fineness. 
The carat is the proportion of gold expressed in twenty-fourths while the fineness 
is the proportion of gold expressed in thousandths. Pure gold is 24 carat or 1000 
fine or 100% gold, while 12 carat gold is 500 fine and contains 50% gold. 

Gold is frequently employed in clad form, welded or soldered to a base metal 
and Is then called “gold filled” or “rolled gold plate.” The quality or the ratio of 
the weight of the gold alloy coating to the total is expressed as a fraction. For 
example, ^ 12 carat “gold filled” is surfaced with a layer or layers of 12 carat (50.0% 
gold) gold alloy weighing 10% of the weight of the composite article, which if 
assayed in toto would contain 5% gold. The designation “gold filled’* is limited by 
stamping regulations to articles in which the weight of the coating is at least of 
the total, while lower ratios may be stamped “rolled gold plate.” In any event, 
a quality mark cannot be applied to articles surfaced with a gold alloy under 10 
carat. For further details regarding the stamping of clad articles, reference 15 
should be consulted. 

Watch cases require rather substantial cladding to resist wear and the present 
basis for classifying such stock is £o designate products surfaced with at least 
0.003 in. on the outside and 0.001 in. on the inside of 10 or higher carat gold alloy 
as “gold filled” and to designate cases surfaced with half this thickness on the 
outside and none inside as “rolled gold plate.” 

Base metals electroplated with a gold alloy usually have a far thinner coating 
than provided in rolled gold plate, but methods are available for producing electro¬ 
plates of the same thickness as those typical of “gold filled” stock and some use is 
made of this method. 

Melting, Casting, and Rolling*- •—For industrial purposes gold alloys are usually 
melted in clay graphite crucibles heated in a gas fired furnace although some tjrpes 
of electric furnaces are also employed and recently renewed Interest in high fre¬ 
quency melting has become apparent. With gold-silver-copper alloys, charcoal is at 
times used as a cover to avoid oxidation although a reducing fiame plus a pro¬ 
tective cover of boric acid is generally preferable. The small amount of zinc usually 
present in the alloy functions as a deoxidizer but where it is inadequate about 0.05% 
of calcium boride may be added Just before pouring. Many of the dental alloys are 
damaged by the trace of silicon which may be reduced from the crucible and there¬ 
fore must be melted in lined crucibles. Lead, sulphur, and other impurities are very 
dama^g to gold alloys and must be excluded by the use of very pure alloying metals 
and precautions in handling scrap. 

The alloys to be rolled are cast by slowly pouring the metal into wanned cast 
Iron molds lightly greased with castor oil and the Ingots are pickled prior to cold 
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rolling. The casting of thin and wide ingots is frequently attempted but usually 
leads to the production of material containing shrinks which show up later. Ingots 
about in. thick and up to 2 in. wide are more appropriate than thin, wide ingots. 

Cold rolling presents no special problems except that adequate reductions 
between anneals, preferably at least 50%, must be employed with white gold to avoid 
fire cracking. Annealing may be carried out in a nonoxidizing atmosphere or If 
not, the surface may be protected with a layer .of ochre and boric acid which is 
pickled off after annealing. Some alloys, particularly those high in copper, require 
rapid cooling to yield maximum ductility and are quenched in hot water ^ter 
annealing. Quenching is apt to crack white golds and some other compositions are 
also tender. 

Certain types of rings, particularly men’s signets or others produced in limited 
quantities, are made by casting gold into molds made of very fine sand while dental 
castings are produced in molds made of silica bonded with plaster of Paris. The 
latter castings are made by the so-called “lost wax process” in which a wax model 
is invested in a plastic mass of plaster and silica which is permitted to harden. The 
mold is then heated to drive out the wax and the gold alloy is melted with a gas-air 
torch and forced into the preheated mold by air pressure or centrifugal force. The 
amount and type of silica and the preheating temperature are adjusted to provide 
sufficient expansion to compensate for the shrinkage of the gold to yield a casting 
of the same size as the original wax model. 

Principal Useful Gold Alloy Systems 

Gold-Silver^' •—Gold and silver form a continuous series of soft, solid solutions. 
The maximum strength of the annealed alloys is but 30,000 psi. The liquidus and 
solidus are close together and rise slowly from 960®C. at the silver end to 1063*C. at 
the gold end. This system is discussed in detail on page 1503. The 18 carat (75% 
gold) alloy has an attractive green color and is sometimes used for jewelry decora¬ 
tion. Further increase in silver content yields paler alloys. The 12 carat (50% 
gold) alloy is an unattractive greenish white which tarnishes readily. Some use has 
been made of the 20 and 30% gold-silver alloys for electrical contacts but their 
resistance to tarnish is poor. The 70% gold-6% platinum-24% silver alloy has been 
widely used for electrical contacts in telephone equipment and is excellent, but has 
been replaced by pure palladium which can be used at higher currents and is 
less costly. 

Gold-Copper^ ■'—A continuous series of solid solutions Is formed at high tem¬ 
peratures but transformations occur at low temperatures yielding ordered phases 
based on AuCu and AuCu,. Copper rapidly hardens gold. The maximum strength 
in the annealed state is about 75,000 psi. and is found at 18 carat (75% gold). Slow 
cooling or aging at about 300®C. causes alloys in this vicinity to harden and become 
rather brittle so that it is necessary to quench or rapidly cool such alloys prior to 
cold working. The liquidus and solidus lie close together and pass through a mini¬ 
mum of 880®C. at 80% Au. Further data on the equilibrium are to be found on 
page 1496. 

The addition of copper to gold yields alloys with a red cast and the 18 carat 
(75% gold) and lower carat alloys find some decorative application as red golds. 
The 90% gold-10% copper alloy was formerly used for coinage in a number of 
countries. The 12 and 14 carat gold-copper alloys containing about 6% nickel pos¬ 
sess an attractive pink color and have been quite popular for spectacle frames. 

The tarnish resistance of the gold-copper alloys is of the same order as that 
of the gold-silver alloys. 

Gold-Nickel^' •—A continuous series of solid solutions Is formed at high tem¬ 
peratures but this decomposes into gold-rich and nickel-rich solid solutions of varia¬ 
ble composition at low temperature with consequent changes in corrosion resistance, 
color and hardness. The quenched solid solution alloys are quite hard. A maximum 
hardness of about 350 Brinell hardness is observed in the middle of the series. The 
liquidus and solidus pass through a minimum of 950®C. at 82.5% gold. 

The addition of nickel to gold rapidly effaces the yellow color and the 75% 
gold-25% nickel has a pleasing white color when quenched. The color deteriorates 
with a further increase in nickel content. The simple binary gold-nickel alloys are 
not useful but derived alloys containing copper and zinc yield the white golds 
of commerce which had a great vogue in jewelry as platinum substitutes. The 
high hardness of white golds of good color and their propensity to fire crack make 
them difficult to work. Currently, these alloys have lost popularity to the yellow 
golds and to platinum and palladium for white jewelry. 
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Gold^Palladium^^A continuous series of solid solutions is formed which is 
stable at all temperatures. All of the alloys are very ductile and the maximum 
strength of 50,000 psi. in the annealed state is observed in the middle of the series. 
The Uquidus and solidus rise rapidly upon the addition of palladium to gold. This 
is one of the reasons for the frequent addition of palladium to complex gold alloys 
as most of the other alloying additions tend to depress the melting range to an 
undesirable extent. Palladium also markedly improves the tarnish resistance of 
silver and base metal content dental and Jewelry alloys. 

Palladium lightens the color of gold and yields a number of white alloys which 
are, however, less brilliant than the nickel content white golds. The corrosion 
resistance of the palladium golds is excellent and som6 use has been made of the 
70-80% gold binary aUoys and particularly ternary alloys containing platinum for 
crucibles and chemical equipment including rayon spinnerets. The 80-85% gold- 
palladium alloy has mechanical properties similar to those of 22 carat gold and 
finds use in dentistry where a white, easily worked sheet material is required. 

Gold^Platinum^' *—^While a continuous series of solid solutions is formed at 
high temperature, complicated changes occur at lower temperature which cause 
considerable hardening and working dlfflcultles in alloys containing less than 70% 
gold unless palladium, which extends the range of useful alloys, be present. Small 
amounts of platinum added to gold cause little increase in hardness but amounts 
above 30% cause a rapid rise in hardness to above 300 Brinell hardness at 70% 
platinum. The liquldus and solidus rise upon the addition of platinum but do not 
lie close together so that marked coring, difficult to eliminate, develops on casting. 

The 70% gold-30% platinum alloy has been most useful and is widely used for 
rayon spinnerets although the relative prices of gold and platinum are currently 
such as to render the use of platinum rich alloys more economical and they are 
being introduced. 

GoZd-Zinc’*--These elements form a system somewhat analogous to that formed 
by copper and zinc but complicated by the formation of Several ordered phases at 
low temperature. The simple binary alloys find no commercial use but considerable 
percentages of zinc are frequently present in white and low carat green golds to aid 
in developing the desired color and in solders where it functions to lower the melting 
point. About 1% zinc is present in many dental golds where it aids in deoxidation 
and improves the mechanical properties and aging response of certain analyses. 

Gold^Silver^Copper—See also references 1, 3, 5, 7, 9, and 10. This ternary system 
comprises a solid solution region extending along the gold-silver and gold-copper 
sides plus a duplex area extending out from the eutectic on the silver-copper side. 
The high carat alloys are solid solutions at high temperature, but may contain an 
ordered phase derived from AuCu at low temperatures. The low carat alloys may 
contain some eutectic. The melting temperature is generally rather low while the 
tarnish resistance depends principally upon the gold content. At 14 carat (58.3% 
gold) the maximum strength (in annealed material) of 78,000 psi. is secured when 
equal quantities of silver and copper are present. 

The dental industry has used large quantities of 22 carat (91.6% gold) plate for 
crowns and similar restorations while alloys containing 70-90% gold with silver and 
copper the principal alloying elements form the basis of cast inlay golds. Strong 
yellow denture golds contain 60-70% gold, together with 2-12% of platinum or 
palladium to improve their properties. White alloys containing substantial quantities 
of palladium replacing corresponding amounts of gold are now in general use. 
Tliese alloys contain from 15% gold with 25% palladium to 30% gold with 15% 
palladium, together with small amounts of platinum, 1% zinc and silver and copper 
the remainder. 

In the Jewelry trade, 18 carat alloys will range from the hard red golds con¬ 
taining copper as the principal alloying element, through the yellows with roughly 
equal quantities of silver and copper to the greens containing silver as the principal 
alloying element. The strength and hardness fall steadily with an increase in 
silver content. At 14 carat the red golds will contain copper as the principal alloy¬ 
ing element. As the silver content is increased and copper decreased, a series of 
yellow golds of various shades is produced; those containing approximately equal 
quantities of silver and copper possess a greenish yellow color which has become 
popular in recent years. Further increase in the content of sUver to 30-35% with 
copper the remainder yields greenish alloys. The green color produced in such 
alloys is far less attractive than that of the 18 carat gold-silver alloy, 
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amounts of zinc added to the above tend to lighten the colors but this is generally 
not desired. 

The introduction of a substantial percentage of zinc (from 3-15%) is useful in 
developing green and yello^w alloys of lower carat and yields materials which are 
age hardenable. 

The strength of the annealed 14 carat gold-sUver-copper alloys reaches a maxi¬ 
mum at about 20% copper but the melting temperature (solidus) is only about 
830®C. at this point and drops slightly lower at 15% copper. For this reason the 
use of alloys of this type requires care to avoid damage in soldering and necessitates 
the use of low melting solders which may be rather easily tarnished. The introduc¬ 
tion of small percentages of palladium raises the melting point and it has been 
added to 12 and 14 carat alloys for this reason and also to increase resistance to 
tarnish. 

Dental alloys containing copper and the platinum metals as well as many of 
the colored jewelry golds are age hardenable. They can be softened by annealing 
at about 700-760®C. and quenching and hardened either by slow cooling or better 
by reheating for 15-30 minutes at 300-450®C. This treatment is particularly effective 
in increasing the elastic limit and yield point which in appropriate alloys can be 
raised to values in excess of 100,000 psi. Age hardening is widely employed in 
dentistry and is essential to develop the strength required, but although it was first 
applied fifteen years ago. it has not been used in jewelry manufacture as widely 
as it should be. 
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Properties of Gold-Copper-Nickel-Zinc Alloys 

(WhU« Gold) 

By A. W. Peterson t 

I 

The white gold alloys may be broadly divided into two types according to use; 
namely, the dental golds and the jewelry alloys. The former contain a relatively 
large amount of the platinum group metals to develop strength, ductility and cor¬ 
rosion resistance, while the latter today contain practically no metals of this group. 

Origin—The white gold alloys in substantially the form used today in the 
manufacture of Jewelry originated as a measure of economic necessity near the 
close of the World War. White alloys had been in use for jewelry for some years 
in Europe, but these goods were of the platinum and palladium type. Also gold 
alloys using nickel and cobalt as decolorizers were slightly known in Germany in 
1912.^ But the great demand for platinum, heretofore the popular white jewelry 
metal, for war purposes had made the metal scarce and the price prohibitive; more 
than ever a substitute was desirable. After many experimental failures and suc¬ 
cesses, the production of gold alloys using nickel as a decolorizer was achieved on a 
commercial scale, as shown by the United States, Canadian, and British patents. 
These alloys became popular and have retained much of their popularity to the 
present day. 

These alloys were first used in rings, which are cast, but today most of the 
white gold alloys are used in the wrought condition, and the greater portion of 
such material is employed in the duplex metals, such as “gold filled” and “rolled 
gold” plate. The principal products are watchcases, bracelets, cigarette cases, pens 
and pencils, and optical goods. At present the greatest demand is for optical 
frames, in which the colors range from an inconspicuous pink to a bluish white. 

Most of the white gold alloys produced are 10, 12, and 14 karat gold, and some 
18 karat. This corresponds to 10, 12, 14, and 18 parts of fine gold for every 24 
parts of total alloy. The base metals used are copper, nickel, and zinc. 

Constitution—The constitution of the white gold alloys of the Au-Cu-Ni-Zn 
class is difficult to analyze exactly due to the number of combinations of the com¬ 
ponent elements that are possible. At higher temperatures (above 700®C.) these 
alloys are homogeneous solid solutions, but upon slow cooling to room temperature, 
or by low temperature (350-400°C.) aging, complex structures are formed.** • These 
alterations in structure are accompanied by changes in hardness and electrical 
resistivity. It has been shown that these alloys respond to the usual treatments 
that cause precipitation hardening.* This hardening is probably a combined effect 
of the formation and subsequent precipitation of compounds of AuCu and AuZn,- 
or more complex compounds, as well as the separation of solid solutions from the 
complex matrix.®* • 

Physical and Mechanical Properties—The physical and mechanical properties 
of the white gold alloys vary according to the karat and the changes in base metal 
proportions. This fact is illustrated by Table I showing the density and mechanical 
properties of several alloys. These alloys have been annealed for one-half hour at 
705 ®C. and air cooled except as noted. 

Table I 

Properties of White Gold Alloy 


-Composition. %-- Brinell Y.P. T.S. Elong Refer* 

Au N1 Cu Zn Sp.Gr. Hardness No. psl. psl. In 2 In.. % ence 


75.00 

13.5 

8.50 

3.0 

14.9 

75.00 

16.0 

4.00 

5.0 

14.8 

58.33 

15.0 

25.67 

1.0 

13.0 

08.50 

15.3 

25.80 

0.4 

13.02 

58.33 

17.0 

16.67 

9.0 

12.5 

68.35 

17.0 

16.00 

8.65 


58.33 

12.5 

24.17 

5.00 

i 2!8 

08.50 

14.5 

20.0 

7.00 

12.8 

50.00 

18.0 

22.0 

10.00 

11.9 

50.00 

16.0 

29.0 

6.00 

11.8 

50.00 

10.25 

34.0 

5.75 

11.9 

41.67 

17 60 

33.83 

7.00 

11.2 


•Annealed at 750*C. 
••From General Plate Co. 


178 

80,800 

115,400 

34 

(5) 

182 

86,000 

102,000 

35 

•• 

177 

73,000 

101,000 

30 

•* 

177 

72,960 

101,250 

29 

(5) 

171 

65,000 

109,000 

38 

•• 


64,600* 

105,000 

43 

(3» 

145 

59,000 

103,000 

45 

•• 

152 

60,900 

105,300 

41 

(5> 

149 

61,000 

103.500 

43 

^5) 

145 

60,000 

102,000 

43 

•• 

130 

55,000 

93,000 

46 

• • 

120 

55,000 

95.000 

37 

•• 


tMetallurgist, General Plate Co., Attleboro, Mass. 
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Teolmolafy----The white gold alloys require extreme care In the choice of raw 
materials and processing technique. Only pure electrolytic copper and nickel free 
tnm sulphur and carbon, apd highly refined zinc, should be used in the manufacture 
of the base metal alloy noted below. The gold used must be of mint fineness. 

Best results in melting are obtained by alloying the fine gold with a previously 
manufactured base metal alloy of the correct composition. The actual fusion is 
conducted under a heavy flux of boric acid in a gas, oil, or electric furnace, using 
a plumbaro crucible to hold the charge. Quick melting is desirable to avoid 
gassing of me melt. The temperature of the metal before pouring should be such 
that It may be poured at a rate approximating that at which the metal solidifies in 
the mold; otherwise blisters will be evident in the fabricated alloy. Zinc-sodium, 
phosphor-copper, and calcium boride have been used advantageously as deoxidizers 
to avoid these gas blisters. Such substances should be added in amoimts small 
enough to leave little of the deoxidizer as a residue in the ingot; approximately 
0.10-0J20% has proven sufficient in most cases. 

The molds are prepared by preheating and coating with a dressing of grease 
and graphite, or a heavy vegetable oil. A vertical mold to give an ingot 
8 In. X 3 in. X % in. Is suitable. 

Fabrication—After pickling and cleaning, the Ingots are broken down. This 
part of the process is an Important step in the fabrication of white golds. Heavy 
reductions about 0.040-0.050 in. each pass, must be used to avoid splitting during 
subsequent annealing. Usually the ingot is reduced 50% before the first anneal. 
Insufficient reductions will almost without fail manifest themselves in splitting 
or "fire-cracking" on annealing. Alloys low in copper content will be more suscepti¬ 
ble to this phenomenon. This technique applies equally well to the fabrication of 
tubing and wire as it does to sheet or strip. 

Before annealing it is essential to have a imiform stress distribution in the metal 
bar or sheet; this may be accomplished reasonably well by passing through the last 
roll until absolutely fiat. Annealing is carried out at from 710-760®C. Air cooling 
Is used successfully. It is common practice to anneal in a nonoxidizing atmosphere 
or to protect the surface finish with an ochre-boric acid paint. Wire is generally 
protected by first dipping the coils in a hot saturated boric acid solution to coat 
them with a protective film. 

Wear and Corrosion Resistance—The resistance to wear of the white gold 
Jewelry alloys is more or less a function of the nickel content, and hence the hard¬ 
ness. It does, however, vary somewhat with the karat as well. 

The corrosion and tarnish resistance of the alloys are governed mostly by the 
karat and to a certain extent by the base metal composition. The medium karats, 
such as 12 and 14, show good tarnish resistance in the presence of acids, body 
perspiration, and sulphur compounds. However, for continued use in contact 
with parts of the body the 12 karat alloys are often electroplated with a higher 
karat gold or rhodium. The 10 karat alloys, particularly those rich in copper, 
are quite susceptible to attack by sulphides and nitric acid. 

The t3rpe of heat treatment to which the finished alloy has been subjected has 
marked influence on its resistance to corrosion and tarnish. It has been found 
that aged alloys are attacked more readily by corrosive agents, especially in the 
event that precipitated phases are more base than noble.* 
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The Lead Industry 

By F. E. Wormser* 

i 

History—Lead Is one of the oldest metals known to man. Probably the earliest 
specimen is a figure found in the Temple of Osiris at Abydos and preserved in 
the British Museum. It dates from 3000 B.C. 

The Pharaohs, Assyrians, and Babylonians had many uses for lead in orna¬ 
mental objects and structural purposes. 

In 2000 B.C. the Chinese made their first money of lead. In ancient Greece 
and Rome, bronze coinage contained 3-30% lead. 

Perhaps the most interesting historical application of lead was its general 
use for water pipes by the Roman people. The pipe was made in 15 standard 
sizes and regular 10 ft. lengths. Many of these lead pipes, in almost perfect state 
of preservation, have been dug up in recent years in the ruins of Pompeii and 
Rome, and in England where the Romans penetrated during invasions. At Bath, 
England, there are old Roman baths using the same lead pipe installed by the 
Romans 1900 years ago. Roman lead pipe was made by folding heavy sheets of 
cast lead and burning the seams together. 

Lead was often used for the construction of caskets beautifully decorated and 
inscribed. Many famous soldiers such as the Black Prince and Richard II, lie burled 
in leaden caskets. The resting place 6f Christopher Columbus in Santo Domingo 
is said to be a leaden casket. 

Many magnificent buildings, erected in the 15th and 16th centuries, still stand 
under their original lead roofs. Leaden ornaments, statues, leader-heads and cis¬ 
terns in a perfect state of preservation have been brought down to us today, many 
of them architectural gems. 

Lead Minerals—Although at least 60 minerals containing lead are known to 
science, the lead of commerce is derived almost exclusively from one mineral, galena, 
the sulphide of lead. The oxides and other salts of lead are comparatively unim¬ 
portant sources of supply. A list of common lead minerals follows: Galena, PbS; 
cerussite, PbCos; anglesite, PbSOi; crocoite, PbCrOt; wulfenite, PbMoO»; vanadinite, 
3Pb»(V04)2PbCl2; and pyromorphite, 3Pba(As04)2. PbCh. 

Lead Mining—^Lead ore is mined in many countries, frequently in association 
with zinc ore. The United States is the most important source and contributes 
roughly one third of the annual world output. Then in order come Australia, Mexico, 
Canada, Germany, Spain and Burma. The British Empire produces about one 
quarter of the mined lead supply. 

With the development of the flotation process for the treatment of complex 
lead-zinc ores, many mines are now productive where formerly it was impossible, 
or extremely difficult, to separate the lead and zinc from each other. The flota¬ 
tion process has revolutionized the concentration of lead ores, both simple and 
complex. It so happens that the principal lead mineral found all over the world 
is the sulphide galena, which lends itself especially well to treatment by flotation. 

Smelting and Refining—Lead concentrates, when they leave the concentrating 
mill , contain upwards of 40% of lead, generally 60%. The concentrates are roasted 
to remove the sulphur and to agglomerate the fine flotation product which is not a 
physically desirable blast furnace material. The roasted sinter is charged into the 
top of a heated blast furnace, with suitable fluxes and coke and the resulting impure 
lead base bullion is shipped to the refinery for further treatment. It contains'silver 
and gold and various impurities which have to be removed before the metal is suit¬ 
able for use in industry. 

In the United States the Parkes Process is widely used. Electrolytic refining 
is also practiced and a development of recent years, known as the Betterton 
Process, depending upon chlorination, has also been introduced into the United 
States. 

The Parkes Process melts the Impure lead and allows it to cool below the 
freezing point of copper, which crystallizes and is removed by skimming. It then 
passes to a reverberatory or softening furnace, where the temperature is raised and 
a blast of air oxidizes any antimony or arsenic present to form a skin which has to 
be removed. The lead then goes to desilverizing kettles where small amounts of 


*Seo. Lead Xnduatrlef Association New York. 
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aslnc are added. As gold and silver have a greater affinity for zinc than for lead, 
these precious metals immediately leave the lead in favor of the zinc. The zinc 
being lighter than lead, rises to the surface and when the temperature is lowered, 
solidifies in a skin which is readily skimmed and subsequently treated to recover 
the precious metals. 

Refined commercial lead of a purity of 99.99% lead^ls common. Pig lead Is 
generally cast in bars weighing 80-100 lb. eaqh. The ores of Southeastern Mo. 
contain too little silver for profitable desilverizing. Some of this ore contains a 
minute amount of copper, from 0.04-0.08%, which makes the resulting pig lead 
derived from it particularly desirable in the chemical Industries, hence its designation 
as chemical lead. 

Grades of Lead—Commercial grades of pig lead available to the consumer com¬ 
prise: Corroding Lead, Common Lead, Chemical Lead and Antimonial Lead. 

Corroding lead Is the designation given to a premium grade of lead used by the ‘'corroders'* 
of white lead, who require a metal of exceptional purity so as to avoid discoloration of the result¬ 
ing white lead. 

Chemical Lead is so called because of Its comparatively high resistance to corrosion by sul¬ 
phuric acid and other chemicals. It finds its widest outlet In the chemical manufacturing indus¬ 
tries. The term has been used for years to describe the undesilverized lead produced from 
Southeastern Mo. ores. 

Antimonial Lead may contain anywhere from 1-25% antimony, with the average running 
between 6 and 7%. Antimonial Lead is used mainly by storage battery manufacturers. 

The A.S.TJM. Specifica¬ 
tion B29-34T includes 3 
grades of virgin pig lead: 
Grade I, corroding lead; 
Grade II, chemical lead; 
and Grade III, common 
lead. 

Lead Industries—The 

following are the sellers of 
primary pig lead in the 
United States: American 
Metal Co., Ltd.; American 
Smelting ^ Refining Co.; 
Anaconda Sales Co.; 
Bunker Hill & Sullivan 
Mining & Concentrating 
Co.; Eagle-Picher Lead Co.; 
National Lead Co.; St. 
Joseph Lead Co.; and 
United States Smelting, Re¬ 
fining & Mining Co. 

Uses of Lead — Before 
1929 lead was principally 
used in electrical applica¬ 
tions such as the manufac¬ 
ture of lead sheathed power 
and telephone cable and 
the manufacture of storage 
batteries, but the use of lead for the manufacture of white lead was also extremely 
important. During the depression the production of white lead and other pigments 
have become more important as an outlet for newly mined pig lead than the electrical 
uses. The table on the following page shows a comparison between the uses of lead 
for 1929 and 1937. 

The market for lead may be classified conveniently into (1) those applications 
where lead is used as a chemical compound and (2) those where it is us^ in the 
metallic form either alone or allied with some other metal. 

The chemical compounds most important commercially are the hydrated basic 
lead carbonate, commonly known as white lead, basic lead sulphate (white and 
blue), litharge, red lead, the lead chromates, tetraethyl lead, and lead arsenate. 

In the metallic form lead finds an Important outlet in building construction 
as both pipe and sheet, and in solder. It is also used in important all 03 rs such as 
tsrpe metal, antimonial lead for storage batteries, bearing allosrs, foil and col- 



Fig 1—Trends In the lead Industry in the United States. Im¬ 
ports include lead in ore, base bullion, and refined lead, exports 
include refined lead (Bureau of Mines, Miiieials Yearbook 1937). 
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lapsible tubes, as a coating for other materials, as lead weights, calking lead, 
gaskets, seals and in many other uses. 

Uses of Lead in the United Statest 
(In Short Tons) 



1929 

1937 


1929 

1937 

White lead. 

..119,700 

86,000 

Terne plate. 

. 4,200 

6,400 

Red lead and litharge.. 

.. 30,000 

57,000 

Foil . 

. 39,800 

21,700 

Storage batteries. 

. .210,000 

192,000 

Bearing metal. 

. 33,000 

15,000 

Cable covering. 

. .230.000 

93,000 

Solder . 

. 37,000 

22,000 

Building . 

.. 96,000 

45,000 

Typemetal. 

. 18,000 

17,000 

Automobiles ... 

.. 18,000 

12,000 

Calking . 


15,000 

Railway equipment. 

.. 5,700 

3,800 

Castings . 

. 18,000 

6,000 

Shipbuilding . 

300 

300 

Other uses . 

. 50,000 

50,000 

Ammunition... 

.. 41,100 

39,500 

Total. 

.972.300 

681,700 


fAmerican Bureau of Metal Statistics, Includes virgin and scrap lead. 


Basic Lead Carbonate —^Basic lead carbonate is the most widely used of the 
lead pigments and forms the basis of the highest grade paint. 

Basic Lead Sulphate —^Baslc lead sulphate is made directly from pig lead by a 
volatilization process in which the molten lead is fed through an atomizing flame in 
the presence of sulphur gases and air. The resulting fumed pigment is collected in 
bag houses. 

Litharge—Litharge is a monoxide of lead (PbO) produced in powder and flake 
forms which contains roughly 93% lead and 7% oxygen. 

Red Lead—Red lead is an oxide having the formula Pb.Oi and is made by heat¬ 
ing powdered litharge under carefully controlled temperatures, lower than for the 
manufacture of litharge. 

Sheet Lead—This usetul metallic lead product is rolled in widths up to 11% ft. 
wide and in any thicknesses desired. Sheet lead is widely used in chemical con¬ 
struction, where its resistance to attack from dilute sulphuric acid makes it a 
valuable metal to use ih many industrial processes. It is also used in building con- 
stniction as a roofing material, flashing, for shower pans, X-ray proofing and 
sound proofing. 

Lead Pipe-Lead pipe has had a long career in transporting water and chem¬ 
icals. It is a metal highly favored in the plumbing industry. Lead traps are another 
plumbing outlet. 

Sold^ng Alloys —One of the commonest of the lead alloys is solder. Common 
solder contains 50% lead and 50% tin—the half and half grade. Another grade 
contains 60% lead and 40% tin and is used industrially for automobile radiators and 
the Uke. Plumbers’ wiping solder carries 38-42% tin, 0-2% antimony, with the 
balance lead. 

Hard Lead (Lead-Antimony Alloys)—^This is an alloy containing from 1-12% 
antimony. Storage battery manufacturers use great quantities of antimonial lead 
containing approximately 7-12% antimony and frequently %% tin. Antimonial 
lead sheet (6% antimony), is also used widely in the United States for building 
construction. Hard lead is also used in shrapnel and collapsible tubes. 

White Metal Bearing XMoys—White met^l bearing alloys vary widely in com¬ 
position. A common formula of a lead base bearing alloy used in railroad cars is 
87% lead, 4% tin and 9% antimony. Lead bearing bronzes contain much smaller 
amounts of lead and are essentially mixtures of lead, copper and tin, with a lead 
content of 10-20%. 

Numerous alloys of lead and alkaline earth, such as calclmn and sodium have 
been developed in recent years and are playing an increasingly important part in 
bearing alloys. 

Type ilfefate—This lead alloy is made from lead, tin and antimony. T 3 rpical com¬ 
position is as follows: 

Type Metals (In %) 


Lead Tin Antimony Copper 


Xleetrotype metal. 93 3 4 . 

Linotype metal. 85 3 12 . 

Monotirpe metal. 87-84 3-4 10-13 . 

Stereotype metal. 82-67 3-17 13-23 0-4.5 

Type metal (smaU type)... 70 10 18 3 
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Fusible Lead Alloys—Muny lead alloys are known which melt at low tempera¬ 
tures and which are used for electric fuses, automatic sprinkler systems and 
boiler plugs. Compositions will be found on page 1328 of this Handbook. 

Terne Plate—Teme metal is an alloy of lead and tin used to coat black steel 
sheets. Terne alloy contains from 20-25% tin with the balance lead. 

Lead Foil—head foil is generally known as composition metal foil and is made 
by rolling a sandwich of lead between 2 sheets of tin, the result being to produce 
a tight union of the metals. The composition foil used for wrapping cigarettes is 
generally 0.0005 in. thick. 

AmmunitioTir—Large quantities of lead are used in ammunition for both mil¬ 
itary and sporting purposes. The alloy used may contain up to 1% arsenic. 

Lead Storage Batteries—head storage batteries furnish a large outlet for metallic 
lead and lead pigments. They consist of a series of plates made from antimonial 
lead and pasted with a mixture of litharge and red lead. The electrolyte used is 
sulphuric acid. The lead that is used for this purpose is generally reclaimed after 
the battery has ceased its useful life. During the depression lead reclaimed from 
old batteries became an Important source of the metal, at times furnishing an 
amount of lead almost equivalent to that recovered from mining operations. 
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Constitution of Lead-Antimony Alloys 

By R, 8. Dean* 

4 

The lead-antimony system so far as has been definitely shown may be repre¬ 
sented by a comparatively simple constitutional diagram. Solid solutions are formed 
to the extent of a few per cent at both the lead and antimony ends of the system 
and these two solid solutions form a eutectic of about 12% antimony. Thermal and 
microscopic analyses do not show any evidence of an intermetallic compound. A 
general diagram of the system is shown in Fig. 1. The alloys near the lead end 
of the diagram are of greatest practical importance. The constitution diagram for 
this end of the system is reproduced on a much larger scale in Fig. 2. The solubility 
of antimony and lead decreases according to this diagram from 2.45% at the eutectic 
temperature to about 0.25% at 20*^0* This decrease makes possible the dispersion 
hardening of the alloy by appropriate treatment. The essential points in this hard¬ 
ening are that the alloy be heated to a temperature above the solubility curve 
and cooled rapidly into the zone of supersaturation. The more rapid this cooling 
the more rapid the hardening takes place and the greater the final hardening. The 
agglomeration of the dispersed antimony, (or antimony-rich solid solution) takes 
place in this alloy at room temperature so that the maximum hardness obtained is 
not permanent, but falls off somewhat with time, approaching an equilibrium value 
for each temperature. This agglomeration of antimony particles is markedly accel¬ 
erated by cold work on the alloy, thereby causing the hardened alloys to break down 
under fatigue to give widened grain boundaries in which the antimony is agglom¬ 
erated to comparatively large particles. 

A recent investigation by Obinata and Schmid using X-ray studies indicates 
that the solubility at 247**C. may be as high as 2.94%. According to these investi¬ 
gators the lattice constant falls linearly with increased atomic per cent of anti¬ 
mony from 4.9389 A units for pure lead to 4.9371 A units for the saturated solid 
solution. Studies by LeBlanc and Schdpel on the electrical conductivity of lead- 
antimony alloys, however, confirm the value of 2.5% antimony for the solubility 
limit at 249®C. The exact composition of the eutectic mixture has not been agreed 
upon. Unquestionably it depends upon the rate of cooling. By very slow cooling 
Quadrat and Jiriste find the value of 11.4-11.5% antimony for the eutectic. Alloys 
of eutectic composition were previously reported to expand on solidification. Fogler 
has shown this not to be the case. Heating curves show a eutectic temperature of 



PO 40 60 60 

Pen Cent Antimony 

Fig. 1—Lead-Antlmony Constitution Diagram 
(Oontermann. Dean, Schumacher, and Bndo). 
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Fig., 2—Lead-Antimony Constitution Dia¬ 
gram for alloys of greatest practical im¬ 
portance 


several degrees higher than cooling, doubtless due to the agglomeration of the 
antimony particles. Mtiller has studied the electrical conductivity in the liquid 
state and failed to find any evidence of a compound. Near the antimony end the 
investigations are somewhat meager. Endo studied the magnetic susceptibility and 
found a solid solubility of lead and antimony amounting to 5% at 250**C. LeBlanc 


*Chlef Engineer. Metallurglccl Dly.. Bureau of Mines. (Jnlted States Dept, of the Interior. 
Washington. O. C. 
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and Schdpel found a solubility of lead in antimony of 3.5% at 249®C., by electrical 
conductivity measurement. This is not, however, confirmed by the X-ray studies 
of Solomon and Jones, who find that the lattice parameters of the antimony 
rhombohedra are Identical in the pure metal and the hypereutectic antimony- 
lead alloys. The parameter of the lead lattice is changed, confirming the existence 
of solid solutions at the lead end of the system. 

Hidnert has measured the thermal expansion of lead-antimony alloys from 
2.9-98.0% antimony. 

The earlier work on precipitation hardening in the lead-antimony system has 
been confirmed by H. Hanemann and his associates, who have also investigated 
the phenomenon of creep in these alloys. These investigators find an imusually 
large effect of the simultaneous presence of very small amounts of copper and 
arsenic on the hardness of the 1% antimony-lead alloy. 

Ageew and Krotov have shown by X-ray analysis that the solid solution of 
antimony in lead is the simple monatomic type. 

Derge, Kommel, and Mehl find that body-centered rhombohedral antimony 
precipitates from face-centered cubic lead as plates parallel to the [111] planes 
of lead. 
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Constitution of Lead-Bismuth Alloys 

* By G. O. Hiers* 

The lead-bismuth alloys form a eutectlferous system and no compounds exist. 
The alloys are mutually soluble in the liquid state and there are three solid solu¬ 
tions, designated as alpha, beta, and gamma. 

The Liquldus—The liquidus curve has two branches, ABC and C D which 
meet at the eutectic, C, at 125°G. with a composition of 54.9% bismuth. 

The Solidus—The solidus curve is defined as A E P G O H D. There is a 
peritectic point P at 184®C. with composition 29% bismuth. The peritectic horizontal 
E P B extends from E at 
22.5% bismuth to B at 
36.5% bismuth. The eutec¬ 
tic horizontal G C H runs ^00 
from G at 36.7% bismuth 
to H at approximately 
99.5% bismuth. 

The remaining solid so- ^qq 
lution boundary points are 
I at 20% bismuth, J at 25% 
bismuth, K at 33% bismuth 
and L at about 0.1% bis¬ 
muth, when considered at 
0 * 0 . 

Due to recent knowl¬ 
edge, this diagram differs 
from the one in the Inter- o 
national Critical Tables in 0 20 40 60 ao too 

several respects, namely: Q^t Bismuth 

1. The peritectic point Pig. l~~Lead-bismuth constitution diagram, 

and reaction horizontal are 

incorporated, representing the thermodynamic studies of Strickler and Seitz. 

2. The eutectic point and horizontal limits are incorporated from the work of 
Strickler and Seitz. 

3. The solid solution boundary points I, J and K are placed from X-ray studies 
of Solomon and Jones. 
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Constitution of Lead-Cadmium Alloys 

By W. A. Cowan* and G. O. Hierst 

The lead-cadmium alloys have not been thoroughly examined with respect to 
equilibrium constitution, particularly with regard to the possible solid solutions 
which may exist. Prom the data known the two metals are completely soluble In 
each other when liquid, but only partiaUy soluble when solid and form a simple 
eutectiferous series. 

The Liquidus—The liquidus curve ABC descends rapidly to the eutectic point 
of 17.4% cadmium, existing at a temperature of 249°C. The liquidus BC which leads 
to the cadmium end of the diagram is rather extraordinary in ^ape and is taken 
from Kapp’s cooling curve results. The eutectic point has been fixed by Barlow. 

The Solidus—The solidus curve AD is dotted because there is no experimental 

evidence to determine its 
shape. The curve has been 
drawn straight leading 
from the melting point of 
u lead at 327®C. to the eutec- 
^ tic arrest temperature 
c horizontal. The point D is 
located by the Tammann 
^ method of measurement of 
u the eutectic interval of 
^ time. Goebel also fur- 
^ nished further experi- 
J mental evidence of such a 
composition by means of 
density and hardness 
measurements of specimens 
quenched from the eutectic 
temperature. 

A dotted line DP has 
been arbitrarily drawn to 
indicate the limited solu¬ 
bility of cadmium in lead in the solid state. Vautin, in a British patent, indefinitely 
suggests 2% cadmium as the limit of solid solubility at ordinary temperatures. 

Di Capera was unable to discover any evidence of the solid solubility of lead in 
cadmium and the eutectic arrest has been drawn to intersect the 100% cadnuum 
vertical. Guertler considers the possibility of a maximum solubility of 8% lead in 
cadmium at the eutectic temperature. 

The area ADB represents a mixture of liquid metal and the alpha solid ^lu- 
tion, while CBE correspondingly shows a mixture of liquid metal and solid catoium. 

Alloys within ADPH consist entirely of alpha solid solution and DPGE denotes 
a heterogeneous mixture of alpha solid solution and solid cadmium. 
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Constitution of Lead-Calcium Alloys 

By Earle E. Schumacher* and G. Bouton* 

A 

A constitutional diagram for the system lead-calcium, constructed from thermal 
and microscopic data published by L. Donski^ and N. Baar,> is given in Fig. 1. This 

diagram shows the sys- 
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Pig. 1—Lead-Calcium Constitution Diagram (L 
N. Baar). 


Donski and 


tern to contain 3 com¬ 
pounds, Pb,Ca, PbCa and 
PbCa,, which have freez¬ 
ing points at 646, 928 and 
1106®C., respectively, and 
two eutectics, one at 10% 
calcium and one at 58% 
calcium. The compound 
PbaCa is hard and brittle 
and not appreciably af¬ 
fected by exposure to the 
air. The other two com¬ 
pounds readily disinte¬ 
grate in the air, especially 
if any moisture is pres¬ 
ent. The existence of 
these compounds has 
been confirmed by elec¬ 
trode potential measure¬ 
ments made by Kremann, 
Wostall and Schdpfer* 
and by studies of the 



pressure coefficients of electrical resistance made 
by W. C. Ufford.* The eutectic at 10% calcium 
melts at 620®C. and consists of a solid solution 
(.PbCa in PbaCa) and the compound PbCa. The 
eutectic at 58% calcium melts at 700®C. and 
consists of a solid solution (calcium in PbCa^) 
and calcium. 

Solid solutions exist between 6.1 and 7.6% 
calcium and between 27.6 and 39% calcium. No 
solid solutions have been reported in alloys at 
the extreme calcium end of the system. Recent 
investigations of lead-rich alloys show a peritec- 
tic reaction and a slight solid solubility of cal¬ 
cium in lead. In Pig. 2 is shown a constitution 
diagram for the lead end of the system, taken 
from the work of Schumacher and Bouton,* and 
based on data from thermal analyses, micro¬ 
scopic examination, age hardening studies, and 
electrical conductivity measurements. The 
change in solubility from 0.1% calcium at 327''C. 
to 0.01% at 20®C. makes possible the dispersion 
hardening of certain of these alloys by appro¬ 
priate heat treatment. 
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Constitution of the Lead-Magnesium Alloys 

By R. L. Dowdell* and Carrie H. Green* 

Considerable work has been done on the simple lead-magnesium system. The 
earliest work reported on lead-magnesium is by Heycock and Neville.* The consti¬ 
tution diagram given by Hansen,* who has summarized the work well up to 1933, is 
shown in Fig. 1. 



Fig. 1-Lead-magnesium constitution diagram. 

A summary of important data for this system is given in Table I. 

Table I 

Data on Constitution 


Melting point, composition, 

PbMga (80.99% Pb). 

Mg-PbMga eutectic temperature. 

Mg-PbMga eutectic composition. 

PbMg»-Pb eutectic temperature. 


PbMga-Pb eutectic composition 


Max. solubility ol Mg in Pb at eutectic 
temperature . 

Max. solubility of Mg in Pb at room tem¬ 
perature (20“C.) . 


Investigators 


Grube* 

Kurnakow 

and 

Stepanow* 

Abel 

Redllch 

Spausta'* 

Lynn 

551“C. 

SSO^C. 



459"C. 

average 

475'’C. 

470‘C. 


67% Pb 

68 05% Pb 

., 


247"C. 

253"C. 

249'C 

2.50* C. 

average 

average 


aierage 

97% Pb 

97.8%, Pb 


97 03% Pb 
Tammann’s 
method 

(Kurnakow, Pogodin. Vlndusova) 

0.7% Mg 

0.2% Mg 

0.85% Mg 

<0.249%Mg< 


•Cast alloy with 0.249% Mg age hardens at room temperature from 5.4 Vickers to 9 In about 
one month. When quenched from 240"C. after hours and aged for 90 hours at room temperature 
its hardness increased from 4.6 to 6.9. This indicates the solubility of magnesium in lead is prob¬ 
ably less than 0.1%. 


•University of Minnesota, Minneapolis 
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Pig. 2 is an enlarged portion of the 
;lead end of the lead-magnesium diagram 
by Lynn. 

The compound Pb Mg, (19% Mg by 
weight) resembles silicon in appearance on 
a fresh fracture, but on air exposure turns 
black rapidly and forms a fine black pow¬ 
der. The compound is exceedingly brittle 
and scratches glass easily. Its crystallo- 
paphic structure was reported by Sack- 
lOTski.* and later by Priauf.* to be cubic 
(CaF, type) with a lattice parameter of 
6.75 A, with 4 molecules in the unit cell. 

The effect of magnesium additions on 
the density of lead up to 5% magnesium 



•/T 

BOO 


400 


200 


Per Cent Magnestum 

Fi?. 2—Lead end of the lead-magnesium 
constitution diagram. 


IS shown in Table II, together with some of their mechanical properties. 


Table II 

Density and Mechanical Properties of Lead-Magnesium Alloys 

(Chill ca«.i plates 0.125 in. thick) 


Composition, % 

Pb* Mgt 

Calculated 

Density 

Vickers 

Diamond 

Hardness 

5 kg. load 

Tensile 

Strength, 

psl. 

Elongation. 

% for 

1 In. Oage 

100 

0.0 

11.34 

4.1 

1.970 

64.0 

99.90 

0.10 

11 30 

7.0 

3.580 

21.0 

99.78 

0.25 

11.11 

13.3 

4,950 

14 0 

99.50 

0.50 

11 07 

15.5 

5.940 

10 0 

99.25 

0.75 

10.91 

17.1 

6.920 

11.0 

99.00 

1 00 

10.75 

18 5 

7.045 

10 0 

98.00 

2.00 

10.28 

18.6 

7,950 

8.0 

97.60 

2 50 

10.0 

18.9 

11,340 

12 6 

97.00 

3.00 

9.75 

19.0 



95.00 

5.00 

8.97 

24.0 

9.290 

12 

•Southeast 

Missouri 

desilverized commercial 

lead, purity. 

99.997%. 


tMagnesium of nominal purity. 99,9%. 





Hanemann and Stockmeyer** claimed that the addition of 1.0% magnesium hard¬ 
ened lead more than an addition of 14% antimony and that the alloy was stable 
in air and water and only slowly dissolved by acids. The writers," however, find 
that a wrought alloy of even less than 1.0% magnesium decomposes rapidly in 
water, thereby dissociating water to hydrogen and hydroxyl ions. The small amount 
of eutectic of Mg^^b and alpha probably reacts galvanically with the result that 
the alloys fall apart even in distilled water, apparently by intergranular corrosion. 
Cast alloys are somewhat less active in decomposition. 

Lead alloys containing 1-2% magnesium have been recommended for bird shot 
for waterfowl, primarily because of their fast decomposition in either water or 
gastric juices. 
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Constitution of Lead-Silver Alloys 

By A. J. Dornblatt* 


Binary alloys of silver and lead form no intermediate phase, are miscible in 
all proportions when liquid, and on freezing form an eutectiferous series of alloys 
exhibiting but slight solubility in the solid state.. 

•nie complete miscibility of the two metals was established by Wright.* The 
liquidus curve was established through the work of Heycock and Neville,*- ■ Friedrich/ 
and Petrenko.® These investigators placed the eutectic temperature at 304®C. The 
eutectic composition, according to Heycock and Neville, is 96% lead; according 
to Petrenko, about 97% lead, and, according to Friedrich, it is at 97.5% lead. This 
latter value is probably the most reliable. Yoldi and Jimenez, using micrographic 
and thermal analysis methods, verified the data of these earlier workers, locating 
the eutectic composition close to 97.7% lead and the eutectic temperature at 
300-305“C. 


Atomic Pen Cent Lead 
10 20 30 40 60 30 


fOC 


Friedrich and Petrenko, who also de¬ 
termined the solidus in their work, failed 
to find indication of any solid solubility. 
It seems established, however, that silver 
may dissolve about 4% of lead in the solid 
state and that the solubility of silver in 
lead while quite slight is nevertheless 
measurable, amounting to almost 0.1% at 
the eutectic temperature. Evidence sup¬ 
porting this contention was given by 
Campbell* who found that an alloy con¬ 
taining 4% lead was composed of but one 
phase; by Matthiessen’ whose electrical 
conductivity data indicate the existence of 
a siUer-rich solid solution; by Raeder and 
Brun® who explain their hydrogen over¬ 
voltage data on the assumption of a silver- 
rich solid solution; and, at the lead end 
of the series, by Seith and KeiP who 
give valuable quantitative data, based on 
diffusion and electrical conductivity studies. According to Seith and Keil, the limit 
of solid solubility is almost a linear curve falling from about 0.1% silver (.18 atomic 
per cent) at the eutectic temperature to about 0.05% silver (.09 atomic per cent) 
at 200°C. While not of value in determining exact solubility limits, the potential 
curves of Laurie*® and Puschin are of some interest. 



Per Cent Lead 

Fig. 1—Lead>silver conslitution diagram. 


The density of the alloys varies in a substantially linear fashion with the com¬ 
position, according to the work of Matthiessen.** Spencer and John,** Stephens and 
Evans.** Spencer and John as well as Stephens and Evans measured also the 
magnetic susceptibility of the alloy series. The effect of relatively small amounts 
of silver in raising the recrystallization temperature of cold worked lead was noted 
by Russell** and in increasing the creep strength of lead was noted and discussed 
by both Russell** and by Greenwood.*® Ludwik** measured the hardness of several 
low-silver lead alloys. Fink and Pan** demonstrated that alloys of this series were 
usefully resistant to anodic corrosion in brine solutions, the 61% silver alloy being 
recommended by them for this purpose. Tainton, Taylor, and Ehrlinger** found that 
the addition of 0.5-1.0% of silver to lead anodes made possible the production of 
electrolytic zinc of much lower lead content than that obtained when pure lead 
anodes were used. Lead-silver solders containing small percentages of silver are 
described by Silberstein*® and Johnson;** the advantage of these solders is that they 
melt at a higher temperature than ordinary lead-tin solder. 


References 


»C. R. A. Wright, Mixtures of Aluminum, Lead and Silver. (In his article: On Certain Ternary 
Alloys). Proc., Roy. Soc. (London), 1892, v. 62, p. 21. 

*o T Revcoek and P. H. Neville, Silver and Cadmium In 400 Grams of Lead. (Table In their 
article*: The Freezing Point of Triple Alloys), J., Chem. Soc., 1894, v. 66, p. 72. 


•Senior Research Associate. American Silver Producers Research Project. Washington. D. C. 



1524 


CONSTITUTION OP LEAD-SILVER ALLOYS 


»C. T. Heycock and P. H. Neville. Freezing Points of Alloys Made by Adding Lead to Silver; 
Silver to Lead (tables), pp. 37, 39; Silver-Lead and Silver-Tin Curves, p. 68, Phil. Trans. Roy. Soc. 
(London). 1897, A. v. 189, pp. 37, 39, 68. 

«K. Friedrich. Blei und Sillier, Metallurgle. 1906. v. Ill, p. 396. 

«0. J. Petrenko. Die Blei-Silberlegierungen. (In his article: Uber die Legierungen des Silbers 
mlt Biel und Zlnn), Z. anorg. allgem. Chein.. 1907. v. 63, p. 201. 

*W. Campbell, Silver and Lead. (In his article: Upon the Structure of Metals and Binary 
Alloys), J.. Franklin Inst., 1903, v. 154, p. 208. 

^A. Matthlessen, Blel-Sllber Reihe. (Table In his article: Ueber die Elektrische Leitungsf&hlgkelt 
der Legierungen, Pogg. Ann., 1860, v. 110, p. 212. 

’^M. O. Raeder und J. Brun, Das System Ag-Pb. (In article: Die WasserstoffUberspannung bei 
Legierungen), Z. physik. Chem., 1928, v. 133, p. 25. 

®W. Seith und A. Kell, Diffusion in Au-Pb- und Ag-Pb-Legierungen. IIL Mlttellung Uber 
Diffusion von Metallen im Festen Biel, Z. physik. Chem., 1933, B. v. 22. p. 350. 

^•A. P. Laurie, Lead and Silver. (Table in his article: The Electromotive Force of Alloys in a 
Voltaic Cell), J. Chem. Soc., 1894, v. 65. p. 1037. 

>iA. Matthlessen, Silber-Blei. Reihe (Table in his article: Ueber Legierungen), Pogg. Ann., 1860, 
V. 110, p. 36. 

^J. F. Spencer and M. E. John. Silver-Lead Alloys (Table in their article: Magnetic Suscepti¬ 
bility of Some Binary Alloys), Proc., Roy. Soc. (London), 1927, v. 116, p. 64. 

O. Stephens and E. J. Evans. The Magnetic Susceptibilities of the Silver-Lead, Silver- 
Antimony and the Silver-Bismuth Series of Alloys. Phil. Mag., 1936, v. 22, p. 435. 

34R. S. Russell. The Influence of Silver on the Rate of Recrystalllsatlon of Distorted Lead, 
Proc., Australasian Inst. Mining 8 b Met., 1934, v. 95, p. 125. 

S. Russell. Creep Tests on Electrolytic Lead and Some of Its Alloys, Proc., Australasian 
Inst. Mining 8 b Met., 1936, v. 101, p. 33. 

wj. N. Greenwood, Effect of Silver on Lead, (^em. Eng. Mining Rev., 1936, v. 28. p. 384. 

”P. Ludwik, Uber die Hftrte von Metalleglerungen, Z. anorg. Chem., 1916, v. 94, p. 161. 

»C. O. Pink and L. C. Pan, Insoluble Anodes for the Electrolysis of Brine, Trans., Am. 
Electrochem. Soc., 1926, v. 49, p. 85. 

i*U. C Tainton, A. G. Taylor and H. P. Ehrlinger, Lead Alloys for Anodes In Electrolytic 
Production of Zinc of High Purity. Trans., A.I.M.E.. 1929, v. 85. p. 192. 

^J. Silbersteln, The Development of a New High-Temperature Solder, Elec. J., 1928, v. 25, p. 543. 

»J. B. Johnson. Properties of Solders: Lead-Silver. (Table In his article: Non-ferrous Metals 
Used In Aircraft). Metal Progress. October, 1935. p. 128. 

W. Dayton. The Posslbilltie.s of Silver-Rich Alloys as Bearing Mat'^rials, Metals and Alloys, 
December. 1938. 



Pb 1272 


CONSTITUTION OP LEAD-TIN ALLOYS 


1525 


Constitution of Lead-Tin Alloys 

By W. A. Cowan* and G. O. Hicrst 

This is a eutectiferous system and there are solid solutions of tin in lead and 
lead in tin. The results of various investigators are contradictory in respect to fur¬ 
ther constituents which may exist. Future X-ray investigations may help to estab¬ 
lish the diagram with finality. 

The LIquidus—The liquidus curve ABC in Pig. 1 indicates a system with no 
compound and with the eutectic at 62% tin at a temperature of 183®C. 

The lead branch of this curve AB is slightly concave for approximately half 
of its length and convex for the remainder. The tin branch BC is slightly.concave 
to the lower region of the diagram. 

The Solidus—^The line AD represents the final solidification of the lead-rich 
end for alloys from 0-19.5% tin. This line is drawn from Stockdale’s results. 

The line DBE is the eutectic horizontal occurring at 183®C. All alloys from 

19.5-97.4% tin become totally solid at this 
temperature. The line CE represents the 
solidus for alloys containing 0-2.6% lead, 
the maximum solid solubility determined 
by Jeffery. 

Alloys of temperature and concentra¬ 
tion shown in the area ADB will consist 
of crystals of solid solution alpha and 
liquid. 

Alloys represented in the area C^ 
will contain crystals of the solid solution 
beta and liquid. 

Changes In the Solid Alloys—The 
dotted curve DP shows the limit of solid 
solubility of tin in lead. It represents a 
compromise of determinations of Stock- 
dale, and Parravano and Scortecci. This 
solubility changes rapidly from 100-183®C. 
It may be noted that the solubility is 19.5% tin at 183°0., and drops to about W% 
at 155°C. In alloys containing from about 18-62% tm, coolmg curves ^ _ 

studies of great sensitivity detect a slight exothermic pomt at approximately IK C. 
m?irmer ms^a^K been included as a horizontal line tomcating a ph^ 
transformation However, the experimental evidence may be coiwtrued as prcmng 
the change is not constitutional but merely due to super^turation and a sudden 
precipitation permitted by the molecular mobility of the alloy. _ --..--iir nf 

Aiiovs In the indicated area ADP, when in equilibrium, consist entnely of 
solid solution alpha exhibiting a one-phase polygonal structure imder the micro^pe. 
iSnractCtonSmXg^^^^^^ neceLry before complete equilibrium is esUbll^ed. 
‘^^eta te a S^oTution of lead dissolved in tm and is represented by the mdi- 

be^noted that the lower limits of the solid f “d teta are 

not coStely defined but undoubtedly ^11 be ^ ^tme I^Sle • 

Pure tin Is noted for 3 allotroplc forms: Gamma tin stable at Sdz loi u., 
beta Sn s^ble aTl61-18“C: and alpha Un stable below 18'C. The influence of 
dL i.ot .PPe.r t. 0 ( s»h lonm » 

to pur. bl.w 

tin-lead alloys containing less than 10% lead. 

SiM cubte totue. of laid «nd ^ 

tin exhibit mixtures of the lead and tin lattice types. 



Pig 1—Lead-tin Constitution Diagram, 


•Asst. Chief Chemist, fMetallurglst. National Lead Co.. New York. 
This article not revised for this edition. 
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Alloys between 95-100% tin show the tetragonal lattice of pure tin, both in 
structure and size. 


References 

W. Rosenhaln and P. A. Tucker, Eutectic Research. No. 1. The Alloys of Lead and Tin, Phil. 
Trans.. Roy. 8oc. (London), 1909, ▼. aOOA, p. 89. 

P. N. Degens, Zlnn-Bleileglerungen, Z. anorg. Ohem., 1909, ▼. 83, p. 207. 

D. Mazzotto, Thermlsche Untersuchungen Qber die Umsetzungen der Lelchtflubslgen Leglerungen 
im festen Zustande, Intern. Z. Metallog., 1913, ▼. 4, p. 273. 

Parravano and Scorteccl, Oass. chlm. Ital., 1920, ▼. 50, p. 83. 

W. O. Phebus and T. O. Blake, The X-Ray Analysis of Certain Alloys, Phys. Rev., 1925, v. 
25, p. 107. 

K. Honda and R. Endo, Magnetic Analysis as a Means of Studying the Structure of Nonmag¬ 
netic Alloys, J. Inst. Metals, 1927, t. 37, p. 29. 

P. H. Jeffery, The Lead-Tin System of Alloys Reexamined by an Electrical Resistance Method, 
Trans.. Faraday Soc., 1928, v. 24, p. 209. 

D. Stockdale, The Constitution of the Lead-Tin Alloys, J. Inst. Metals, 1932, v. 49. p. 267. 
R. A. Morgen, L. Q. Swenson, P. O. Nix and E. H. Roberts, Ternary Systems of Lead-Antimony 
and a Third Constituent, Proc., Inst. Metals Div., A.I.M.E., 1928, p. 316. 

BL Honda and H. Abe, On the Equilibrium Diagram of the Lead-Tin System, Tohoku Imp. 
Univ., Sci. Repts., 1930, v. 19, p. 315. 



Pb 3101 


PHYSICAL CONSTANTS OP LEAD 


1521 


Physical Constants of Lead 

By James E. Harris* 

Atomic Weight—^The atomic weight of lead is 207.22. Lead is unique among 
the commonly occurring elements in that specimens have been foimd having atomic 
weights difTering materially from the usually accepted value. These samples have 
in all cases been found associated with radioactive materials and have undoubtedly 
been formed by the radioactive disintegration of elements of higher atomic weights. 
Determination of the atomic weights of samples of lead from such sources by 
O. Honigschmid and coworkers and by T. W. Richards and coworkers have 
given values ranging from 206.046^ to that of ordinary lead. Two determinations^ 
those of Soddy and Hyman* and of O. Honigschmid® give values higher than that 
of ordinary lead; namely, 208.4 and 207.92 respectively. 

Atomic Number—^The atomic number of lead is 82. 

Isotopes—^P. W. Aston^ has determined the percentages of abundance of the 
isotopes of lead as follows: 204 (1.5), 206 (28.3), 207 (20.1), 208 (50.1). J. L. Rose 
and R. K. Stranathan® have made similar determinations as follows: 204 (0.8), 207 
(21.4), 206 (26.3), 208 (51.5). 

Allotropic Modifications—Cohen and Helderman®, Heller\ Janecke*, and others 
have come to the conclusion that lead exists in two allotropic modifications with a 
transition point at about 50®C. This conclusion is based in part on the fact that 
when lead is used as a cathode in a solution of lead acetate and nitric acid there 
are marked structural changes, the volume increasing slightly, the color changing 
to gray, the metal losing its malleability and firmness. Janecke by measuring the 
pressure-temperature cooling and heating curves found indications of a transition 
point between 59-62*0. Bridgman* found no evidence of allotropism in his observa¬ 
tions of the thermo-electric properties of lead. A. Thiel“ concludes that the results 
obtained by Heller, Cohen and others are due to chemical changes since the disinte¬ 
gration takes place only in the presence of nitric acid. Rawdon®® could find no 
evidence for the existence of lead in allotropic modifications. 

Density—The density at 20*C. of lead cast in vacuo is 11.3437 ± 0.0001®*. The 
density of solid lead at the melting point is 11.0®*. The densities of molten lead at 
the temperatures indicated are given in Table I®*. 

Table I 


Temp. 

*C. 

Density 

Temp. 

*C. 

Density 

Temp. 

*C. 

Density 

Temp. 

*C. 

Density 

331 

10.663 

416 

10.558 

555 

10.382 

694 

10.219 

345 

10.642 

459 

10.507 

577 

10.360 

717 

10.200 

356 

10.632 

486 

10.475 

580 

10.354 

731 

10.188 

411 

10.583 

529 

10.423 

650 

10.265 

... 



The density of molten lead at the melting point is found by extrapolation of 
the above data to be 10.667. 

The density of lead derived from radioactive materials has been found to differ 
from that of ordinary lead in such a way as to make the atomic volume constant. 

Compressibility—The compressibility of lead or percentage change In volume 
with unit change in pressure of one megabar is given by Richards and White** at 
25®C. between 100 and 500 megabars as 2.40 x lO"*. 

Crystal Form—Lead crystallizes in the face centered cubic lattice with the edge 
of length 4.9389 A.®* 

Melting Point—The melting point of lead is 327.35®C. it 0.05*®*. 

Boiling Point—The boiling point of lead is variously given from 1525-1870*0. 
J. Johnston®^ computes the boiling point from vapor pressure data at 1640 and 
Rodebush and Dixon®* at 1619*C. H. C. Greenwood®* and W. R. Mott*® give 1525; 


•Research Metallurgist. Bell Telephone Laboratories, New York. 
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Ruff and BergdolF, 1555; H. Von Wartenburg" 1580 ± 20; P. Walden**, 1700; and 
J. J. Van Laar^, 1870^0. as the boiling point of lead. 

H. C. Greenwood gives the boiling points at different pressures as follows: 


Pressure in Atmospheres . 0.14 0.35 1.0 0.3 11.7 

BoiUng Point *C . 1325 1410 1625 1873 2100 


Critical Temperature and Pressure—J. J. Van Laar®< estimates the critical tem¬ 
perature as 3000®C. and the critical pressure as 370 atmospheres. P. Walden®* gives 
3598 and W. Herz®, 2696**C. as the critical temperature. 

Heat of Fusion—Awbery and Griffiths'’ have found the heat of fusion of lead 
to be 6.26 cal. per g. 

Heat of Vaporization—^Rodebush and Dixon” give 223 cal. per g. for the heat 
of vaporization of lead. 


Specific Heat 


Specific heat® (mean) —180- 20°C.0.0300 

Specific heat" (mean) 0-100®C.0.03046 


Naccari*^ gives the following values for the specific heats at the temperatures 
indicated: 


*C. 15 50 100 150 200 250 300 

Specific Heat . 0.02993 0.03040 0.03108 0.03176 0.03243 0.03312 0.03380 

Dixon and Rodebush'* give the following values in cal. per g. for the specific 
heats of liquid lead at the temperatures indicated: 

•C. 365 378 418 459 

Specific Heat . 0.0335 0.0338 0.0335 0.0335 

Thermal Conductivity of Lead—S. Konno®' gives the following values for the 
thermal conductivity of lead. The values are given in cal. per cm. per sec. 

*C. 0 100 200 400 500 600 700 

Thermal Conductivity. 0.063 0.081 0.077 0.038 0.037 0.036 0.036 

Thermal Expansion of Lead 

Linear coefficient of expansion** per ’C. (mean) 10-100®C.29.5 x 10 * 

Linear coefficient of expansion** per ®C. (mean) —190-19®C.26.5 x 10-* 

Cubical coefficient of expansion** at 20®C. 85 x 10-* 

Electrical Resistivity and Temperature Coefficients of Resistance—Table II 
gives the electrical resistivities and temperature coefficients of resistance as deter¬ 
mined by Pletenpol and Miley.** The temperature coefficients given are those 
defined by the equation: 


2(B, — Ri) 

*ti ta -- 

(R» + Ri) (ta — ti) 


The temperature coefficient of resistance as defined by the equation R = Rt 
-h a, (t — ti) and calculated from the above data for the range 0 — 100®C. is 0.00406 
as compared to the value of 0.00421 given by Bridgman*". 

For low temperatures H. K. Onnes and coworkers give the following figures, 
in values referred to the resistivity of lead at zero *C. as imity. 


•c. —103.61 —195.15 — 216.61 — 258.70 

Electrical Reslstiyity . 0.59548 0.25257 0.17129 0.01311 


At the temperature of liquid helium, lead becomes a superconductor. 
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Table n 




Resistivity 


Temp. Range 


Temp. 

Micro-ohms 


•0 

a 

<>0 

per cu. cm. 


20-40 

0.00336 

20 

20.648 


40-60 

0.00341 

40 

22.084 


60-80 

0.00335 

* 60 

23.645 


80-100 

0.00332 

80 

25.285 


100-120 

0.00311 

100 

27.021 


120-140 

0.00302 

120 

28.787 


140-160 

0.00299 

140 

30.582 


160-180 

0.00293 

160 

32.468 


180-200 

0.00291 

180 

34.413 


200-220 

0.00275 

200 

36.478 


220-240 

0.00273 

220 

38.542 


240-260 

0.00251 

240 

40.697 


260-280 

0.00246 

260 

42.791 


280-300 

0.00322 

280 

44.946 


300-320 

0.00665 

300 

47.938 


320-330 

0.0554 

320 

54.761 


330-340 

0.00116 

330 

96.735 


340-360 

0.000576 

340 

97.867 


360-380 

0.000570 

360 

99.000 


380-400 

0.000577 

380 

100.255 


400-420 

0.000561 

400 

101.418 


420-440 

0.000559 

420 

102.563 


440-460 

0.000558 

440 

103.716 




460 

104.878 



Temperature Coeflficient of Electrical Resistivity—The temperature coefficient 
of electrical resistivity of lead is given by Bridgman** for the range 0-100*C. 
as 0.00421. 

Thermal Emf. of Different Elements Against Lead—The values for the 
dE 

constants in the equation — = A + Bt are given in Table I. The thermo-electric 

dt 

powers at 20 and 50*C. and the neutral points are also given. The values given 
have been compiled by F. E. Powle** from data presented by Becquerel, Mathiessen 
and Tait. 

Electrode Potential—G. N. Lewis and T. B. Brighton give the normal electrode 
potential of lead against the normal calomel electrode as 0.4125 volt and against 
the normal hydrogen electrode as 0.1295 volt." 

Surface Tension—The following values from 327-500®C. are given by T. R. 
Hogness" and from 750-1000®C. by Drath and Sauerwald". The values given are 
in dynes per cm. 


.. 327 400 600 750 900 1000 

Surface Tension . 444 438 431 423 401 397 


Capillary Constant—Drath and Sauerwald" give the value 8.37 for the capillary 
constant. 

Viscosity—The following values for the coefficient of viscosity of molten lead 
are given by R. Arpi". The values are in cgs. units. 


.. 340 376 419 470 

Viscosity .. 0.0189 0.0167 0.0160 0.0144 


Optical Properties^—H. Von Wartenberg" gives for the index of refraction of 
lead for wave length 0.589;* the value 2.01; for the absorption index 3.48; and for 
the reflecting power 62%. 
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A. K. Aster^ gives for the index of refraction of molten lead for a wave length 
of approximately 0.602/i the value 0.415 and for the absorption coefficient 1.76. 
Both were found to be constant over the temperature range 335*485*^0. 


Table in 

The Thermoelectric Power of Lead Against Other Metals 


Substance 


A 

Micro¬ 

volts 


Aluminum —.. 

Antimony, commercial pressed wire 

Antimony, axial. 

Antimony, equatorial. 

Antimony, ordinary.. 

Argentan. 

Argentan. 

Arsenic. 

Bismuth, commercial pressed wire.. 

Bismuth, pure pressed wire. 

Bismuth, crystal, axial. 

Bismuth, crystal, equatorial. 

Bismuth, commercial. 

Cadmium. 

Cadmium fused. 

Cobalt. 

Constantan. 

Copper.. 

Copper commercial. 

Copper galvanoplastic. 

Gold. 

Gold. 

Iron. 

Iron pianoforte wire. 

Iron commercial. 

Iron commercial... 

Xiead... 

Magnesium. 

Mercury. 

Mercury. 

Nickel. 

Nickel (—18-175«C.). 

Nickel ( 250-300*0.). 

Nickel (above 340*C.). 

Palladium. 

Palladium. 

Phosphorus (red). 

Platinum. 

Platinum (hardened). 

Platinum (malleable).. 

Platinum wire. 

Platinum another specimen. 

Platinum-Iridium alloys: 

85% Pt + 15% Ir. 

•0% Pt-flO% Ir. 

95% Pt-f 5% Ir. 

Selenium.. 

Silver. 

Silver (pure hard). 

Silver wire. 

Steel. 

Tellurium. 

Tellurium. 

Tellurium . 

Tellurium a . 

Tin (commercial). 

Tin. 

Tin. 

Zinc. 

Zinc pure pressed. 


— 0.76 


—11.94 


4- 2.63 


4- 1.34 


-f 2 80 
4-17.15 


+ 2 23 


— 21.8 

—83.57 

— 3 04 

— 6.18 


’+’2.57 
— 0.60 


+ 7.90 
+ 5.90 
+ 8.15 


+ 2.12 


+ 11.27 


— 0.43 
+ 2.32 


Thermoelectric Power 
at Mean Temp, of 
Junctions 
(Microvolts) 

20*C. 60*C. 


B 

Micro¬ 

volts 


+ 0.0039 


—0.0506 


+ 0.0424 


+ 0.0094 


+ 0 0101 
—0.0482 


00000 
—0 0094 


—0 0506 
+ 0.2384 
—0.0506 
—0.0355 


—0.0074 

—0.0109 


+ 0.0062 
—0.0133 
+ 0.0055 


+ 0.0147 


-^.0325 


+ 0.0055 
+ 0.0238 



0.68 

+ 

6.0 

+ 

22 6 

+ 

26 4 


17.0 


12.05 

__ 

13.56 

— 

97.0 


89.0 

— 

65.0 


45.0 

+ 

3.48 

— 

22 . 

+ 

1.52 


0.10 

+ 

3.8 

+ 

1.3 

+ 

3.0 

+ 

16.2 

4- 

17.5 


_ 

0.00 

4 “ 

2.03 


0.413 


— 

22.8 


— 

6.9 

+ 

29.9 

+ 

0.9 

+ 

2.42 

— 

0.818 


+ 

8.03 

+ 

5.63 

+ 

6.28 

+ 807 . 

+ 

2.41 

+ 

3.00 

4 - 

10.62 

+ 602 . 

+ 600 . 

+ 160 . 

+ 

0.1 

— 

0.33 

4 - 

2.79 

+ 

3.7 


- 

0.56 




_ 

14.47 

— 

12.7 





_ 

39.9 

+ 

4.75 

+ 

2.45 


19.3 

+ 

1.81 



+ 

3.30 

+ 

14.74 

+ 

12.10 

4- 

9.10 


0.00 

4" 

1.75 

_ 

3.30 


15.50 

— 

24.33 


_ 

7.96 

— 

6.9 



2.20 

... 

1.15 

4- 

0.94 

•— 

2.14 

+ 

8.21 

+ 

5.23 

+ 

6.42 

+ 

2.86 

+ 

2.18 

+ 

9.65 

+ 429.3 


+ 

0.33 


0.16 

+ 

3.51 


Neutral 

Point 


+ 195 


— 236 


— 62 


— 143 


(— 277) 

+ 356 


+ 236 


(— 431) 


—’ni 


347 

— 65 


(— 1274) 

444 

(— 1118) 


— 144 


347 


78 

— 98 


Tensile Strength, Elongation, and Hardness—The following data are given by 
Hiers*’' for pure lead and two grades of commercial lead in the cast form. 
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Southeastern 




Missouri 

Chemical 



Desilverized 

Lead 

Very Pure Lead 

Yield point (0.5% elongation) (psi.). 

... 861 

1643 

2765 

714 

Ultimate tensile strength (dsI.k 

1966 

1609 

66 .J 

Elongation (%). 



Reduction in area (%) . 

92.4 

87.9 

100.0 

Brlnell hardness number 1 hr. after casting 

4.2 

5.5 

2.9 

Brinell hardness number 10 days after casting... 

4.1 

5.4 

3.0 


Elastic Limit—Faust and Tammann" have determined the elastic limit of 
lead by subjecting a highly polished specimen to a pull and observing microscopi¬ 
cally the point at which the polish just begins to disappear. By this method the 
elastic limit of lead which had been melted and allowed to cool slowly was found 
to be 25 kg. per sq. cm. or 355 psi. 

Young’s Modulus—The values found for Young’s modulus for lead vary from 
1500-1900 kg. per sq. mm., 1800 per sq. mm., or 2.56 x 10* psi. may be taken as a 
representative value. 

References 

iQ. HCnlgschmld and 8. Rorovltz. Sur le Poldi Atomlque du Plomb de la Pechblende. Compt. 
Rend., 1914, v. 158, p. 1796. 

V. Soddy and H. Hyman. Atomic Weight of Lead from Ceylon Thorite, J. Chem. Soc., 1914, 
y. 106, p. 1402. 

K). HOnlgschmld, XXIV. Rauptversammlung der Deutschen Bunsen-Oesellschaft ftlr ange- 
wandte physikalUche. Chemle, e. v. AprU 8-10, 1918. Berlin, Z. Elektrochem., 1919, v. 25, p. 91. 

«P. W. Aston, Isotopic Weights by the Doublet Method, Nature, 1936, v. 137, p. 613. 

‘‘J. L. Rose and R. K. Stranathan. Isotopic Constitution of Lead from Hyperhne Structure, 
Phys. Rev., 1936, v. 49. p. 916. 

Cohen and W. D. Helderman, Physlkallschchemlsche Studlen am Biel. n. Z. physik. 
Chem., 1915, y. 80, p. 733. 

m. HeUer, tlber elne allotrope Modlllkation des Bleis, Z. physik. Chem., 1915, y. 89, p. 761. 

•E. J&necke, Die Umwandlungen der Metalle Zlnn, Zink, Wismut, Kadmium, Kupfer, Silber, 
Biel und Antlmon, bestimmt mlt dem neuen elektrlsch helzbaren Druckapparat, Z. physik. Chen^., 
1915, V. 90, p. 313. 

•P. W. Bridgman, Thermo-EIectro-Motlve Force, Peltier Heat, and Thomson Heat under Pres¬ 
sure, Am. Acad. Arts Scl., Proc., 1918, y. 53, p. 269. 

^A. Thiel, Ober die yermelntllche Allotrople des Bleis Nach Heller. Ber. deut. Chem. Ges., 
1920, Abt. B, y. 53, pt. 1, p. 1052. 

iiH. 8. Rawdon, Intercrystalline Brittleness of Lead. U. 8. Bur. 8tandards, Sci. Paper No. 
377, 1920. 

i^A. C. Egerton and W. B. Lee, Some Density Determinations, Proc., Roy. Soc., 1923, v. 103A, 
p. 487. 

“O. Vlnclntlnl and D. Omedel, Reale Accademla deUe sclenze dl Torino, 1887, v. 23. p. 38. 

MY. Matuyama, On the Density of Molten Metals and Alloys, Scl. repts., Tohoku Imp. Unly., 

1929, Ser. 1, y. 18, p. 19. 

i^W. P. Dayey, Precision Measurements of the Lattice Constants of Pure Metals, Phys. Rey., 
1924, Ser. 2, y. 23, p. 292. 

i«J. Johnston and L. H. Adams, Influence of Pressure on the Melting Points of Certain Metals. 
Am. J. Sci., 1911, Ser. 4, y. 31, p. 501. 

A. L. Day and R. B. Sosman, Nitrogen Thermometer Scale from 300* to 630», Am. J. Scl., 1912, 
Ser. 4, V. S3, p. 517. 

W. Ouertler and M. Plranl, Z. Metall., 1919, y. 11, p. 1. 

L. I. Dana and P. D. Foote, Melting Point Methods of High Temperatures, Chem. & Met. 

Eng.. 1920, y. 22, p. 23. 

HJ. Johnston, Vapor Pressure and Volatility of Several Hlgh-Bolllng Metals—A Review, J. Ind. 
Eng. Chem., 1917, v. 9, p. 873. 

“W. H. Rodebush and A. L. Dixon. Entropies of the Vapors of Zinc and Lead, J. Am. Chem. 
Soc., 1925, y. 47, p. 1036. 

“H. C. Greenwood, Influence of Pressure on the Bolling Points of Metals, Proc., Roy. Soc., 
1910, y.‘ 83A, p. 483. 

«>W. R. Mott, Relative Volatilities of Refractory Materials, Trans., Am. Electrochem. Soc., 1918, 
y. 34, p. 2*55. 

»0 Ruff and B Bergdahl, Die Messung von Dampfspannungen bel sehr hohen Temperaturen 
nebst elnlgen Beobachtungen ttber die LOsUchelt von Kohlenstoff in Metallen, Z. anorg. Chem.. 
1919, y. 106, p. 76. 

“H. von Wartenberg, fiber Metalldampfdrucke.-1. Z. Elektrochem.. 1913, v. 19. p. 482. 









1532 


PHYSICAL CONSTANTS OP I^AD 


»P. Walden, tJber den lusammenhang zwischen dem Sledepunkt Im Vakuum des Kathodenllchts 
und der krltlschen Temperatur. Z. anorg. Chem., 1920. v. 112. p. 22S. 

Mj. J. Van Laar. Akad. We^enschappen, Proc.. 1916. v. 18. p. 1220. 

■W. Herz. Die Ezistenzgrenzen des flttssigen Zustandes. Z. Elektrochem.. 1918, v. 24. p. 48. 

•«T. W. Richards and J. D. White, Compressibility of Thallium, Indium and Lead, J. Am. 
Chem. Soc., 1928, v. 50, p. 3290. ‘ 

»^W. H. Radebush and A. L. Dixon, Vapor Pressures of Metals, Phys. Rey., 1925, Ser. 2, v. 26, 
p. 851. 

*j. A. M. van Llempt, Der Verlauf der Dampfdruck- und Sublimationslinien bel elnlgen wlch- 
tigen Metallen., Z. anorg. Chem., 1920, v. 114, p. 105. 

*>T. W. Richards and P. O. Jackson, Spcclflc Heat of the Elements at Low Temperatures, Z. 
physlk. Chem., 1910, v. 70, p. 414. 

*®H. ». Schmitz, On the Determination of Speclflc Heats, Proc., Roy. Soc., 1903, v. 72, p. 177. 

•lA. Naccarl, Oazz. Chim. Ital., 1888, v. 18, p. 30. 

«A. L. Dixon and W. H. Rodebush, Heat Capacities of Liquid Metals, J. Am. Chem. Soc., 1927, 
T. 49, p. 1162. 

WB. Konno, On the Variation of Thermal Conductivity During the Fusion of Metals, Phil. Mag., 
1920, Ser. 6, v. 40, p. 542. 

HJ. N. Friend and R. H. Vallance, Determination of the Thermal Coefficients of Expansion 
of Some Commercial Metals and Alloys, J. Inst. Metals, 1924, v. 31, p. 75. 

«0. L. Lindemann, fiber die Temperatur-abhftnglgkelt des thermlschen Ausdehnungs-koeffllzien- 
ten. Physlk. Z., 1911, v. 12, p. 1197. 

WT. W. Richards, Internal Pressures of Solids, J. Am. Chem. Soc., 1924, v. 46, p. 1419. 

wj. H. Awbery and E. Griffiths, Latent Heat of Fusion of Some Metals, Proc., Phys. Soc. 
(London), 1926, v. 38. p. 378. 

WW. B. Pietenpol and H. A. Miley, Electrical Resistivities and Temperature Coefficients of Lead. 
Tin, Zinc and Bismuth In the Solid and Liquid States, Physlk. Rev., 1929, Ser. 2, v. 34. p. 1588. 

wp. w. Bridgman, Resistance of Metals Under Pressure, Nat. Acad. Scl. Proc., 1917, v. 3, p. 10. 

^Smithsonian Inst. Tables, 1933, 8 Ed., p. 73. 

N. Lewis and T. B. Brighton, Potential of the Lead Electrode, J. Am. Chem. Soc., 1917, 
V. 39. p. 1906. 

R. Hogness, Surface Tensions and Densities of Liquid Mercury, Cadmium, Zinc, Lead. Tin, 
and Bismuth, J. Am. Chem. Soc., 1921, v. 43, p. 1621. 

Drath and F. Sauerwald. Die Oberfl&chenspannung geschmolzener Metalle und Leglerungen. 
—H. Die Oberflkchenspannung von Zinn, Biel, Antlmon, Kupfer, Zinn>Wismut, Blei-Wlsmut, 
Kupfer-Antlmon, Kupfer-Zinnlegierungen und Qusseisen, Z. anorg. Chem., 1927, v. 162, p. 301. 

MR. Arpi, Experlmentalle Bestlmmungen der Viskositfit bezw. Dichte elnlger geschmolzener 
Metalle und Leglerungen, Intern. Z. Metallog., 1914, y. 5, p. 142. 

MB. V. Wartenberg, Optische Konstanten einiger Elemente. Ver. deut. Phys. Oes., 1910, v. 12. 
p. 105. 

MA. K. Aster, Optical Properties of Molten Metals, Phys. Rev., 1922, Ser. 2, v. 20, p. 349. 

«0. O. Hiers, Characteristics of Very Pure and Commercial Lead, Trans., Am. Inst. Chem. Eng., 
1927, y. 20, p. 131. 

MQ. Faust and O. Tammann, Elne Methods zur Bestimmung der untern und obern Elastizlt&ts> 
grenze und liber die Vergestlgung der Metalle, Z. physlk. Chem., 1911, v. 75, p. 108. 



1533 


Pb 3302 


THE PROPERTIES OP LEAD-ANTIMONY ALLOYS 


The Properties of Lead-Antimony Alloys 

By Earle E. Schimiachert and G. O. Hiers* 

General—-The constitution of lead-antimony alloys is given on page 1516 of 
this Handbook.^ The features of greatest technical interest in lead-rich, lead-anti¬ 
mony alloys are those associated with “dispersion** or age hardening phenomena. 
Age hardening of these and similar alloys is brought about by heating them to a 
temperature above the solid solubility curve* and then cooling them rapidly to a 
temperature below this curve and aging. In general, the rate and degree of harden¬ 
ing become greater with increase in antimony content (up to the limit of solid 
solubility), with increase in concentration of impurities, and with increase in the 
rate of cooling.® The antimony, which is precipitated in a highly dispersed state by 
this treatment, gradually agglomerates during continued aging, even at room tem¬ 
perature, and the alloys eventually soften. The rates at which agglomeration and 
softening take place increase with increase in aging temperature (up to the solid 
solubility temperature) and are greatly increased by cold work.* 

Microscopic, thermal, electrical resistivity. X-ray analyses and other evidence 
unite in confirming the above commonly held view of the nature of the lead-anti¬ 
mony system. However, thermodynamic considerations suggest other views. For 
instance, P. H. Jeffery* postulates the formation of the compoimd PbaSb, while 
Chu-Phay Yap* believes the evidence necessitates the presence of Sbi in solid 
solution. 

Lead-antimony alloys containing from 0.5-1.0% antimony are extensively used 
as cable sheathing materials.® In the United States, almost all telephone cables 
are sheathed with a lead— 1% antimony alloy. Since this alloy has been so exten¬ 
sively used, it has naturally been carefully studied and a large amount of data 
collected. It is desirable, therefore, to consider some of the properties of this alloy 
separately. 

Properties of 1% Antimony-Lead Alloy 

Electrical Conductivity —^The resistivity at 0®C. of supersaturated solid solutions 
of lead-antimony alloys containing from 0.4-l.l% antimony has been determined by 
Schiunacher and Perguson.* Under these conditions, the resistivity of lead-1 % 
antimony alloy is 2.415 ohms per m.g. The conductivity of various lead-antimony 
alloys in equilibrium at 25®C. has been determined by Schumacher and Bouton.* 
The lead-1 % antimony alloy has a conductivity of 45,350 mhos per cm. 

Corrosion —^The corrosion of lead-1 % antimony under different conditions has 
been studied by Burns and Preed,^ and others.*' • Burns and his co-workers^' de¬ 
veloped an electrical resistance method of measuring the corroifion of lead by acid 
vapors and by this method found that the corrosion of lead-1 % antimony in creo- 
soted wood ducts is definitely associated with the presence of acetic acid vapor, 
oxygen, and carbon dioxide. 

Grain GrotofA—The growth of grains in lead-1 % antimony alloy has been 
studied by Dean and Hudson,** who report that crystal growth of this material 
proceeds with a velocity proportional at any instant to the difference between the 
ultimate volume and the mean crystal volume at that Instant. These workers also 
foimd that the ultimate or equilibrium volume of the crystals Is an exponential 
function of the temperature and a linear function of the amount of working as 
measured by the decrease in height of a cylindrical slug. 

Effect of /mjjurifies—The effect of impurities contained in a lead-1 % antimony 
alloy on the rate and extent of its aging has been studied by Schumacher, Bouton, 
and^Perguson.** Most impurities, and especially arsenic, greatly increase the rate 
and extent of age hardening. 

Lattice Parameter—X-ray investigations of Obinata and Schmid** Indicate that 
the lattice parameter of pure lead (a = 4.9389A) is reduced by 0.01% by the presence 
In solid solution of 1 atomic per cent antimony. 

Mechanical Properties—Extruded cable sheath made of Grade II AJ5.TM. lead 
and containing 1% antimony has the following properties when cooled slowly and 
aged one month at room temperature: ^ ^ . 

Tensile StrenptTi—2750-3050 psi. as measured on tensUe specimens hhving a 
reduced section 3 in. long, % in. wide, and % in. thick and pulled at the rate of 
% in. per in. of free length per minute. 
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Efon(jratiofi^0-40% in 2 In. of specimen length across the break. 

Rockwell Hardness—30-45 on the S.M. No. 30 scale. (This is a special soft metal 
scale used for comparing the hardness of various lead cable sheath alloys. The 
scale employs a 30 kg. load, a hi in. dia. ball penetrator, and a 2 in. dia. ball anvil. 
The major load is applied for 1 min. Readings are made from the red figures on 
the dial.) 

Endurance psl. (50,000,000 cycles at 700 per min.) (Determined with 

specimens of the type described by J. R. Townsend'* and tested on a machine de¬ 
scribed by C. H. Greenall.^) 

Aging Quenching this aUoy from 250®O. produces a tensile strength 

of about 2,800 psi. which subsequently increases to about 6,000 psi. as a result of 



.095 .090 . 005.095 . 090.090 . 093.101 .090 .099 . 094.099 . 094.107 .102 

SPECIFIC VOLUME IN CUBIC CENTIMETERS PER GRAM 
Fig. 1—Solidification shrinkage and change In volume with temperature of lead- 
antimony alloys. 

aging at room temperature. Cable sheath which cools slowly from 250*’C. does not 
undergo this wide variation in strength. 

General Discussion of Lead-Rich Alloys 
Casting Properties and Thermal Coefficient of i^xpansfon—Lead-antimony alloys 
containing from 7-12% antimony have good casting properties and comparatively 
high strength. For use as automobile storage battery grids, however, which have a 
lattice structure of fine ribs, it is customary to add about 0.25% tin to improve the 
casting quality. Die castings are often made of 10% antimony-lead. Goodrich*^ deter¬ 
mined the solidification shrinkage and volume changes of several lead-antimony 
alloys ranging from 0-25% in antimony content. These data are plotted in Pig. 1. The 
expansivity coefficient of cast lead-antimony alloys containing from 0-15% antimony 
as given by Vinal** is shown in Table I. For extruded lead, Hiers* found the coef¬ 
ficient of linear expansion in the range 25-185‘’C. to be 0.000029 per *0., and for 
extruded 6% antimony-lead, he found 0.000027 per *0. 

Electrical Conductivity—Tlie conductivities of various extruded lead-antimony 
alloy wires are given by Dean, Zickrick, and Nix** for different aging treatments. 
Fig. 2 contains curves, plotted from their data, showing the conductivities of these 
wires, in terms of pure lead, as heat treated at 235°C. and quenched, and as heat 
treated,* quenched, and aged at room temperature for 125 days. 

The resistivities at 20®C. of lead-antimony alloys containing from 0-16% anti¬ 
mony given by Vinal" are reproduced in Table I. Data on the resistivity of alloys 
containing up to 70% antimony published by Matthiessen“ are given in Table II as 
they appear in the International Critical Tables.®* 
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ThmMl Conductivity^iy^Xdi, given In the International Critical Tables*^ on the 
thermal ^nductlvity of lead-antimony alloys are plotted in Mg. 3. 

Density ^The density of various lead-antimony alloys as deter^ned by Goebel* 
from cast ^ectoens are shown plotted in Mg. 4. Vinars* data on density are 
given in Table I. 



Pig. 2—Conductivity of extruded lead-antimony wires at 20®C. 


Specific Heat—The results of tests by Durrer* and by Linnavuorl* show that, 
at any constant temperature, within the temperature range of 20-100*C. the specUle 
heat of lead-antimony alloys is a linear function of composition. (Average values 
of specific heat, in cal. per g. of antimony and lead within the temperature range 
20-100®C. are: Lead = 0.0305; Antimony = 0.0508.) 

Thermoelectric PoM?er—According to Pelabon®, alloys having a eutectic struc¬ 
ture usually have a higher thermoelectric power than that given by the mixtures 
rule. For lead-antimony, the actual values of emf. against platinum at 100**C. are 
given in Table V along with values calculated from the mixtures rule. Rudolfi* also 
gives data on the thermoelectric power of lead-antimony all 03 ^. 

Mechanical Properties—Values of tensile strength, elongation, and Brlnell hard¬ 
ness of commercial 4%, 6%, and 8% antimony-lead rolled sheet as reported by 
Hlers** “ are listed in Table ni. This table gives values for the sheet as aged for 
various periods at room temperature after rolling, and as aged at room temperature 
after being quenched from a temperature of 235®C. The alloys tested were small 
samples cut from sheets rolled to a thickness of % in. from a cast slab about 3 in. 
thick. Tensile strength, elongaiion, and hardness data given by Vinal* for cast 
lead-antimony alloys are shown in Table I. Both Hlers* and Vlnal's tensile strength 
data are plotted in Fig. 5. 

Brlnell hardness data given by GoebeP for a series of aUoys are shown in 
Table I (a). 

Table I (b) contains data on tensile strength, elongation, and Brlnell hardness 
for a series of alloys extruded as 1% In. dla. rod and aged approximately two 
weeks at room temperature. The tensile specimens were 14 in. long with a reduced 
section 8 In. long by 1% in. in dla. and were pulled at the (gross) rate of % in, 
per min. Elongation was measured In two in. of original specimen length Including 
the break. The Brlnell tests were made with a 300 kg. load applied to a 10 mm. 

ball for 30 seconds. . ,. ^ . __.. .. 

The strength of a series of lead-antimony alloys In the form of extruded 

wires given various heat and aging treatments has been published by Dean, Ziekrlek, 
and Nix." Some of these data representative of a more or less standard condition 
of the alloy are shown In Wg. 6. 
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The fiber stresses which can be withstood for Indefinitely long periods at various 
temperatures by extruded pipe composed of “chemical’* lead and of 6% antlmony- 



Fig. 3~Thermal conductivity of lead-antimony alloys, 
lead alloy have been published by the Lead Industries Association^ and are repro¬ 
duced In Table IV. 

Welding and <S»oZderinflr-—Lead-antimony alloys can be welded by gas torches and 
other suitable heating appliances and they can be soldered by many alloys such as 
the lead-tin or lead-tin-cadmium eutectics. For material used In corrosive atmos- 



I 

V 

z 


o 

CD 

U 


(/) 

o 

z 

D 


t 

tf) 

z 

llJ 

o 


pheres, it Is advisable that the alloy used for making the Joint be of approximately 
the same chemical composition as the parts Joined. 

Bearing AZZoys—Antlmonlal lead was one of the early lead-base bearing alloys 
used with satisfactory results. An alloy containing 10-12% antimony is commonly 
known as Standard No. 4 Babbitt metal. This alloy has excellent casting properties 
and can be used satisfactorily for bearings in slow moving machinery. The A.S.TJyI. 
Standards, B23-26, lists two lead-antimony alloys and their properties as follows: 







Ultimate Strength 

Brinell 



-Composition. %- 


in Compression, Psi. 

Hardness No. Pouring 

No. 

8b 

Pb 

Cu 

Am 

68*P. 

212-P. * 

eo^p. 

202*P. Temp..«P. 

11 

16 

86 

0.60 max. 

0.20 

12,800 

6,100 

16.0 

7.0 630 

12 

10 

90 

0.60 max. 

0.20 

13,000 

6,100 

14.6 

6.6 626 




TENSILE STRENGTH IN POUNDS PER SQ IN TENSILE STRENGTH IN POUNDS PER SQ. INCH 
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Pig. 6—Tensile strength of extruded lead-antimony wires. 
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Corrosion Lead-antimony castings containing up to 12% antimony 

have sufficient corrosion resistance combined with their mechanical strength to find 
considerable use in the chemical Industry in machinery and apparatus. In some in¬ 
stances, particularly where chemical solutions would tend to deposit copper on lead 
by galvanic action, serious corrosion and pitting can be avoided to a considerable 
extent by the substitution of lead-antimony alloys for lead. This beneficial effect 
of antimony in lead is probably due to its position in the electrochemical series. 

Table 1 

Properties of Cast Lead-Antimony Alloys 



Tensile 

Blonga- 






Strength, 

tlon. 

Hardness. 

Expansivity 

Resistivity 

Antimony. % 

Density 

psl. 

% 

Brinell No. 

Coefficient 

20*C., ohm-om. 

0 

11.33 

1780 


3.0 

0.0000292 

0.0000212 

1 

11.26 



4.2 

0.0000288 

0.0000220 

2 

11.18 

.... 

.. 

4.8 

0.0000284 

6.0000337 

3 

11.10 

4700 

15 

5.3 

0.0000281 

0.0060234 

4 

11.03 

5660 

22 

5.7 

0.0000278 

0.0000340 

6 

10.08 

6360 

29 

6.2 

0.0000275 

0.0000246 

• 

10.88 

6840 

24 

6.5 

0.0000272 

0.0000253 

7 

10.81 

7180 

21 

6.8 

0.0000270 

0.0000359 

t 

10.74 

7420 

19 

7.0 

0.0000267 

0.0000365 

9 

10.66 

7580 

17 

7.2 

0.0000264 

0.0000271 

10 

10.69 

7670 

15 

7.3 

0.0000261 

0.0000277 

11 

10.52 

7620 

13 

7.4 

0.0000258 

0.0000283 

13 

10.45 

7480 

12 

7.4 

0.0000256 

0.0000289 

13 

10.38 

7280 

10 


0.0000253 

0.0000393 

14 

10.30 

7000 

9 

... 

0.0000251 

0.0000293 

IS 

10.33 

6800 

8 


0.0000248 

0.0000292 

16 


6620 

8 







Table I 

(a) 




Brinell Hardness of ChiU Cast Antimonial Lead 


Antimony, % ... 



0 2.5 

7.6 13 17.5 

30 40 60 

70 90 160 

Brinell No., 30 

kg. load, 

4 mm. ball. 





20 see. 



4.1 8.5 13.0 16 5 16.5 

18.8 19.7 21.4 

25.0 31.0 35.6 




Table 1 

(b) 



Mechanical Properties of Extruded Lead-Antimony Bod 




Ultimate 





Composition 


Tensile Strength. 

% Elongation. 

Brinell 

% Antimony 


psl. 


in 2 in. 


No. 

0 


1740 


110 


2.0 

1 


2920 


58 


5 1 

2 


3200 


56 


6.5 

3 


3100 


55 


7.7 

4 


3100 


58 


8.9 

6 


3150 


59 


9.9 

6 


3300 


65 


10.7 

7 


3240 


68 


11.4 

8 


3330 


75 


12.4 

9 


3400 


76 


12.8 

10 


3700 


64 


13.7 

11 


3800 


74 


13.7 

12 


3800 


65 


14.3 

13 


4000 


57 


14.6 

14 


3930 


48 


14.6 

15 


4180 


41 


14.9 

16 


4110 


36 


14.9 

17 


4180 


34 


14.9 

18 


4340 


22 


15.3 

19 


4860 


29 


16.3 

20 


4460 


33 


15.9 
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M^oscoplc PxamiTia^ion--Methods of preparing lead-antimony and other lead- 
rich alloys lor microscopic examination have been described by Lucas**, Schumacher 
wd Bouton*\ Basset and Snyder**, Vllella**, and others. A rapid, efficient, and 
frequently used method consists of simple mlcrotoming followed by an etch with a 
solution of 1 part of 30% hydrogen peroxide to 3 parts of glacial acetic acid. 


Table n 

Resistivity of Lead-Antimony Alloys 


Antimony. % 

Temp.. ‘C. 

Resistivity in 
mierohm-cm. 

Antimony. % 

Temp., *0. 

Resistivity in 
mierohm-em. 



21.7 

23.05 

24.1 

32.6 



23.2 

37.1 

23.4 

39.2 



25.55 

54.1 

26.3 

46.5 


26.1 

27.9 

70.3 

24.2 

53.9 


Table m 

Mechanical Properties of Commercial Cold Rolled (95% Redaction) 
Antimonial Lead Sheet 


.-Ultimate Tensile Strength, psl.-, --^Per Cent Elongation-- 

1 Day After 1 Day After 

Aa Cold Rolled Heat Treatment! As Cold Rolled Heat Treatment! 


4% Sb .4.020 11.670 48.5 6.3 

•% Sb .4.100 12.650 47.0 3.2 

8% Sb .4.650 12.350 31.3 4.7 


fHeat treated at SSO’^C., quenched, and aged 1 day at room temperature. 


•Brinell Hardness ^ In. BaU 9.85 kg. 
Load for 30 sec. 


Length of Aging Period at 

Room Temp. 

1 Day 

4 Days 

14 Days 

104 Days 

7% Years 

4% Sb aged without heat treatment... 

8,1 



8.6 

8.3 

4% Sb heat treated! and aged. 

... 24.3 

24.3 

2^0 

22.8 

18.4 

6% Sb aged without heat treatment... 

... 8.6 



9.0 

9.0 

6% Sb heat treated! and aged. 

... 23.5 

26.0 

23'.i 

21.2 

17.4 

8% Sb aged without heat treatment... 

... 9.5 



10.1 

10.0 

8% Sb heat treated! and aged. 

... 26.3 

26.5 

25.3 

24.0 

19.9 


!Heat treated at 235*C.. quenched, and aged 1 day at room temperature. 


Table IV 


Allowable Fiber Stress in Extruded Pipe, pst 


Temperature, *C. 

"Chemical” 

Lead 

6% Antimony- 
Lead 

Temperature. •C. 

"Chemical” 

Lead 

8% Antimony- 
Lead 

20 

200 

400 

90 

136 

195 

30 

190 

370 

100 

127 

165 

40 

180 

340 

110 

118 

137 

50 

172 

310 

120 

110 

no 

60 

162 

280 

130 

100 

80 

70 

153 

254 

140 

90 

50 

80 

144 

222 

150 

80 

... 


Table V 

Thermoelectric Power 


Antimony, % 

Actual emf. of 
Lead-Antimony Alloy 
against Platinum 
micro-volts per "C. 

Calculated emf. of 
Lead-Antimony Alloy 
against Platinum 
(From Mixtures Rule) 
micro-Tolta per *C. 

0 

5.14 


20 

9.27 

14.94 

40 

11.43 

24.73 

60 

13.97 

35.52 

80 

27.92 

44.32 

100 

54.12 
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Properties of Lead-Calcium Alloys 

By Earle E. Schumacher* and G. M. Bouton* 

General—The constitutional diagram for the lead-calcium system is given on 
page 1520 of this Handbook. The alloys of greatest interest are those containing 
between 0.01% and 0.1% of calcium. Because they are age hardening, the properties 
may be markedly affected by the methods used in the preparation of specimens for 
test. Also, as is true with most other lead-rich alloys, the values obtained on tests 
may be strongly influenced by the maimer in which the tests are conducted. 

Effect of Heat Treatment on Hardness—The usual precipitation hardening pro¬ 
cedures are applicable to lead-calcium alloys. Precipitated calcium goes into solution 
in a few minutes at temperatures above the solid solubility curve. Once in solution, 
either as a result of heat treatment or cooling from the molten state, the calcium 
does not precipitate rapidly from unworked alloys containing about 0.03-0.04% of 
calcium imtil the temperature falls to below approximately 200*^0. This makes 
it possible to extrude these alloys below the solid solubility temperatures without 
sacriflce in hardening possibilities. It is possible to control the hardening potentiali¬ 
ties of the alloys by precasting them, allowing them to age at room temperature for 
a short while to permit precipitation to start, and then, heating to and extruding 
at some temperature below the solubility curve. The strength attainable on aging 
materials produced in this latter manner is a function of the extrusion temperature. 

The rate of cooling the lead-calcium alloys, after the solution heat treatment, 
is critical with respect to the rate at which hardening occurs during subsequent 
aging at room temperature, but is not critical with respect to the maximum hardness 
eventually attained even though the time to cool varies from a fraction of a second 
to several hours. 

The age hardening characteristics of the alloys are interesting. Aging quenched 
specimens at room temperature results in a rapid initial rate of hardening followed 
by a slow but continued increase of hardness for a few years. Aging at 100°C. 
immediately after cooling to room temperature does not produce as great hardness 
as room temperature aging. If, however, the 
quenched alloys are allowed to age at room 
temperature for a period of time varying from 
a few days for the 0.1% calcium alloy to a few 
months for a 0.03% calcium alloy, heating for 
about a day at lOO^’C. produces an increase in 
hardness (or strength) to the maximiun obtain¬ 
able for the particular material. At tempera¬ 
tures between 75*0. and the solid solubility line 
the alloys over age. The degree of over aging 
depends upon the duration of the heat treat¬ 
ment and the temperature. This serves as one 
method of controlling the strength and stabiliz¬ 
ing the alloy. 

Tensile Properties—Curve 1 in Pig. 1 shows 
the maximum tensile strengths attainable in 
lead-calcium alloys by room temperature aging 
following solution heat treatment and quench¬ 
ing. Curve 2 shows the strengths determined 
immediately after quenching. Curve 3 shows the 
strengths of alloys cast in a hot mold, air cooled, 
and then aged 7 days at room temperature plus 
16 hrs. at 100°C. This illustrates that rapid quenching is not essential and that 
the secondary 100®C. aging is effective in developing maximum strength in lead- 
calcium alloys. It is, of course, possible to stabilize tensile strength at values between 
those for the quenched, and those of the quenched and aged material by control 
of the manufacturing conditions, and by appropriate heat treatment. 

Creep Properties—All investigators have reported that the lead-calcium alloys 
have hi^ creep resistance. The results of tests conducted by Moore, Betty, and 
DolUns^ on samples cut from flattened cable sheath are given in Pig. 2 and 8. 
While the absolute values of creep are greatly influenced by the exact history and 


*Metallurgists, Bell Telephone Laboratories, New York. 



0 OOQ 016 024. 

Per Cent Calcium 

Fig 1 -Tensile strength of lead-calcium 
alloys. 
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purity of the materials, these results are typical, and illustrate the degree of 
superiority of lead-calcium alloys over other lead-rich alloys. 

Jf l^pertles—The endurance limits of lead and lead-rich alloys are given 

in Table I. The wide diversity of test methods and preparation procedures used 
by the various investigators precludes direct comparisons. However, each set of 
data shows lead-calcium alloys to be decidedly superior to pure lead, and It is 
worthy of note that no investigator has reported a lead-rich alloy having a higher 
endurance limit than can be obtained with lead-calcium alloys. 




% Creep in One Yean 

Fig. 2—Comparative creep of lead-calcium cable sheath materials at room temperature. 
Fig. 3—Failure of lead-calcium alloys under steady load. 


Table 1 
Fatigue Data 


Investigators 


Endurance limit 
Material at 5x10’ cycles, psi 


1 

iPb 

4001 

H. F. Moore ct al« » . j 

|Pb-0.04% Ca 

1,000 


Pb-1% Sb 

1,000 

R 8. Dean & J. E. Ryjord’- ^ 

Pb-0.047r Ca 

1,200 


Pb-0.04% Ca 

1,500 

E. E Schumacher’ & j 

|Pb 

Pb-l*/r Sb 

< 2501 
500) 

G, M. Bouton. 1 

Pb-0 04 Ca 

820-1.020 

1 

[Pb-O.Oerc Ca 

1.1201 

J R. Townsend* & 

[Pb 

2151 

C. H. Greenall .i 

|pb-l% Sb 

300-4501 


(Pb-O 0387r Ca 

685-840J 


Endurance limit 
at 10’ cycles, psi. 
fPb 470) 

H Waterhouse*.^Pb-0 02Gr. Ca 1.038V 

(Pb-0 041';'r Ca 1,180) 


Preparation of Sample 
and Method of Test 


Samples cut from flattened ca¬ 
ble sheath and tested as canti¬ 
lever beams. 


Samples machined from ex¬ 
truded in. dia round rod 
and tested as rotating canti¬ 
lever beams. 


Samples machined from 1 in. 
dia. round rod extruded from 
IVa in. dia. slugs. Tested in 
tension and compression along 
axes of specimens. 


Chemical Analysis—The accurate determination of such small quantities of 
calcium as are used in these alloys requires a special technique. A rapid, high- 
precision method* Is available. 


Uses and Special Properties—The alloys containing 0.025-0.04% calcium possess 
properties which make them attractive for use as telephone and power cable 
Rhanihiny For thcse applications, extensive, but as yet incomplete, appraisal studies 
have been conducted over some years. Alloys containing 0.045-0.1% calcium possess 
oronertles which make them of Interest for storage battery applications.*- ’ Anodically 
a^S^t^cX torbehavlor of lead-calcium alloys containing up to 0.1% calcium 
te of pure lead. The rate of sulphatlon of storage battery elements 








1544 


PROPERTIES OP LEAD-CALCIUM ALLOYS 


oaade of lead-0.1 % calcium alloy is about one-tenth that of elements made from the 
, grasent standard lead-9 % antimony alloy. 
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Properties of Lead-Tin Alloys 

By George O. Hiers* 

Lead-tin alloys are used in large quantities because, among other reasons, of 
the ease in melting and applying to other metals in the forms of solders or coatings. 
Since all of the alloys throughout the entire system are readily workable, they can 
be rolled, extruded, swaged, and stamped, even in* the cold state. The corrosion 
resistance of the alloys is noteworthy and important, particularly when they w 
used as foil and coatings such as teme and tin plate. The principal uses of the 
alloys may be classified approximately as follows: __ 

% Tin, 

Balance Lead ___ 

1-3.Lead foil; for electrical condensers, electrical fuses, wrapping tea, bottle caps, 

for covering stems of cut flowers. Cable sheathing; for coverings of electrical 
telephone, telegraph, and power cables. 

3-8.Hot dip coatings on sheet Iron or on sheet copper for roofing. Solders of tne 

highest melting range In the system P|?-Sn. Rolled sheet and extruded pipe 
for tank linings, anodes, and heat transfer colls In chromium plating tanks. 

1^-25.Coating sheet iron by hot dipping (terne plate). Tobacco foil. Low grade solders. 

25-00.Solders. , 4 .$ 

85-100.Coating various metals by hot dipping. Pinal products; sheet 

iron or tin plate, “tin” cans tin lined or coated copper utensils. Tin xolL 
Collapsible tubes. In the U.S.A, only pure tin coatings or metal are permitted 
for use In contact with foodstuffs. __ 

Density—Goebel' determined the density values for the solid alloys (Pig. 1), 
while Goodrich* obtained values for the liquid metal. Goodrich also determm^ 
solidification shrinkages. These data are given in Pig. 2 and 3. ^ ^ 

of beta to alpha allotropic forms occurs with pure tin at and below 18 c. 
disease** is a disintegration of the metal due to the density cha^e of 7.29-5.85 
accompanying the allotropic change. It is practically unknown in the Pb-sn auoy 
system where lead is present in amounts of over 10%. Tammann describes lead 
as an inhibitor of *ain disease.** The allotropic change froin gai^a to beta tin 
at 161®C, is also accompanied by a volume change shown in Pig. 3. 

Tensile Properties— Values for tensile strength and elongation of the cast alloys, 
as determined by several investigators, are shown in Pig. 4. Other strength char¬ 
acteristics at elevated temperature are shown in Pig. 5 and 6, as given by Hiers. 
It has been realized that the values obtained in a testing machine operated at a nor¬ 
mal rate say a movement corresponding to % in. per mm. of free cr(^head travrt 
relative to 1 in. of test length of specimen, are markedly higher than those obtatoed 
at slow rates in a testing machine or in actual service. At 25''C., the cast aUo^ 
Me eenerX stronger than those in the rolled or extruded states. Vario^ stupes* 
of the mechanical properties of the eutectic alloy in fabricated states have been 

made in England in the last few years. • k 

^ _ h arHn Pss values for chill castings, as deternuned by Goebel 

.p, ™ 4 tall «llh load ot no W. .ppll«l 1» M taC. 

Creen Data—For a 2% tin alloy in the extruded form, Uooref gives 650 psL as 
the S fortoctu^e^under steady tensile loadJor one year. For the same metal, 
he estimated 4% creep (or elongation) m 10 years at. 

275 psl. tensile load at 0*C. 

170 psl. tensile load at 25®C. 

105 psl. tensile load at 65.5“C. 

SSJS?? M fSl^tlLe tesK. It wta decided that the eeapia should be 
S^dMds. As a resu maximum safe load for these seams was placed at 

at least % n. wide arid to ^ ^ prettaned flat 

the maalmum safe load. TOa v««es apply 

to the n* of a 60 * thi tal^ detenolned 800 psh aa an endutonce limit for 
2* K:LSSdX“^en tesMd for 80 , 000,000 eyoles of rtrea at 2*10 won. 
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Fig. 1—Density at. 20*C. (weight In Ih. per cu.ln) Tt. 
composition. 

Pig. 2—Volume shrinkage upon solidification. 
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Fig. 3—Typical alloy specific volume vs. temperature. 
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Fig. 4 —Tensile strength and elongation at 25*0. 
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Pig, 7—Brlnell hardness for chill eastings 
at 20*C. 

Fig. 8—Electrical resistiTity and thermal 
conductivity. 

Fig. 9—Coefficient of linear expansion. 
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Under the same test conditions, he has found commercial lead to have an endur¬ 
ance limit of 400 psi. 

Thermal and Electrical Data—Graphs representing data given in the Interna¬ 
tional Critical Tables’- • are shown in Pig. 8 for Thermal and Electrical Conductivi¬ 
ties. Linear expansion’ data are given in Pig. 9. 

Notes Regarding Solder—While the solder alloys are discussed more fully on 
page 1205 it may be repeated here that when soldered Joints are depended upon for 
considerable strength, it is well, when possible, to use re-enforcements, such as 
crimped, lapped, or interlocking seams, rivets, cleats, or bolts, before soldering. Thus 
the solder may be relieved of the load and its major function becomes that of her¬ 
metically sealing the Joints. 
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The Properties of Lead-Tin-Antimony Alloys 

By George O. Hiers* 

Constitution—l^ese alloys are important, particularly in use as bearing metals, 
cwting metals. Md type metals. There is a ternary eutectic at 462*^ (239®0.) 
with the imposition 84% lead. 4% tin. and 12% antimony. At 477*P. (247®0.) there 
is a pseudo-^ary eutectic point with the composition 80% lead. 10% tin and 10% 
antimony. This appears to be a eutectic between lead and the compound SbSn. 

Geneml Casting Properties—The usual type metals and bearing metals do not 
greatly differ in composition from the eutectic and the pseudo-eutectic alloys men¬ 
tioned. They were developed in such regions largely because of fiisibility and ease 
in casting. Contrary to statements in the old literature type metals do not expand 
on solidification, but actually shrink about 2% in volume while solidifying, /dloys 
containing more than 12% antimony are preferably chill cast in order to prevent 
segregation. In the higher antimony alloys cubic crystals of antimony or of beta 
solid solution (SbSn) tend to float upward in the otherwise liquid metal due to 
the higher melting point and lower density of the cubes. 

Type Metals 


Tin, Antimony. Liquidus, Brinell 

% % ®P. Hardness No. 


Electrotype . 3 3 570 14 

I Intertype) 

Line type{llnotype [ . 4 11 Va 475 22 

iLudlow J 

Stereotype . 5 14 493 23 

Government alloy . 6 12 491 23 

Monotype . 7 I 6 V 2 527 26 

Foundry type. 14 24 605 32 


Type Metal—Foundry type metal, linotype, intertype, Ludlow, and monotype 
are cast automatically in machines operated like typewriters. Newspaper stereotype 
metal is cast in curved 
plates, reproducing a 
replica from a paper or 
composition matrix. Flat 
stereotype plates are 
used for books and 
other commercial work. 

Electroplated coatings of 
nickel, copper, or chro¬ 
mium have been used to 
prolong the life of the 
printing face of type 
metal. The metal re¬ 
cently used in the United 
States Government 
printing office is a com¬ 
promise alloy used in 
all type casting ma¬ 
chines and for making 
stereotypes. 

Electrotype alloy is 
used for backing thin 
sheet copper replicas 
(electrotypes) of type or 
illustrations. It is cast 
adherently upon the re¬ 
verse side of the thin 
electroplates with the aid of solder foil and flux. 

Grid Metal-Alloys containing 6-12% antimony balance lead are markedly 
improved In casting quaUtles with the addition of %-%% tin It Is to thte re^n 
the grid metal in automobile storage batteries (of the starting type) has such 

composition. 

*Metallurgl 6 t, National Lead Co., New York. 









1550 


THE PROPERTIES OP LEAD-TIN-ANTIMONY ALLOYS 


Table I 

Mechanical Properties^ 


No. 

Lead 

(by 

dlf.), 

% 

Tin, 

% 

Anti¬ 

mony, 

% 

Yield 

Point, 

Psl. 

Tensile Elonga- 
Strength, tion, 
Psi. % 

Compression 
Load required 
to Compress 
to Half 
Length 

Brinell 
Hardness 
No. 10 mm. 

Ball 200 
Kg., Ml min. 

Brinell 
Hardness No. 
10 mm. Ball 
250 kg., 1 min. 
Weaver* 

1 

88.0 

4.1 

7.9 

4,800 

5,400 

1 5 

28,448 

15.2 

18.5 

2 

86.5 

8.6 

4.9 

4,800 

7,220 

3.0 

N.O. 

15.1 


3 

81.8 

13.1 

5.1 

6.010 

7,500 

2.0 

N.O. 

16.7 


4 

76.8 

14.8 

8.4 

6,300 

6,900 

1.0 

N O 

18 0 


5 

72.6 

22.1 

5.3 

N.O. 

6.400 


19.920 

16.8 


6 

65.7 

28.7 

5.6 

6,610 

8.400 

1.5 

N.O. 

15.1 


7 

85.2 

4.6 

10.2 

8,990 

13,820 

10.5 

28,200 

23.2 

21.7 

8 

82.0 

8.9 

9.1 

8,660 

14.400 

13.0 

24.640 

25 4 

23.0 

9 

75.1 

14.7 

10.2 

8,400 

14,400 

5.5 

N.O. 

26.4 


10 

71.0 

18.6 

10.4 

8,990 

11,400 

1.5 

20,150 C. 

23.2 


11 

66.8 

23.0 

10.2 

8.400 

12,000 

1.0 

N.O. 

24.0 


12 

79 6 

4 5 

15.9 

6,900 

11.690 

4.0 

N.O. 

25 6 

23 0 

13 

77.1 

8.6 

14.3 Broken in machinins 


26,000 

31 0 

26 0 

14 

66.4 

19 0 

14.6 

7,800 

12,000 

_ 

23,980 8.C. 

32 0 


IS 

66 0 

18.9 

15.1 

7.800 

12.000 

1.5 

21.720 S.C. 

27 6 


16 

70 1 

4.6 

25.3 Broken in machinins 


28.000 S.C. 

26.6 


17 

68.8 

9.1 

22.1 

10.180 

10.180 

— 

21.950* 

37.0 

29 5 

18 

64.1 

13.9 

22.0 

9.C00 

11.400 


22,400* 

35 6 


19 

72 2 

4.5 

23.3 

7,800 

7,800 

_ 

19,700* 

27 8 


20 

65.0 

10.0 

25.0 Broken in machinins 


18,590* 

33.6 


21 

64.2 

5.9 

29 9 

8.400 

12.580 

1.0 

14,500* 

28 8 



NO—Not observed: C.—Cracks In compression test piece; SC.—Slight cracks In compression 
test piece; •—^Failed without compression to half length. 


Mechanical Properties—Tin strengthens lead appreciably, but antimony does 
so to a greater extent when added in similar amount. Ellis* studied the tensile 
strength, compressive strength, and hardness of 21 of the lead-rich ternary alloys 
containing up to 30% each of tin and antimony. His results are given in Table I. 
Weaver* studied the Brinell hardness of a similar series of alloys with results given 
in Pig. 1. Test data from the National Bureau of Standards* are presented in 
Table HI. 

Thermal and Physical Properties—^Table III gives the density of the alloys and 
also melting characteristics. Table II shows data pertaining to heat energy required 
for melting.^ 

Table n 
Thermal Data* 


Antimony 

Lead 

Tin 

Babbitt 

Babbitt 

Type 

Metal 

Type 

Metal 

Composition 




80-10- 

Pb-La- 

-3^ 

86-3-11 82-3-15 

Pb-Sn-Sb Pb-Sn-Sb 

Mean specific heat, 60" P. to melt¬ 
ing point, Bt.u./lb./*P. 

0.054 

0.032 

0.069 

0.039 

0.038 

0.036 

0.036 

Heat in solid at melting point, 
B.t.u./lb. 

59.7 

18.0 

26.9 

15.8 

20.5 

15.3 

15.5 

Latent heat of fusion, B.t.u./lb... 

70.0 

9.9 

24.9 

26.2 

17.4 

21.5 

26.2 

Total heat in liquid at melting 
point, B.t.u./lb. 

129.7 

27.9 

51.8 

42.0 

37.9 

36.8 

41 7 

Mean specific beat of liquid, 
B.t.u./lb./*F. . 

0.054 

0.032 

0.060 

0.038 

0.037 

0.036 

0.036 

Average pouring temperature, "F. 

1,320 

720 

650 

625 

820 

620 

620 

Total heat in liquid at pouring 
temperature. B.t.u./lb. 

138.0 

31.1 

63.8 

48.2 

46.0 

41.6 

46.4 

Coefficient of linear expansion per 
•F. (range 63-489°F.). 





0.0000108 


(*Mo8tly based on data taken 

from Industrial 

Oas Series, “Combustion’**.) 




Age Hardening—Solid solubilities of tin and antimony have been determined 
for the lead-rich comer of the ternary system.* According to Weaver, 2%% each 
of antimony and tin are soluble together in lead at the eutectic temperature, 
477^P. While the rolled and extruded alloys are markedly susceptible to heat 
treatment and age hardening, particularly in the alloys containing a few percent 
each of tin and antimony, It so happens that the ternary alloys are used almost 
exclusively In the cast state. Generally, In the cast state the age hardening of the 
commercial alloys appears of no consequence. However, storage battery grid metal 
usually becomes slightly harder and slightly brittle on aging. This appears due to 
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precipitation of antimony from a supersaturated solid solution. Hayward* has noted 
age hardening in a cast alloy containing 3% each of tin and antimony. 

Modulus of Elastioiiy—The following values have been given* for Youngs 
modulus of elasticity in tension: 


Typical Lead Base Bearing Metal. 4,200,000 

Typical Tin Base Bearing Metal..... 7,400,000 


Corrosion Resistance~The lead-rich ternary alloys are resistant to corrosion 
and suitable for fire extinguisher nozzles in the die cast form. As the quantity of 
tin increases from 20%, the alloys are increasingly resistant to tarnishing in the 
atmosphere and may even be used with satisfaction in humid atmospheres. 
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Lead-Base Bearing Alloys 

By Leland E. Grant* 

General Alloys of lead have been used as bearing metals for a long time with 
excellent results. In general these alloys are not quite so satisfactory as are the 
tin-base alloys under severe service conditions, but their low cost and all aroimd 
good properties make them desirable in numerous applications. They are especially 
suitable where they are not subjected to extreme high speeds, heavy loads, or severe 
impact. When the size of the bearing can be increased they can often replace tin- 
base metals. A large tonnage is consumed annually by the railroads for freight and 
passenger car bearings. The alloys are also used for electric motors and machinery 
bearings. Packing for piston rods and pump shafts are another type of bearing 
in which they are used. 

Two basic types of lead-base bearing alloys are in use at the present time. The 
older type consists of lead hardened with antimony and tin, with additions of copper 
or arsenic in special cases. The new type is an alloy containing approximately 
98% lead, the remainder being calcium and small amounts of other metals. This 
type has not yet come into extensive use in America but has been used on the Ger¬ 
man State R. R. for a number of years. 

Specifications—A specification for lead-base bearing alloys has been prepared 
by the A.S.T.M. Table I was selected from the various alloys included in this 
specification. The S.A.E. has two specifications. Nos. 13 and 14, for lead-base bearing 
alloys which are the same as A.S.T.M. alloys 9 and 7 respectively. Table II shows the 
composition of the Journal bearmg lining alloy in the A.AJI. specification M-501-34. 

It will be noted that the above specifications all call for approximately 65% 
or more lead. Only in a few alloys used for packing does the lead fall below 65%. 

EITect of Antimony—The range of antimony content is quite restricted; it seldom 
exceeds a maximum of 15% and is generally close to 10% when a minimum amount 
is needed. Antimony combines with tin to form cubes of the solid solution SbSn in 
some compositions. When these cubes become so numerous that they are nearly con¬ 
tinuous throughout the structure the alloy becomes hard and relatively brittle under 
impact. This condition is avoided if the antimony does not exceed 15%. Small 
amounts of the cubes are desirable in heavy duty alloys for the hardness and 
strength they impart. Antimony also forms a pseudo-eutectic with lead and this 
constituent is the source of a large part of the strength the alloys possess. Anti- 
monial lead was one of the early lead-base bearmg alloys used with satisfactory 
results. These binary alloys are still used to some extent but the great improvement 
in properties produced by the addition of 2-5% tin more than compensates for the 
small increase in cost. 

Effect of Till—The permissible range of tin in these alloys is great. In the softer 
alloys it may be eliminated entirely as explained above, but a much more serviceable 
alloy is obtained if about 5% tin is present. The maximum for tin is about 20%. 
Unlike antimony, it does not cause brittleness in relatively large amounts, but be¬ 
yond 20% tin no marked improvement in properties for good bearing purposes Is 
obtained. Tin enters into solid solution in both lead and antimony and is present 
in the compound that forms the major portion of the SbSn cubes. It is in these 
forms that tin participates in the pseudo-eutectics and other constituents which 
contribute to the hardness and strength. 

Effect of Copper— Segregation may become a problem when the tin and anti¬ 
mony are high owing to the tendency of the specifically lighter cubes to float to the 
top. This can be overcome by the addition of 1-2% copper. The mechanism by which 
copper prevents segpregation has not been fully explained. Sometimes the copper 
unites with antimony to form long purple needles of the compound CUoSb. These 
entangle the cubes and prevent them from rising. However, this is not always the 
case although the evidence does indicate that some reaction takes place in the molten 
alloy due to the presence of the copper. Frequently a web-like structure Is to be seen 
in the cubic crystals and it is possible this is a result of the addition of copper. 
Copper should not be used in the alloys of low tin content as it is likely to cause 


*Chlef Chemist, Chicago, Milwaukee, St. Paul A Pacific R. R. Co., Milwaukee. 
This article was not revised for this edition. 
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frothing when the alloy is poured, unless the pouring temperature is raised consid¬ 
erably. It is for this reason that copper is limited to 0.5% max. in most of the alloys. 

Effect of Arsenic—Arsenic also is effective in preventing segregation. It pro¬ 
duces a profound change in microstructure, causing a disappearance of the cubes 
in those alloys where cubes would normally be formed and refining the entire grain 
structure very markedly. It appears to prevent segregation through a reaction with 
the normal constituents of the alloys, the effect becoming more pronounced with 
Increasing arsenic. In addition to preventing segregation it raises the hardness at 
both normal and elevated temperatures. There has been a limited amount of arseni¬ 
cal lead-base bearing alloys marketed in which up to 2.5% arsenic is incorporated. 
Generally it is substituted for a large part of the tin. Such alloys have not been 
used extensively probably because they are relatively brittle when the arsenic exceeds 
1 %. Where brittlenss is not serious but where segregation is to be prevented in large 
bearings such as those for rolling mills, this alloy is used. 

Impurities—Little information is available on the effect of impurities on the 
properties of the lead-base bearing alloys. There is no indication that the small 
amoimts of foreign metals associated with lead and tin are harmful. On the contrary 
they appear to be beneficial since they act as hardeners in the commercially pure 
alloys and thus contribute somewhat to the final hardness and strength exhibited by 
the bearing alloys. Arsenic is normally the principal impurity and its effect has been 
•discussed. Zinc acts in a manner similar to arsenic, increasing the hardness and 
preventing segregation, but the method by which it prevents segregation is unknown. 

Brinell Hardness —The Brinell hardness of the lead-base bearing alloys naturally 
varies with the composition. Most of the alloys used commercially have a Brinell 
niunber between 18 and 23 at 70°F. (10 mm. ball and 500 kg. load). Those that do 
not contain tin will have a Brinell hardness of around 15. Increase in temperature 
•causes rapid softening so that at 212‘’P. the hardness is approximately one half of the 
value at 70®P. 

Compression Strength—^The ultimate strength in compression of these alloys 
not containing tin normally lies between 14.000 and 16,000 psi. at 70^F. and decreases 
more rapidly in proportion than does hardness with increase in temperature. It is 
apparent from this that overheating of this type of bearing alloy is likely to result 
in excessive squashing of the lining. The hardness and strength of the lead alloys 
are significantly lower than the similar values for the tin-base bearing alloys. 

Casting Properties—Lead-base alloys have low pouring temperatures (617-653°P.) 
and excellent casting properties. The metal retains its fluidity down almost to the 
freezing point (about 465°P. for a majority of the alloys). These properties are a 
•distinct advantage as the casting operations are simplified thereby and at the same 
time loss of metal by dressing in the melting pot is reduced. 

Pouring temperature and rate of cooling exert a profound influence on the micro- 
structure and physical properties of this class of alloys. Too rapid cooling leads to 
the formation of a structure too fine for the production of the best bearing alloys. 
Too slow cooling, high pouring temperature^ and a mandrel or back that is too hot. 
promote segregation and formation of a coarse structure with a tendency to brittle¬ 
ness, low compressive strength, and low hardness. The compressive strength and 
hardness increase with the poiuring temperature to maximum values at about the 
recommended pouring temperatures and then decrease. It is the effect of this varia¬ 
tion in cooling rates that undoubtedly accounts for differences in the physical prop¬ 
erties that are foimd in the literature for alloys of essentially the same composition. 

Lead-Calcium Bearing Alloys—There are two commercially important bearing 
alloys containing 97% lead. These are Bahnmetall and Satco. A typical composi¬ 
tion of Bahnmetall is as follows: 

Lead 98.63, calcium 0.69, sodium 0.62, lithium 0.04, aluminum 0.02%. 

The Satco alloy contains tin, magnesium and calcium as the principal harden¬ 
ing elements. Bahnmetall has a Brinell number of 25-35 at 70°F. and Satco about 20. 
The hardness does not fall off with Increase in temperature as rapidly as in other 
lead-base bearing alloys. These alloys also have higher compressive strengths which 
fall but slowly when the temperature is raised. Bahnmetall has a compressive 
strength of 25-30,000 psi. 

Bahnmetall has a number of valuable properties but lacks some of the good 
^characteristics of the ordinary lead-base alloys. Its pouring temperature (878- 
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1112®F.), coefficient of expansion, rate of wear, and shrinkage are all high. The 
alloy drosses heavily and thereby loses its hardening elements so rapidly that It 
cannot be remelted and used a second time. Adhesion to solder is poor and mechani¬ 
cal anchorage must be relied upon to hold the lining. Admixture with ordinary lead- 
tin-antimony alloys causes the hardening elements of Bahnmetall to separate. The 
metal will carry heavy loads and stand considerable abuse without damage. This 
is partly due to its relatively high hardness and good plasticity. Temperatures that 
would cause other lead-base bearings to run out do not harm Bahnmetall. Liners 
of this alloy can be cast accurately to size and applied without broaching, an item 
of considerable economic significance in the case of railroad car bearings. But under 
heavy loads and fairly high speeds the alloy has a tendency to develop hair line 
cracks which ultimately cause failure. 

Satco does not lose its hardening constituents readily when melted but it does 
form a large volume of dross compared with lead-base babbitts. This is due in part 
to the high pouring temperature required (932-1004®F.). The alloy solders readily 
with any of the common solders and makes a strong bond. It can be handled in 
the same equipment as is used for ordinary babbitts but due allowance must be 
made for the high pouring temperature. It should not be contaminated with ordi¬ 
nary lead-base bearing metals. It stands pounding well, has about the same wear 
rate as other lead-base babbitts, and is not damaged by local overheating that would 
be likely to ruin an ordinary lead-base alloy. Satco is being used to some extent 
in automotive, railroad, marine, and general industrial service, but its ultimate sphere 
in the bearing field cannot yet be determined. 

Table I 

Properties of Lead-Base Bearing Alloys' 


Pouring 


No. 

Sn 

Sb 

Pb 

Ultimate Strength*, psi. 
Cu As «8*P. ai2*P. 

Brinell Hardness 
68*P. 212*F. 

Temp. 

•F. 

6 

20 

15 

63^ 

IVa 0.15 

14,550 

8,050 

21.0 

10.5 

655 

7 

10 

15 

75 

0 50 max. 0.20 

15,650 

6,150 

22.5 

10.5 

640 

8 

6 

15 

80 

0.50 max. 0.20 

15,600 

6,150 

20.0 

9.5 

645 

9 

5 

10 

85 

0.50 max. 0.20 

14,700 

6,850 

19.0 

8.5 

620 

10 

2 

15 

83 

0.50 max. 0.20 

15.450 

5,750 

17.6 

0.0 

630 

11 


15 

85 

0.50 max. 0.20 

12.800 

5,100 

15.0 

7.n 

630 

12 


10 

00 

0.50 max. 0.20 

12,900 

5.100 

14.5 

6.5 

626 


•The ultimate >irengih values were taken as the unit load necessary to produce a deformation 
of 25% of the length of the specimen. 

^From A.S.T.M. Standards. Designation B23-26, Part I, p. 841, 1933. 


Permissible Variations Over or Under the 


Percentage of Element Specified Specified Value, % 


Not over 2% 

0.25 

Over 2 to 5%, incl. 

0.50 

Over 5 to 10%. incl. 

0.75 

Over 10% 

1.00 


Table II 

A A It.. Specification for Journal Bearing Linings 



Specification 

% 

Average 

Composition 

% 



4.0 


. 8.0 

9.0 



13.0 



0.14 


. 0.50 


Sum of tin, lead, antimony, and arsenic (min.). 

. 99.25 

... 
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Preparation of Lead and Lead Alloys for Melallographic 
« Examination 

By J. R. Vilella* 

Folishinr—Because of the softness of lead and its alloys, the preparation of 
specimens for microscopic examination has always been a difficult task. Two main 
difficulties are encountered: 

1. The finished surface Is usually too heavily soratehed. 

2. The surface metal flows, forming a layer of cold worked metal that masks the true 
structure. 

The usual way of overcoming these difficulties has been to etch deeply so as to 
get below the surface imperfections. However, a deep chemical attack roughens, 
blackens and obliterates the line details of the structure. It is therefore desirable 
to be able to finish the samples with a minimum of scratches and flowed metal so 
as to permit light etching. 

Two basic methods and several modifications thereof intended to overcome these 
difficulties have been described.^'* One of these is based on the use of a robust 
rigid microtome, equipped with a specially sharpened knife capable of producing a 
smoothly cut surface suitable for etching and microscopic examination without fur¬ 
ther polishing. The other method requires no special equipment. It is based on the 
fact that scratches and flowed metal can be eliminated by a series of alternate light 
polishings and etchings. 

Microtome Method—The success of this method depends on three factors: 

1. The microtome must be sufficiently rigid for the service. 

2. The knife must be properly sharpened. 

3. The Instrument must be capable of cutting slices 2 microns in thickness. 

1. Lucas, Who originated the method, employs a Jung microtome, type K, orig¬ 
inally designed for wood sectioning, but he states that given a solid, substantial 
instrument, good results are largely a matter of personal skill in sharpening the 
knife and manipulating the apparatus. Schumacher and Bounton* have success¬ 
fully employed an Inexpensive biological microtome. They have also obtained fair 
results by means of a wood chisel and a special clamp. 

With the Jung microtome specimens of lead, tin, platinum, gold, and silver have 
been successfully sectioned. Harder metals such as aluminum, aluminum alloys, 
copper, zinc, and the brasses and bronzes may be roughly prepared by sectioning, 
and then given a flnal polish on magnesium oxide, thus considerably expediting the 
usual procedure of preparation. 

2. A properly sharpened, honed and stropped knife is indispensable for the 
success of this method. A dull or serrated edge will yield siurfates covered with 
scratches and cold worked metal. An edge such as is usually associated with razors 
is also unsatisfactory because it chips and turns over easily. Best results are ob¬ 
tained when the knife is sharpened to a fine chisel edge and free from all but the 
finest imperfections. Once a good edge is obtained, if used judiciously, it will cut 50 
or more lead specimens between stroppings. Sharpening the knife is a laborious 
operation requiring considerable skill. Detailed instructions are usually supplied by 
the manufacturers. 

3. Lucas finds that unless the instrument cuts sections as thin as 2 microns the 
cut surface is not suitable for etching. The shqvings themselves are not used for 
metallographic study, but if they are thicker than 2 microns it will be found that 
the cut surface of the specimen will contain cold worked metal and scratches. This 
is an indication that the knife has not been properly honed or stropped. It should 
be noted that even well cut and etched specimens present to the unaided eye the 
appearance of slight furrows or undulations on the prepared surface. These im¬ 
perfections are not troublesome under the microscope. 

Wood Chisel Method—This method gives satisfactory results when properly used. 
The specimen is mounted In a hardened tool steel clamp and the excess material 


•Metallurgist, United States Steel Corp., New York. 

iFor the references, see the article **Stching Lead and Lead Alloys for Metallographic Exam¬ 
ination/* which follows this article. 

This article not revised for this edition. 
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removed with a coarse hacksaw. A rough chisel cut is made, followed by a fine one 
using the surface of the clamp as a guide. 

Polishing with Stendard Equipment—^This method is rapid and can be success¬ 
fully cabled out with ordinary polishing equipment, or by hand, and when properly 
executed leads to the formation of ideal surfaces for microscopic examination at 
both low and high magnifications. 

Procedure (1) To minimize distortion of the surface metal, the sample should 
be cut with a sharp hacksaw, taking care to avoid dragging and pushing. It is well 
to smear the saw blade with a few drops of oil. 

(2) The specimen should then be ground with gentle pressure on a coarse 
emery paper that has been previously smeared with a concentrated solution of 
paraffin in kerosene. This prevents the particles of lead from adhering to the paper 
and forming a glaze which drags and distorts the surface metal. At least ^ inch 
of metal should be ground away during this step. The speed of the revolving disks 
should not exceed 500 r.p.m. at any stage during the entire operation. 

(3) The specimen is then ground successively on No. 2. No. 1, No. 0, No. 00, and 
No. 000 emery papers, all previously smeared with the solution of paraffin in kero¬ 
sene. Grinding on successive papers should be continued for at least one minute 
after all the scratches left by the preceding one have disappeared, and care should 
be taken to exert the minimum pressure needed to secure good cutting action. The 
scratches left by No. 000 paper are frequently too deep to be easily removed during 
the next step (wet polishing), and for this reason the specimen should be ground, 
when necessary, on an old No. 000 paper that has been well worn by previous use. 
This last paper as a rule yields very fine, even scratches, which disappear easily 
during wet polishing. The specimen should now be free of all paraffin and grit. 

(4) Wet polishing is carried out on a perfectly clean broadcloth smeared with 
an abundant supply of soap. The abrasive to be used is a water suspension of the 
finest levigated alumina obtainable. At this stage of the operation a black smudge 
often appears on the surface of the specimen. When this happens, polishing should 
proceed very gently, taking care to keep the cloth thoroughly wet with alumina and 
soap until all traces of smudge have disappeared and the surface appears bright. 

(5) The scratches left after polishing on broadcloth are often rather deep and 
remain visible after etching. They can be removed by finishing the operation by 
hand on a clean pad of silk velvet well soaked with soap and alumina. The sample 
is then washed carefully to remove all traces of soap. 
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Etching Lead and Lead Alloys for Metallographic Examination 

By J. R. Vilella* 

According to the proponents of the sectioning methods of preparing lead speci¬ 
mens, it is feasible to etch the sample as it comes from the microtome. One etch* 
ing is sufficient to disclose the true structure of the metal. Occasionally a prelimi¬ 
nary swabbing with cotton well soaked in the etching reagent is employed to elimi¬ 
nate the heavier knife marks usually present in specimens prepared by the microtome 
or chisel methods. 

The etching of specimens prepared by conventional polishing methods is not 
considered a process completely independent of polishing. Even well prepared 
surfaces are seldom completely free from a film of cold worked metal which must 
be eliminated in order to show the true structure of the specimen. This is not 
always satisfactorily accomplished by the etching reagent alone, no matter how 
long the specimen is exposed to its action. A prolonged etching attack usually 
results in pitting, roughening and obliterating the fine details of the structure. 
It is advantageous to employ a method of alternate polishing and etching by means 
of which the film of distorted metal is gradually removed by the reagent, while 
the succeeding light polishings prevent the evils of a long continued chemical 
attack. This process may be carried out as follows: 

The polished specimen is etched in a suitable reagent and its structure noted 
under the microscope. It is then repolished gently on the velvet pad until bright, 
and reetched and examined again. A considerable Improvement in the appearance 
of the structure will be noted. It should be again repolished and reetched, and 
this process continued as long as the appearance of the structure improves. As a 
rule, three repolishings suffice, but occasionally more may be required. 

The etching reagents for lead and lead alloys are given in Table I. 


Table I 

Etching Reagents for Lead and Lead Alloys 


No. Authority 

Composition 

Remarks 

1 Rutherford* 

3 parts glacial acetic acid 

1 part 9% hydrogen peroxide 

Etch for 10-30 min., depending on depth of 
flowed metal on the surface. Dry with 
alcohol and clean with concentrated nitric 
acid. The nitric acid Is removed by 
sudden immersion in a large volume of 
water. • 

la Lueas^'* 

3 parts glacial acetic acid 

1 part 30% hydrogen peroxide 

Etching time varies from 6-15 min. Used 
for lead, lead-tin, lead-antimony, and lead- 
calcium alloys. 

3 VUeUa* 

1 part glacial acetic acid 

1 part nitric acid 

4 parts glycerol 

Etching from 10-15 see. Best results ob¬ 
tained when used in conjunction with 
method of alternate polishing and etch¬ 
ing. For lead, lead-antimony, lead-eal- 
cium, and low tin alloys. Use freshly pre¬ 
pared solution and discard after using. 

3a Bassett and Snyder* 

3 parts glacial acetic acid 

4 parts nitric acid 

16 parts water 

Used at a temperature of 40-42*0. Recom¬ 
mended for pure lead and lead-tin alloys 
up to 3% tin. Etching time depends on 
depth of distorted metal on prepared sur¬ 
face. 

3 Johnston* 

Concentrated nitric acid 

Plunge specimen in concentrated acid. 
Wash in a rapid stream of water. Re¬ 
peat operation as often as necessary. It 
acid becomes diluted by water carried by 
specimen it must be rejected and fresh 
acid used. 

4 Bassett and Snyder* 

60% solution of perchloric acid 

For electrolsrtie etching. No. 6 dry cell 
used to supply energy. Also recommended 
by Dean, Zickrlck and Nix.^ 


*M«ta]lttrglft, United States Steel Corp., Kearny, N. J. 
Thii article not revieed for thie edition. 
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Properties of Lithium and Its Alloys 

By Dr. Hans Osborg* 

i 

Introduction—Lithium resembles sodium, potassium, caesium, magnesium, cal¬ 
cium, strontium, and barium. However, the diversity in reactivity of lithium is 
greater than these other elements. Furthermore, the solid solubility of lithium in 
certain metals is somewhat greater than that of other alkali and alkali earth 
metals. These two characteristics make lithium useful as a refining agent and as 
an alloying constituent. 

Lithium as a Refining Agent—Lithium melts at 366.8**F., its boiling point is 
approximately 2435^F. The vapor pressure of molten lithium is relatively low. 
At 1700*’F., it is only 17 mm. Hg, and at 1975**F. it is not more than approximately 
95 mm. Hg. 

Lithium combines with ox 3 rgen, sulphur, hydrogen, nitrogen, carbon oxides, 
and silicates. It forms rather stable compounds which are of a nonmetallic 
nature and possess relatively low melting points, or are volatile at pouring temper¬ 
atures, and which possess also a low specific gravity. While the Intensity with 
which lithium reacts is considerably less than that of the alkali metals, the 
heat of formation of lithium compounds is high and ranks among the highest for 
the respective compoimds. This apparent anomaly is explained by the fact that 
the lithium atom and ion are of small size and that in accordance with the law 
of Coulomb the energy, or heat of formation, discharged is the greater the closer 
the reactW* or combining particles can approach each other. Table I compares 
the amount of oxygen and sulphur with which lithium and some other elements 
combine. It also gives the number of kilogram-calories which are set free by 
^e respective reactions. While the table is self-explanatory, it may be added 
that lithium does not form refractory compounds as practically all other elements 
do which have also a relatively high afiQnity for oxygen. 


Table I 

Reaction of Oxygen and Sulphur with Various Elements* 


Element 


O. of oxygen 
which combine 
with 1 g. of ele¬ 
ment 


Kg.-cal. set free 
when I g. of ele- 
m e n t combines 
with oxygen 


O. of sulphur 
which combine 
with 1 g. of ele-j 
ment I 


Kg.-cal. set free 
when 1 g. of ele- 
m e n t oombines 
with sulphur 


u. 

. 1.162 

Na .. 

. 0.348 

K . 

. 0.204 

Rb . 


Cn . 


Be . 


Mg . 

. 0.858 

Ca . 

. 0.399 

Sr . 

. 0.182 

Ba . 

.. 0.118 

Al . 

.. 0.890 

Zn . 

. 0.245 

Mn . 

. 0.292 

81 . 

. 1.140 

T1 . 

.. 0.888 

p . 

.. 1.289 

Zr . 

. 0.350 


10.33 

2.309 

8.75 

2.18 

0.897 

1.95 

1.11 

0.410 

1.11 

0.48 

0.188 

1.02 

0.31 

0.120 

. • ■ • 

15.23 

3.554 

.... 

8.00 

1.320 

3.27 

3.72 

0.800 

2.78 

1.81 

0.360 

1.258 

0.97 

0.234 

0.745 

7.05 

1.783 

2.34 

1.27 

0.491 

0.632 

1.707 

0.583 

1.10 (approx.) 

8.80 


• • • • 

4.58 


• • • • 

6.78 


• • • • 

2.90 

0.351 

' •••• 


Refining, Degasifying, and Deoxidizing—The high affinity of lithium for prac¬ 
tically all elements which occur as nonmetallic impurities and gases in metals 
and alloys permits the use of lithium as a highly efficient scavenging agent. Lithium 
may be applied either as lithium metal or diluted with the metal to be treated, 
or alloyed with an alkali earth metal. These lithiiun-alkali earth alloys, of which 
the 60/50 and 30/70% lithium-calcium alloys have been produced in commercial quan¬ 
tities, are in many instances more effective than lithium or the alkali earth metal 
alone. Furthermore, the lithium-calcium alloys are of high purity, can be handled 
with great convenience, and cost less than lithium. 


•Consultant, Now Tork. 
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The treatment of molten metals and alloys with lithium and lithium-calcium 
uloys ^rried out in the furnace or in the ladle. In applying the treatment, 
It should be borne in mind that the specific gravity of lithium is as low as OJi, so 
care should be taken to prevent the lithium or lithium-calcium alloy from rising to 
the surface of the molten mass. In the case of chromium alloys, the ladle should 
be covered as the reaction is rather violent. In practically all other instances, 
the treatment properly applied is carried out with convenience and in a simide 
manner similar to the application of the conventional phosphorizer in treathig 
copper and copper alloys. 

Table II 

Intermetallic Compounds of Lithium^ 


Element 

Formula 

Stable Up to *0. 

Melting Polnt,*C. 

Mg. 



592 


LlMg, 

... 

600 

A1. 


521 

... 


LlAl 


098 


LlaAlt? 

... 

598 

Zn . 

. LlZn 




LliZni 


530 


LlZns 

93 

... 

Cd . 

. LUCd 

873 



LlCd 


549 


UCds 

370 

... 

Hg. 

. LlaHg 

379 

• • • 


LiHg 

... 

600.6 


LlHgt 

232 

... 


LiHg* 

— 42 

... 

T1. 

. LUTl 

381 



LlsTl 

.. • 

447 


XAbTU 

.». 

448 


LlsTl 

381 

... 


LlTl 

... 

508 

Pb . 

. LUPb 

648 



LlrPbs 

* ... 

726 


LiaPb 

658 

.. • 


LisPbs 

642 

... 


LiPb 

... 

482 

B1. 

. LlsBi 


1,145 


LiBl 

4i6 

... 

Ag . 

. LIsAg 

• • • 

450 


LlAg 

... 

955 

8n . 

. LUSn 

... 

765 


LirSna 


783 


LlsSnt 

720 

« • • 


LisSn 

502 



LiSn 


485 


LiSnt 

336 

... 


Due to the low equivalent weight of lithium (6.94), the amount of lithium or 
llthiiun-calcium alloys sufficient for the treatment is often as low as 0.005% 
lithium. Of course, the percentage required for the treatment will depend on the 
degree of purity of the metal or alloy to be treated. 

Lithium as an Alloying Element—'Lithium alloys readily with a number of 
light and heavy metals, including silicon. No alloys of lithium are known with 
metals of the iron and platinum groups. In the case of copper, it is doubtful 
whether true alloys are formed if more than 0.1% lithium is present in the copper. 
Silver, however, alloys with lithium and two intermetallic compoimds of silver 
with lithium have been determined. 

In a number of metals, the solid solubility of lithium is greater than that of 
other alkali and alkali earth metals. Typical examples are aluminum and lead. 
If the addition of lithium is kept within the solid solubility range, it strengthens 
and toughens the matrix, producing improved strength, improved elastic properties, 
and greater hardness. Should the percentage of lithium added exceed the solid 
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solubility, precipitation and age hardening occur and the physical properties of 
the base metal or alloy are further improved. The effects produced are similar to 
^ those observed on alloys 4 containing magnesium and magnesium siliclde. The 
best known examples for this type of lithium alloys are zinc die casting alloys 
containing less than 0.1% Li. Still higher additions of lithium, from 1-2% upward, 
embrittle the alloy due to the formation of intermetallic compoimds of lithium 
with other constituents of the alloy. 

The intermetallic compounds of lithium are numerous and interesting in 
several respects. Table II lists the intermetallic compounds which have been inves¬ 
tigated up to 1937. From Table II, it becomes apparent that many of these inter¬ 
metallic compounds are rather stable and have well defined melting points which 
range from approximately 450 to approximately 1150°C. Of special interest are 
the compounds LiHg, with a melting point of 600.5^0., and LiaBi, with a melting 
point of 1145^0. The intermetallic compounds of lithium have been of great 
service in investigations concerned with the nature and characteristics (atomic 
arrangements and physico-chemical properties) of intermetallic compounds in 
general. Nothing is known yet regarding the constitutional diagrams of other 
metals with stable intermetallic compounds of lithium. 

Lithium Metal—The metal is silvery white, Softer than lead, and tarnishes 
quickly upon exposure to the atmosphere. It must be kept in air tight containers 
or under kerosene. If exposed to moist atmosphere, LiaN is slowly formed. Nitrogen 
penetrates solid lithium metal, forming the nitride. Lithium metal is produced in 
commercial quantities by means of electrolysis of fused LiCl in a mixture of 
chlorides. Specific gravity: 0.534; melting point: 186®C; purity: 99.5%+. 

Lithium-Calcium Alloys—This alloy is silvery white, metallic luster, hard and 
brittle from about 50% lithium downward. The 25% Li-75 % Ca alloy is as brittle 
as glass and can be finely ground (under oil). It must be kept in air tight con¬ 
tainers or under kerosene. Lithium-calcium alloys react more slowly with the 
atmosphere than lithium. The 50-30% lithium, balance calcium, alloys have a 
melting range of about 230-260®C. The specific weight of these alloys is approxi¬ 
mately 0.8-1.2, depending on the lithium content. The 50/50 and 30/70% alloys 
have been produced in commercial quantities by electrolysis of the fused chlorides. 

Lithium-Copper—Lithium-Copper is a high conductivity, high density alloy 
possessing deep drawing properties and containing residual lithium and calcium 
in minute amounts. It is produced* by treating molten electrolytic, or other copper 
of equivalent purity with a 50% lithium-50% calcium alloy in small, controlled 
amoimts. The process is carried out in conventional melting and casting equipment. 
The casting can take place in the presence of air as some of the residual lithium 
alloy vaporizes and envelopes the stream of molten copper, thus preventing re-oxida- 
tion. The process is flexible and permits of producing oxygen-free copper, as well 
as so-called low oxygen copper by leaving residual oxygen in the copper in con¬ 
trolled and predetermined, minute amounts. About 180 grams of the lithium alloy 
per ton of copper sufficiently deoxidize copper which has been poled to approximately 
0.025% oxygen. In case of overpoled copper, the treatment produces likewise satis¬ 
factory results since the lithium-calcium alloy readily reacts with hydrogen forming 
rather stable salt-like hydrides which are insoluble in copper. 

Lithium-Copper has the following properties: 


Conductivity, I.A.C.S.* ... 101.5% ± 0.5 

Number of bends after annealing in alr^*. 18-24 

Number of bends after annealing in hydrogen**. 16-24 

Density, as cast®... 8.92 

Izod impact (air)<*. 10-13 (10.5 av.) 

Izod impact (hydrogen). 10-13 (10.9 av ) 

Tensile strength,* psi. 31,500 to 36,500 

Elongation, % in 2 in.*. 72-60 

Residual lithium, %. approx.®. 0.005-0.008 

Residual calcium, %, approx.®. 0.005-0.01 


•Electrical conductivity, tensile strength and elongation determinations made on wire having a 
diameter of 0.325 In., annealed In saltpeter at 1050'*F. 

*>0.08 in. wire annealed 30 min. at 1550*F. in air, or in hydrogen, respectively. 
c3 in. billets, top (shrinkage) cropped oS, used for density determinations by immersion 
method. One-third of the billets had a density of 8.96, the other two-thirds as shown above. 

<Izod impact V-notch< 0.080 in. deep, 0.325 in. wire. Energy of blow: 20 ft. lb. Specimens 
annealed 30 min. at 1550*’F. in air, or in hydrogen, respectively. 

•Determined by gravimetric method against standard samples of known compositions containing 
ZjI and Ca percentages of same magnitude. 
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Lithium and Lead—The solid solubility of lithium in lead is more than 0.06 and 
less than 0.09%, by weight (about 6-8 times greater than calcium). (At room 
temperatures, 70 atoms of lithium are soluble in the same number of lead atoms as 
1 atom of calcium). This high solid solubility of lithium is used to advantage 
in lead-base bearing alloys and in workable and extrudable lead and lead alloys. 
The addition of lithium hardens lead-base bearing alloys. These alloys possess 
a relatively high hardness at elevated temperatures, high resistance toward de¬ 
formation, and satisfactory wearing qualities as. journal bearings, and the like. 
The percentage of lithium in lead-base bearing alloys is approximately 0.04%. 

Workable and extrudable lead and lead alloys containing lithium have about 
twice the strength of lead. The increased strength and higher hardness do not 
appreciably reduce the ductility. The percentage of lithium in high strength lead 
alloys ^ranges from about 0.01-0.03%. Up to a lithium content of approximately 
0.025%, the corrosion resistance is quite satisfactory. 
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Magnesium Industry 

, By W. G. Harvey* 

Magnesium was isolated as a metallic element and some of its properties 
determined as early as 1830. Commercial production however was not attempted 
until the beginning of the twentieth century. Its outstanding characteristic is its 
lightness with its specific gravity of approximately 1.74 or approximately two-thirds 
that of aluminum. It is the lightest commercial metal and the increase in produc¬ 
tion which has occurred in recent years can be attributed to this characteristic and 
the demand for weight saving where lightness in portable and moving equipment 
is essential. 

Occurrence—Magnesium does not occur in nature as a metal but in combination 
with other elements it constitutes approximately 2% of the earth’s crust. The 
minerals are numerous and widely distributed. As a source of metallic magnesium, 
the only ones of Importance are magnesite, dolomite, camellte, and certain natural 
salt brines containing magnesium chloride. The latter occur in several locations in 
the United States. They are at present the chief source of the metal produced in 
this country. From them a pure magnesium chloride can be obtained which is 
responsible for the high commercial purity of the present day production. 

Extraction Methods—Electrolytic methods are the electrolysis of magnesium 
oxide in a mixture of molten fiuorides and the electrolysis of molten magnesium 
chloride either alone or mixed with other fused chlorides to lower the melting 
point and obtain a lower operating temperature. Magnesium chloride as a base 
material may be obtained by either chlorinating magnesite or dolomite or by separat¬ 
ing it from the natural sodium chloride brines in which it at times occurs. The 
latter method produces a metal with a purity in excess of 99.8%. The production 
in. the United States in 1937 was in excess of 4,000.000 pounds. 

Principal Products—Pure magnesium is available in the form of metallic ingots 
of several sl 2 ses; in the form of powder, wire, ribbon, and extruded strip. The 
magnesium alloys are available in the form of sand, permanent mold, and pressure 
die castings; as extruded round, square, hexagonal, and rectangular rod, and special 
shapes; in the form of rolled plate and sheet; and as hot pressed forgings. 

ilUoys—The mechanical strength of pure magnesium is not high and it is 
therefore unsuitable for applications where more than moderate stresses are in¬ 
volved. Satisfactory mechanical properties are obtained by alloying the pure metal 
with small amounts of other metals. With the exception of iron, chromium and to 
a limited extent, manganese, magnesium alloys with most of the common metals. 
The majority of these do not form attractive combinations and the ones which do 
produce satisfactory strength and forming properties are those containing aluminum 
or zinc or both. These alloying ingredients amount in general to less than 10% so 
that the magnesium alloys of commerce contain in excess of 90% magnesium. 
Table I gives the composition of the principal magnesium alloys used for various 
products. 

Table I 


’Typical Composition of Magnesium Alloys 


Aluminum, % 

Zinc, 

% 

Manganese, 

% 

Magnesium 

Characteristic Use 

6.0 

3.0 

03 

Balance 

Sand, permanent mold, and pressure 
die castings 

10.0 

none 

0.2 

Balance 

Sand, permanent mold, and pressure 
die castings 

8.5 

0.5 

0.2 

Balance 

Extruded rod, shapes, and press forg¬ 
ings 

Extruded rod, shapes, and press forg¬ 
ings 

Rolled sheet and plate 

6.5 

0.75 

0.3 

Balance 

4.0 

none 

0.3 

Balance 

none 

none 

1.5 

Balance 

Rolled sheet and plate 


Fabricating Methods—Magnesium alloys react with moisture at or above their 
melting points and sand castings, for instance, cannot be successfully made in the 
green sand molds employed by most foundries. It has been found necessary to 
Incorporate inhibitors in the sand to prevent this reaction and a number of these 
are effective. Among the best are sulphur, boric acid, ethyl glycol, ammonium 
fluoride salt or combinations of these substances. A small amount of the inhibitor 
thoroughly mixed with the green sand is sufficient. Some modification of standard 


*Amerloftii Msgneilum Oorp., Oltveluia. 
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casting methods must also be employed to compensate for the lighter weight of the 
molten metal. This is accomplished by employing more gates and risers and 
maKlng all or these of greater cross section. 

Most of the magnesium alloys employed for casting are capable of heat treat- 
n^nt With improvement in mechanical properties and this procedure Is followed 
whentoe castings are to be used for highly stressed applications. 

The magnesium alloys can be extruded into practically any shape for which 
constructed. The alloys are plastic within the range of 
500-650 P. and at this temperature can be pressed into dies producing hot pressed 
forgings. 

^eet roU^ methods employ an initial breakdown of either large cast ingots 
or extruded slabs at an elevated temperature. This operation reduces the slabs to » 
approximately % in. thickness. Rolling is continued by the hot slabbing until the 
thickness reaches in. Further reduction is accomplished by cold rolling. 
This cold rolling produces satisfactory mechanical properties and surface finish, it 
is necessary to anneal the sheet frequently during the cold rolling. Present practice 
will produce sheet approximately 60 in. wide by 144 in. long down to 9 B. & S. gage; 

30 in. wide by 144 in. long down to 20 gage; and 20 in. wide by 72 in. long in 30 gage. 

Uses—There are a number of uses for pure magnesium based on its 
properties. In the form of ingot it is an excellent deoxidizer for such metals as 
brass, bronze, and nickel silver. Due to its afidnity for oxygen and nitrogen it 
removes these substances from nonferrous melts with the formation of light mag¬ 
nesium oxide which, rising to the surface, can be skimmed off. It is pa^icularly 
useful in the nickel industry through its ability to reduce nickel sulphide and 
render the nickel malleable. The quantity of magnesium required for this purpose Is 
small and varies from 0.05-0il%. 

Magnesium is also an important constituent in the alloys of other metals. A 
number of the high strength aluminum alloys contain from 0.2% to as high as 10.0% 
magnesium. In the form of powder, magnesium is used in many types of pyro¬ 
technics for photography; for marine and railroad signals, and for military appli¬ 
cations. Shavings and coarse powder are used for the synthesis of certain organic 
chemicals by the Grlgnard reaction. Reeled sheet is used in certain forms of dry 
rectifiers for changing alternating to direct current. 

While these uses for the pure metal were responsible for the starting of the 
magnesium industry they were not sufficient to warrant the present day production. 

It is the combination of high strength and lightness, combined with good machin- 
abilitv which can be obtained in castings; in extruded rod and shapes which account 
for the increasing growth of this industry. 

In the form of sand and die castings; as extruded rod and rolled sheet the 
magnesium alloys are used in many industrial applications. Practically all of these 
uses take advantage of the combination of light weight with strength and excellent 
machlnability. The magnesium alloys have approximately two-thirds the weight 
of aluminum and one-fourth the weight of brass. Commercial uses for the products 
are extensive and the following are given as typical examples. In aircraft, castings 
are used for engine crankcases, accessory drive housings, oil pumps, intake mani¬ 
folds, for landing wheels, engine starters and for many parts of the airplane, to 
high speed equipment they are used for reducing the weight of the moving parts of 
bread sheers, textile equipment parts, packaging equipment, envelope folding ma¬ 
chines, cigarette machines, and other pieces of equipment of this general nature. 
Magnesium alloy products are also useful in reducing the weight of portable equip¬ 
ment, such as foundry flasks, patterns and match plates; for drilling equipment 
and for many types of portable tools. 

Statistics— -The consumption of magnesium alloy products for the years 1934, 
1935, and 1936 are given in Table II which has been compiled from statistics pub- ^ 
lished by the United States Department of the Interior. 

Table H 

Magnesium Products in Pounds Produced in the United States_ 


1934 

1935 

1936 


-ingot . 4.249,838 

;. 237.693 

WAbrieated Products. 634,183 

4,241,218 

307.470 

673,956 

8,903,312 

872.020 

1,042,026 


^ _ « 
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Constitution of Magnesium-Aluminum Alloys 

By H. E. Bakken* and R. T Woodt 


The magnesium-aluminum system was first studied by Boudouard.^ The earliest 
accepted constitution diagram was determined by Grube.* The comprehensive work 
of Hanson and Gayler* greatly advanced the understanding of the magnesium- 
aluminum system. Since the publication of the Hanson and Gayler diagram, other 
investigators have suggested modifications, notably to that part of the diagram per¬ 
taining to the solid solubility of aluminum in magnesium. Except, however, for 
relatively minor changes in the shape and position of the line of solid solubility of 
aluminum In magnesium, the diagram of Hanson and Gayler is at present consid¬ 
ered authoritative by most metallurgists. 
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The magnesium-aluminum system cannot be considered a simple one, as it con¬ 
tains two compounds and three eutectics. Each metal is appreciably soluble in the 
other tn the solid state and the compounds also form solid solutions. The diagram 

shown in Fig. 1 is essentially that of Hanson 
and Gayler* with the exception that the line 
of solid solubility of aluminum in magnesium 
has been changed to conform to the data of 
Schmidt, Seliger and Siebel. In the modi¬ 
fied form the solid solubility of aluminum In 
magnesium is placed at 12.1% at the eutectic 
temperature (436®0.) and 2.6% at 150*0, 

The scope of this discussion is limited to 
the magnesium rich portion of the system. 
Referring to Fig. 1 it will be seen that the 
liquidus falls from 651-436*0., the freezing 
point of the eutectic, as the aluminum con¬ 
tent increases from 0-32%. The liquidus is 
nearly a straight line. At the eutectic com¬ 
position, 32% aluminum and 68% magne¬ 
sium, the liquidus and solidus coincide. In 
an alloy composition of about 12% aluminiim 
the freezing begins at 575*0. and Is com¬ 
plete at 436*0. As the composition ap¬ 
proaches pure magnesium the temperature 
difference between the initial freezing and 
complete solidification decreases, and when 
pure metal is reached the liquidus and sol- 


400 


60 60 100 
Per Cent Magnesium, By Weight 
Fig. 1—^Magnesium-aluminum constitu¬ 
tion diagram (Hanson and Gayler). Solid 
solubility line according to Schmidt and 
Spitaler. 

Idus lines coincide. The area below the solidus, between the eutectic and pure metal, 
consists of two different structures. Between the eutectic point and the line mark¬ 
ing the limit of solid solubility of aluminum in magnesium a heterogeneous mix¬ 
ture of eutectic and aliunlnum dissolved in magnesium occurs. Between the solid 
solubility line and pure magnesium a homogeneous solution of aluminum in mag¬ 
nesium forms. 


It will be seen from Fig. 1 that about 2% of aluminum is probably soluble in 
magnesium at room temperature. Archer,* by means of hardness determinations in 
aging experiments, concluded that the limit of solid solubility at room temperature 
is between 5 and 6%. Meissner* states that an alloy of 7% aluminum is subject to 
age hardening while one containing 5% aluminum is not. Gann and Winston* 
believed the solubility to be 6% or less at room temperature. A careful metallo- 
graphic study of the line of solid solubility of aliunlnum in magnesium was made 
by W. Schmidt and Spitaler** which indicated that about 7% aluminum is soluble 
at room temperature. Bakken and Wood corroborated this figure and Gann also, 
in general, agreed with the work of Schmidt and Spitaler. 

Saldau and Zamotorin concluded after a metallographic study Involving fairly 
long periods of annealing that the solid solubility of A1 in Mg is 12.6% by weight 
at the eutectic temperature of 436*C. and 6.08% at room temperatiure. Although 
l^dau and Zamotorin found the solid solubility of A1 in Mg did not change from 


*Aast. Director of Reiearoh, Aluminum Research Laboratories, New Kensington, Pa., and 
tlfetallurglst, American Magnesium Corp., Cleveland. 
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temperatiire to about 300®C., they considered this finding improbable from 
^eoretlcal corwiderations and suggested the possibility that at low temperatures 
me precipitated particles are too small to be resolved under the microscope or that 
the annealing tmes selected were not long enough. This suggestion was verified 
Schmidt, Seliger and Siebel by means of precision measurements of 
the lattice constants. Also, Haughton and Payne by annealing a series of speci- 
me^ for 32 d^s at 200®C. were able to resolve precipitated material in an alloy 
concluded that the solubility limit of A1 in Mg at 200^0. is 
3.58%. This is a fairly close check on the solubility found by Schmidt, Seliger 
« ?• temperature. The X-ray method of investigation employed by 
Schmdt, Seliger and Siebel is often more accurate than metallographic and thermal 
methods as it is possible to detect, by measurements of the lattice, precipitated par¬ 
ticles much smaller than can be detected by microscopic examination. These inves¬ 
tigators worked with alloys in the form of extruded wire. After establishing the 
changes in the a and c axes caused by* various amounts of aluminum in solid 
solution it was a simple matter to anneal specimens at definite temperatures for 
periods long enough to establish equilibrium, quench from the annealing tempera¬ 
ture, and measure the a and c axes of the resulting solid solution. Reference to 
the curves established by plotting the lattice parameters against concentrations of 
aluminum in solid solution would then give the actual amount of aluminum in 
solution in the specimen in question at the annealing temperature used. It was 
found that the contraction of the a and c axes of the magnesium lattice is a 
straight line function of the atomic per cent of aluminum in solid solution. The 
a axis contracts from 3.201 A units at 0% aluminum to 3.159A units at 11 atomic per 
cent aluminum, while the c axis contracts from 5.201-5.129 A units. The ratio c/a 
given as 1.625 for pure magnesium and 1.6286 for the alloy containing 11 atomic 
per cent aluminum in solid solution. 

The vapor pressure of the magnesium rich aluminum alloys is comparatively 
high. For all practical purposes the vapor pressure of these alloys may be consid¬ 
ered the same as that of pure magnesium. At compositions as high as 12% alumi¬ 
num the vapor pressure at 700°O. is above 0.3 mm. of mercury. This forms the 
basis of a refining and scrap recovery process. Contrary to the work of Berry," 
who found that the compound MgZns could be distilled without decomposition, there 
is no evidence that either the compound Al^Mgs or AlsMga can be either distilled or 
sublimed as such. There is some experimental evidence indicating that under care¬ 
fully controlled conditions of condensation the compound MgZm does not distill 
without decomposition. Several years experience in refining magnesium scrap con¬ 
taining appreciable amounts of aluminum have shown that the magnesium content 
of the sublimate will not vary a great deal from 99.96%. 

The electrical conductivity, temperature coefficient of resistance and thermo¬ 
electromotive force of magnesium-aluminum alloys have been studied by Pecheux* 
and Broniewski.* MehP has also reported the temperature coefficient of resistance 
and thermoelectromotive force of a series of alloys containing from 31-50.25% 
magnesium. 
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Constitution of Magnesium-Copper Alloys 

Bj John A. Gann* and Manley E, Brooks* 

Boudouard‘ was the first to Investigate the magnesium-copper system and 
claimed to have identified three compounds (MgsCu, MgCu, and I^CUa) and four 
eutectics. Although his thermal analysis study was supplemented by microscopic 
examination and selective solution in dilute HCl, his work was somewhat sketchy 
and has not been completely verified by later investigators. Urasow* and Sahmen* 
conducted thermal analysis studies over the entire magnesium-copper system and 
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Pig. 1—^Magnesium-Copper Constitution Diagram. 



their results are in substantial agreement. Sahmen likewise examined these alloys 
microscopically. They identified the compounds MgsCu and MgCua but not Bou- 
douard's reported compound MgCu. No solid solutions were reported by any of 
these investigators. 

Stepanow* determined the electrical conductivity of the magnesium-copper alloys 
at 25* and 100*0. and also the temperature coefficient of electrical conductivity. 
The results obtained were in good agreement with the diagrams of Urasow and 
Sahmen except for approximately 4% (10 atomic per cent) solid solubility of mag¬ 
nesium in copper. Stepanow felt that the earlier investigators had failed to find 
this solid solubility because of the low rate of diffusion in these alloys. 

Based on metallographic examinations, Hansen* concluded that 0.4-0.6% of 
copper is soluble in magnesium at 485*C. and less than 0.2% at room temperature. 
Jenkin* conducted similar investigations and concluded that the solid solubility of 
copper in magnesium at room temperature was approximately 0.02%. Gann^ like- 
wiM showed that the solid solubility of copper in magnesium was low but made no 
direct determinations of the absolute value. 

Runqvist, Amfelt, and Westgren* confirmed the existence of the two compounds 
MgtCu and MgCui by means of X-ray investigations. Grime and Morris-Jones* 
finii.riA an X-ray diffraction study of the entire magnesium-copper system and con¬ 
firmed the findings of Stepanow except for a range of solid solution extending 
(probably 2-3%) on both sides of the MgCua compound, and for a 3% solid solu- 


*The Dow Chemical Co., Midland, Mich. 
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bmty Of magnesium in copper as compared to Stepanow's 4%. No evidence was 

0^ copper in magnesium, thus confirming Jenkin's low 
solid solubility limit rather than the higher values of Hansen. 

Pig. 1 represents the most recent and also the most accurate constitutional 
diagram of the magnesium-copper system as constructed by Jones^ from thermal 
analysis and metallographic investigations. He confirmed the existence of the 
two compounds MgaOu and MgCu*. of three eutectics, and of solid solutions at 
either end of the diagram. Magnesium was shewn to dissolve 0.03% of copper 
near the eutectic temperature and 0.02% at room temperature, while copper dis¬ 
solves 2.6% of magnesium at 700®C. and 2.1% at room temperature. Jones was 
unable, however, to substantiate the findings of Grime and Morris-Jones relative 
to solid solutions on either side of the MgCus compound and concluded that thii* 
compound does not form solid solutions with either magnesium or copper. The 
thermod 3 mamic analysis of Jeffrey^ is in complete agreement with the metallo¬ 
graphic work of Jones, and shows that the liquid phase and the solid solutions have 
the simplest possible constitution, namely, monoatomic molecules of copper and 
of magnesium. 
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Conslitulion of Magnesium-Manganese Alloys 

By H. E. Bakken* and R. T. Woodt 

General—The history of this alloy system is meager, most of the Information 
available being obtained since 1927. No complete investigation of the equilibrium 
relations between magnesium and manganese has been made up to the time this is 
written and there is considerable doubt as to the exact constitution of these alloys. 
For instance, it is not definitely known whether the second phase thSit appears in 
the structure of alloys rich in magnesium containing from 1-3% manganese is a 
compound or metallic manganese. W. Schmidt’ believes that it is an intermetalllc 
compound but Gann* feels this phase is elemental manganese and points out that 
it occurs as ‘'small blue gray particles scattered through the primary magnesium 
crystals, occasionally in clusters but seldom at the grain boundaries.” 

W. Schmidt states that as early as 1874 Terrell readily obtained a magnesium- 
manaanese alloy by reducing manganese chloride with magnesium. The proper¬ 
ties of the alloy obtained by Terrell were not described. Little else on the sub¬ 
ject, appears in the literatme imtil 1921 when a patent on the process of making 
magnesium-manganese alloys was granted to W. R. Veazey.’ This process Involved 
the reduction of manganese chloride in a bath of magnesium. Veazey stated that 

alloys containing as high 
as 8% manganese can be 
obtained by this method. 
Alloys containing slightly 
more than 4% manganese 
have been made in the lab¬ 
oratory by direct alloying 
of metallic manganese with 
magnesium at a temper¬ 
ature of approximately 
llOO^’C. under pressure in 
an atmosphere of argon. 

Solubility of Manga¬ 
nese in Magnesium — W. 
S chmidt examined the 
structure of alloys contain¬ 
ing 1.1% manganese or less 
and could observe no eu¬ 
tectic or solid solution. Gann and Winston’ state that manganese has only a lim¬ 
ited solubility in the liquid state. Schmidt shows a diagram according to Joseph Ruhr- 
mann indicating that the liquid solubility of manganese in magnesium falls from 
about 2.65% at 790®O. to about 0.5% at 675*0. The curve is extrapolated to show zero 
liquid solubility at the melting point of pure magnesium (651*0.). The alloy contain- 
ii^ 2.65% manganese had a thermal arrest at 645*0. 

Although W. Schmidt could observe no evidence of solid solution, Gann states 
that some manganese is present in solid solution and presents micrographs of cast 
alloys containing 0.1, 0.4, and 1.0% manganese that show a small amount of coring 
around the individual particles due to solid solution, which indicates the location 
of the manganese particles is closely associated with the original dendritic structure 
of the primary crystallization. Bakken and Wood found that as much as 3.2% 
manganese could be retained in solid solution^ and Pearson’ concluded that more 
than 2.7% manganese is soluble in the solid state. 

X-Ray Evidence—The most recent and authoritative work on the solid solu¬ 
bility of manganese in magnesium is that of E. Schmidt with H. Seliger and G. 
Siebel.* This investigation was made with the aid of a precision X-ray spectrome¬ 
ter. The solid solubility at 645*0. was established at 33% and decreases to prac- 
tlcidly zero at 200*0. These investigators also report that the lattice parameters a 
and c of the magnesium crystal are decreased lineally with increasing atomic per¬ 
centages of manganese in solid solution. 




Per Cent Manganese,By Weight 

Fig. 1—Partial magnesium-manganese constitution diagrams. 
Left, by Rtthrmann; right, by Schmidt, Seliger and Siebel. 


*Asst. Director of Research, Aluminum Research Laboratories, New Kensington, Pa., an«f 
flfetallurglst, American Magnesium Corp., Clereland. 
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Construction of the Diagram—If the diagrams of Ruhrmann and E. ^hmidt, 
Sellger and Siebel are correct, we have in this system a marked decrease in solu¬ 
bility under equilibrium conditions as the alloys containing from 0-3.3% manganese 
pass from the solid to the liquid state. Consider an alloy containing 2.2% inai^a- 
nese. At 644®C. this alloy would be a homogeneous solid solution but at a slightly 
higher temperature (about 650®C.) practically all the manganese would be pre¬ 
cipitated and would not again be taken into solution until the temperature naa 
been raised to above 770®C. ^ . 

As it is impossible to construct a constitution diagram that will conform to 
the phase rule from the data of Ruhrmann, E. Schmidt, and others, the two 
diagrams are shown separately. The secondary arrests shown in the diagram ac¬ 
cording to Ruhrmann were found to exist by the present authors but not along 
the line drawn by Ruhrmann. 
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Congtilulion of Magnesium-Zinc Alloys 


By John A. Gann^ and Manley E. Brooks* 

Introduction—This article deals primarily with the magnesium-rich alloys. The 
ainc-rich alloys are discussed more fully in another article entitled "'Constitution 
of Zinc-Magnesium Alloys*’. 

Based on thermal analysis studies of alloys containing up to 8.55 atomic per 
cent of magnesium (3.36 weight per cent), Heycock and Neville^ concluded that 
the lowering of the melting point of zinc was greater with the addition of magnesium 
than with any other metal tried. The first investigation of the entire magnesium- 
zinc system is attributed to Boudouard.* By means of cooling curves he proved 
the existence of the compound MgZna and two eutectic minima, and assumed the 
formation of Mg 4 Zn in an effort to explain certain microscopic and selective solu¬ 
tion data. Grube,* Bruni, Sandonnini, and Quercigh/ and Eger* confirmed the 
work of Boudouard except that they obtained no evidence of the existence of the 
compound MgiZn. Gorbow* thought that the eutectic between zinc and MgZns 
constituted a new compound MgZnu but this opinion has not been confirmed. 
No solid solutions were observed by any of these Investigators. 

Electrical conductivity measurements by 
Stepanow^ substantiated the work of Grube; 

Bruni, Sandonnini and Quercigh; and Eger, ex- Atomic Per Cent Z/hc 

cept he found a solid solubility of a few per o jo po so 

cent of magnesium in the compound MgZm. 

Smith* pointed out that the steepness of Stepa- 
now’s conductivity ciu^e in the low percentage 
zinc alloys likewise indicated the possibility of 
some solubility of zinc in magnesium. Electro¬ 
motive force measurements by Kremann and 
Mttller* showed that magnesium was made more 
noble by the addition of zinc, probably due to 
the formation of a solid solution of zinc in 
magnesium. The electrical conductivity and 
metallographic work of Peirce^* confirmed the 
work of earlier investigators that no solid so¬ 
lutions were formed at the zinc end of the 
diagram. His associates, Anderson and Jill- 
son,^ reported later that magnesium was 
probably soluble in zinc to the extent of less 
than 0.002% at room temperature. 

The determination of the solid solubility of 
zinc in magnesium has formed the basis of nu¬ 
merous investigations and much confiicting data. 

Stoughton and Miyake'* concluded from their 
hardness and microscopic work that more than 10% zinc will dissolve in magnesium 
at the eutectic temperature and their aging experiments indicate that this solu¬ 
bility decreases to less than 5% at room temperature. Metallographic investiga¬ 
tions by Schmidt'* showed that approximately 6% of zinc is soluble in magnesium 
at the eutectic temperature and 1.8% at room temperature. Tensile and hardness 
tests by Meissner'* conducted on alloys aged at various temperatiures confirmed 
the perpendicularity of Schmidt’s solid solubility curve up to lOO^’C. The absence of 
age hardening on a magnesiiun alloy containing 1.7% of zinc, as reported by 
Hansen,** likewise confirmed the low temperature solid solubility. Metallographic 
studies by Chadwick'* indicated that the solid solubility of zinc in magneslmn at the 
eutectic temperature was between 3.2 and 5.4 atomic per cent (8.2 and 13.3 weight per 
cent) and he assumed it to be about 5 atomic per cent (12.4 weight per cent). 
Electrical conductivity investigations by Grube and Burkhardt'* indicated that 
approximately 6.5% of zinc are soluble in magnesium at the eutectic temperature 
and ZJ5% at 250"’C. Schmid'* stated that precision X-ray investigations gave 8.4% 


*The Dow Chemical Co.. Midland. Mich. 
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as the solid solubility of zinc In magnesium at the eutectic temperature and th^ 
this decreased to something over 1% at room temperature. Schmid and Seliger" 
elaborated on this report and gave the solid solubility curve for the temperature 
range of 160-344"C. Schmid and Seliger, and Schmidt and Hansen are m 
excellent agreement on the solid solubility of zinc in magnesium throughout the 
temperature range of 150-250®0. Schmid and Seliger’s value of 8.4% for the solla 
solubility of zinc at the eutectic temperature is appreciably higher than the corre¬ 
sponding value of Schmidt and Hansen, but is .in good agreement with the 
value of Chadwick’s 8.2-13.3% range and is substantiated by unpublished data 
from the laboratories of The Dow Chemical Company which indicate that ap¬ 
proximately 8% of zinc Is soluble in magnesium at the eutectic temperature. 


The three most complete investigations of the magnesium-zinc system agree 
in most respects but differ chiefly in regard to the ability of the intermetallic 
compounds to form solid solutions. Chadwick“ in 1928 and Hume-Rothery and 
Rounsefell** in 1929 constructed constitutional diagrams based on thermal analysis 
and metallographic studies. The former reported solid solubility zones on both 
sides of the MgZna compound and on the zinc-rich side of the MgZns compoimd; 
while the latter concluded that neither compound entered into solid solution. 
Grube and Burkhardt” in 1929 determined the electrical conductivity and thermal 
expansion of these alloys and confirmed the existence of the solid solubilities re¬ 
ported by Chadwick, and in addition claimed that the compound MgZm form^ 
a solid solution with excess of magnesium. Both MgZn and MgZn« are fomed by 
peritectlc reactions and appear to undergo polymorphic transformations at some¬ 
what lower temperatures. 


Fig. 1 shows the constitution diagram of the ”>* 50681011 ^ 1 : 10 ^ altoys 
to Chadwick, modified to include the MgZn S 

and Rounsefell, the polymorphic transformation of this comi^und at 2TO . 

and the polymorphic transformation of the MgZn compound. 
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PHYSICAL CONSTANTS OP MAGNESIUM 


Mg 3101 


Physical Constants of Magnesium 


By Cyril S. Taylor* and Jnnins D, Edwards* 


Atomic Weight—Magnesium has the atomic number 12. Its atomic weight is 
24.32. The atomic volume is 14.0 cc. Magnesium has three isotopes; their mass num¬ 
bers in order of the intensities of the mass spectrum lines are 24, 25, and 26.^* * 
Crystal Form—Magnesium crystallizes with a hexagonal close packed lattice. 
The unit cell has the following dimensions* *; The side of the hexagonal base 
“A" = 3.2030 X 10-* cm., the height ot the hexagonal prism "C" = 5.2002 x 10-* cm. 
The axial ratio c/a == 1.6235. 


Density—The density at 20°C. of magnesium of varying purity and form is given 
in Table I. 


Table I 


Density of Magnesium 


Purity of 
Magnesium, % 

Density at 20*C. 

Form of Sample 

Authority 

99.99 

1.7388 

Extruded bar % in. in dla. 

(5) 

99.99 

1.7388 

Same as above, but annealed 3.5 hr. at 400*0. 

(5) 

99.95 

1.7381 

Extruded bar % in. In dla. 

(5) 

99.94 

1.7386 

Extruded bar % In. In dla. 

(5) 

99.90 

1.7381 

Extruded bar % in. In dla. 

(5) 

99.90 

1.737 

As cast 

(6) 


No change in density was observed as a result of annealing the purest metal for 
2.5 hr. at 400®C. The density of 99.99% magnesium at and above its melting point 
has been determined by Edwards and Taylor.* The values are given in Table II. 
The values given were taken from the complete density curve from 20-750*C. 

The values for density are numerically equal to the specifle gravity of the metal 
when referred to the weight of water at 4®C, Magnesium at 70®P. weighs approx¬ 
imately 108.5 lb. per cuit. (1.7388 X 62.428). In passing from the liquid to the splid 
state at ttie freezing point, there is a contraction in volume amounting to approx¬ 
imately 4.2%. 

Table H 

Density of Magnesium at and Above Its Melting Point* 99.99% Purity 


Temp., *C. 

Density, g. per cc. 

Remarks 


650 

1.642 

At melting point, solid (calculated) 


650 

1.572 

At melting point, liquid (extrapolated) 

673 

1.562 

Measured 


700 

1.544 

Interpolated 


Table ni 

Average Coefficients of Expansion of Magnesium* 


Temperature 
Range, *C. 

.-Average Coefficients of Expansion per *0.-. 

Cast Magnesium Extruded Magnesium Average 


X io-« 

X io-« 

X 10-* 

20-100 

26.1 

25.8 

26 0 

100-200 

27.8 

, 27.6 

27.7 

200-300 

29.7 

29.5 

29.6 

300-400 

31.6 

31.5 

31.5 

400-000 

33.5 

33.4 

33.4 

20-300 

37.0 

26.8 

26.9 

20-300 

38.0 

37.8 

37.9 

20-400 

38.0 

28.8 

28.8 

20-500 

39.9 

29.7 

29.8 


Compressibility—The compressibility of , magnesium or percentage change in 
volume with imit change in pressme of 1 megabar (0.987 atmospheres or 14.504 psl.) 
is approximately 2.9 x 10** at room temperature.'' 

*Altiiiilnum Research Laboratories. New Kensington, Pa. 
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Expansivity—According to measurements of the Bureau of Standards 
toy Hidnert the average thermal expansivity of cast and extruded 

^ by the following equation, for the temperature 
range 20-500 C., Lo is the original length and Lt the length at temperature, t: 

Lt = Lo [1 + (24.80t 4- 0.00961t*) 10-«] 

The average expansion coefficients for magnesium for a variety of tempera¬ 
ture ranges are given in Table III. 

Freezing Point—^The value adopted by the Bureau of Standards* for the freezing 
point of magnesium is 651°C. 

Specific Heat—The specific heat is defined as the quantity of heat necessary to 
raise 1 g. of a given substance through a temperature of 1®C. Specific heat varies 
with temperature, and is usually expressed as a mean or average value over a defi¬ 
nite range of temperature. The values for the mean specific heat of magnesiiun 
over several ranges of temperature are given in Table IV. 


Table IV 


Mean Specific Heat of Magnesium 

Temp., *C. 

Specific Heat 

Authority 

- 190 to -f 17 

0.2046 

Schlmpff “ 


0 2090 

Behn u 

—185 to + 20 

0.2220 

Nordmeyer and Bernoull “ 

— 79 to + 17 

0.2284 

Schlmpff 


0 2311 

Brunner “ 


0.2330 

Behn 

— 17 to + 100 

0.2495 

Brunner 


0 2460 

Voigt M 

ISO to 250 

0.258 

Awberry and Griffiths** 

250 to 350 

0 264 

Awberry and Griffiths 

350 to 450 

0 280 

Awberry and Griffiths 

450 to 550 

0 296 

Awberry and Griffiths 

550 to 625 

0 300 

Awberry and Griffiths 

650 to 750 (liquid) 

0 266 

Awberry and Griffiths 

Latent Heat of Fusion— 

■The latent heat of 

fusion of magnesium, or the heat 

absorbed in converting a unit weight of the metal from solid to liquid at its melt- 

Ing point without changing 

the temperature is 

46.5 g.-cal. per g. of metal (83.7 


B.t.u. per lb,).'* 

Boiling Point—According to Hartmann and Schneider,^* the boiling point of • 
magnesium is 1107°C. LeitgebeF has determined the boiling point to be 1097 ± 3®C. 

Vapor Pressure—Vapor pressure values for magnesium at various temperatures 
are given in Table V. Millar's values are estimated from a boiling point of 1120®O.; 
Hartmann-and Schneider’s values are based on experimental observations. 

Heat of Vaporization—The heat of vaporization of magnesium as determined 
toy Musceleanu^* is 1700 g.-cal. per g. of metal (3060 B.t.u. per lb.). Values calcu¬ 
lated by Richards,'* Johnston,Hildebrand,and Hartmann and Schneider," range 
from 1300-1500 g.-cal. per g. 

Critical Temperature—The critical temperature of magnesium, as calculated 
toy Hartmann and Schneider," is 1867®C. 

Table V 

Vapor Pressure of Magnesium 


Vapor Pressure 
Temp., *0. Mm of Mercury 


Authority 


25 

30d 

380 

651 

760 

800 

850 

900 

950 

1000 


1.7X 10-*» 
2.5 X 10-» 
1.1X10-* 
2 28 
12 . 

26. 

49. 

94. 

166. 

280 . 


Millar 

Millar 

Millar 

Millar 

Hartmann and Schneider 
Hartmann and Schneider 
Hartmann and Schneider 
Hartmann and Schneider 
Hartmann and Schneider 
Hartmann and Schn^der 
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Table VI 


Thermal Conductivity of Magnesium 


Temp., *0. 

—--- ' ■ 

Conductivity 

Authority 

0-100 

0.376 

Lorens** 

101-250 

0.35 

WlUiama ** 

18 

0.376 

Jones >« 

18 

0.34 

Archbutt ** 

18 

0.38 

Flusln,** Maybrey,*^ Quillet *• 


Thermal Conductivity—The thermal conductivity of magnesium is relatively 
high, being more than three times that of cast iron. The thermal conductivity of mag¬ 
nesium, or the amount of heat in gram-calories transmitted per second through a 
plate 1 cm. thick per sq. cm. of its surface when the difference of temperature 
between the two faces of the plate is VC^ is given in Table VI. 

Heat of Combustion—The heat of combustion of magnesium with oxygen was 
determined by Moose and Parr" and Franck and Hochwald" as 146,100 g.-cal. per 
mole (Mg + O = MgO), which is equivalent to 10,800 B.t.u. per lb. 

Optical Properties—The reflecting power of magnesium has been determined by 
Ooblentg” and by Hulburt." Magnesium sheet, freshly cleaned in dilute hydrochloric 
acid, had a reflecting power for visible light of 82%, according to recent unpublished 
measurements by C. S. Taylor, Table VH gives the reflecting power of magnesium at 
various wave lengths. 

Table VH 


Reflecting Power of Magnesium 


Wave Length 

H 0.001 Mm. 

Reflecting 

Power, % 

Authority 

0.18m 

10.0 

Rulburt *» 

0.20 

20.0 

Hulburt 

0.30 

36.0 

Hulburt 

0.38 

48.0 

Hulburt 

0.5 

72.0 

Coblentz »> 

0.6 

73.0 

Coblentz 

1.0 

74.0 

Coblentz 

1.4 

75.0 

Coblentz 

2.0 

77.0 

Coblentz 

2.5 

79.0 

Coblentz 

3.0 

80.5 

Coblentz 

4.0 

83.5 

Coblentz 

5.0 

86.0 

Coblentz 

6.0 

88.0 

Coblentz 

7.0 

9i:o 

Coblentz 

8.0 

93.0 

Coblentz 

9.0 

93.0 

Coblentz 


Electrical Resistivity, Conductivity—Some of the electrical properties of ex¬ 
truded magnesium rod are given in Table vni. Magnesium has a volume conduc¬ 
tivity equal to 38.6% of copper. The mass conductivity is 197.7% of copper. 

The constant mass temperature coefficients of resistance for magnesium are 
given in Table IX. 

Electrochemical Equivalent—The electrochemical equivalent for magnesium Is 
the niunber of g. deposited per sec. by a current of 1 ampere or the g. per coulomb. 
It is equal to the atomic weight 24.32 divided by the valence 2, and the constant 
96,500, or 0.12601 mg. per coulomb. In various units it is as follows: 

Electrochemical Equivalent of Magnesium 


Unit Value 


Mg. per coulomb. 0.12601 

Coulombs per mg. 7.0359 

O. per ampere-hr. 0.45364 

Pounds per 1,000 ampere-hr. . 1.0001 

Ampere-hr. per lb.....999.90 


Electrolytic Solution Potential—According to standard terminology, magnesium 
is electronegative to the elements which it replaces in solution; the magnesium 
going into solution in the form of positive ions leaves the metal negatively charged. 
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Table VIH 

Electrical Properties of Maarnesium Rod 


According to Taylor and Edwards 


Description 

Property 

Value 

Msgnesium (extruded) 99.99% 
Magnesium (extruded) 99.95% 
Magnesium (extruded) 99.90% 

Specifle resistivity at 20*C. 

Specific resistivity at 20*C.. 

Specific resistivity at 20*C. 

4.4611 X 10-« ohms/CEL* 
4.4699 X 10-*« ohms/cm.* 
4.4774 X 10 -« ohms/cm.* 

International annealed copper 
standard 

Magnesium (extruded) 99.99% 
Magnesium (extruded) 99.95% 
Magnesium (extruded) 99.90% 

Volume conductivity compared with copper 

Volume conductivity compared with copper 
Volume conductivity compared with copper 
Volume conductivity compared with copper 

100 % 

38 65% 

38.57% 

38.51% 

International annealed copper 
standard 

Magnesium (extruded) 99.99% 
Magnesium (extruded) 99.95% 
Magnesium (extruded) 99.90% 

Mass resistivity 

0.15328 Ohm (m.g.) 

Mass resistivity 

Mass resistivity 

Mass resistivity 

0.07753 ohm (m.g.) 
0.07768 ohm (m.g.) 
0.07780 ohm (m.g.) 

Aluminum, conductor grade 

Mass resistivity 

0.07640 ohm (m.g.) 

International annealed copper 
standard 

Magnesium (extruded) 99 99% 
Magnesium (extruded) 99.95% 
Magnesium (extruded) 99.90% 

Mass conductivity 

Mass conductivity 

Mass conductivity 

Mass conductivity 

100 % 

197.71% 

197.33% 

197.01% 

Aluminum, conductor grade 

Mass conductivity 

200.70% 


hence the characterization “electronegative”. The single potential of magnesium 
(the normal hydrogen electrode being taken as zero and a solution being employed 
in which the metal ion concentration is normal) is very difficult to measure exper¬ 
imentally, and the results are not reproducible. Latimer “ from thermal data, has 
calculated the single potential of magnesium to be: E* = —2.40 volts, a value 
which agrees fairly well with earlier calculated values. 

Thermoelectric Power—The thermoelectric power of a circuit of two metals is the 
electromotive force produced by VC, difference in temperature between the June- 


Table IX 

Constant Mass Temperature Coefficients of Resistance for Magnesium 
Smithsonian Physical Tables (1927) 


Temp., 'C. 

Temp. Coefficient 
of Resistance 


Authority 



20 

25 

100 

500 

600 

0.0040 

0.0050 

0.0045 

0.0036 

0.0100 


Bureau of Standards 
Somerville 
Somerville 
Somerville 
Somerville 


Table X 

Thermoelectric Power of Metals with Respect to Magnesium 

Calculated from Data In Smithsonian Physical Tables (In MlcroTOlts per *0.) 

Metal 



0*C. 

20*C 

00*C. 

Magnesium 
Iron. 

QiOld T 



0.00 

— 14 93 

— 0 58 

0.00 

— 14 17 

— 0.97 

0.00 

— 12.99 

— 1.55 

Cadmium.. 

Copper. 

_ ^ _ 

Aluminum. 



— 0.41 
*4* 0 88 

+ 2.22 

+ 2.98 
+ 14.10 

— 1.4S 
+ 0.51 
+ 2.03 
+ 2.71 
+ 14.98 

— a.w 

— 0.06 
+ 1.75 
+ 2.31 
+ 16.22 

Silver. 

Note: 

me current flows In the megneelum from the hot Junotlon to the cold when the eltn 


is potitlre. 
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Properties of Magnesium-Aluminum Alloys 
(Containing Small Amounts of Manganese) 

By R. T. Wood* 


*.1 General—At the present time, aluminum is the most important element em- 
pioyea to lom alloys of magnesium. Practically all of the commercial magnesium 
o in this country contain aluminum in amounts varying from 

3-13%. Inasmuch as practically all commercial alloys of magnesium with alumi¬ 
num contain small amounts of manganese, the data given in these pages applies 
alloys manganese rather than pure binary magnesium-aluminum 

The amount of manganese that can be retained in the alloys decreases with 
increasing aluminum content. Alloys with 4% aluminum usually contain about 
0.35% manganese, while those with 12% aluminum usually contain about 0.10% 
manganese. The chief purpose in adding the manganese is to enhance corrosion 
resistance. It has little effect on the mechanical properties, although it does 
increase the proportional limit and yield strength of wrought alloys. Metallo- 
graphically, the effect of the manganese constituent cannot be observed. 


Ld4 

/.SO 


1.P2 1 


4 0.32 


J.6 


o.e 


Because the solid solubility of alumi¬ 
num decreases from 12.1% at the eutectic 
temperature to about 2% at room tempera¬ 
ture, the magnesium-aluminum alloys are 
amenable to heat treatments involving solu¬ 
tion and precipitation of the compound’ 
MgsAh. From a practical standpoint heat 
treatment is most beneficial on alloys con¬ 
taining between 6% and 13% aluminum. 
All of the cast alloys in this range of com¬ 
position are benefited by solution treat¬ 
ment, while those containing from 8% to 
13% aluminum develop an appreciably 
greater hardness and a higher yield 
strength when the solution heat treat¬ 
ment is followed by a precipitation or aging 
treatment. From equilibrium data it might 
be expected that alloys containing from 
2 -6% aluminum would increase in hardness 
on aging at room temperature or at some 
elevated temperature in the range 200- 
300®P. However, such is not the case. An 

_ alloy containing 6% aluminum failed to 

2 4 6 e JO 12 /4J5 26 show any change in properties after a solu- 
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tion heat treatment and room temperature 
aging for six years. Artificial aging at 
elevated temperatures for times up to 48 
hours of alloys in the range 2-6% alumi¬ 
num has failed to cause any worthwhile 
change in properties although alloys con¬ 
taining more than about 3.5% aluminum 
show a precipitate when examined microscopically after such treatment. 


Fis. 1—Densities of magnesium-alumi¬ 
num alloys. Pig. 2—Effect of aluminum on 
magnesium on the thermal conductivity. 
Fig. 3—Electrical resistivity of magnesium- 
aluminum alloys. Fig. 4—Linear contraction 
of magnesium-aluminum casting alloy. 


The heat treatment of wrought magnesium-aluminum alloys is usually not 
beneficial unless more than about 9% aluminum is present, and in the range 
9-13% aluminum, the solution heat treatment must be followed by artificial aging 
or precipitation to bring about maximum increases in tensile strength, yield strength, 
and hardness, which increases are at the expense of ductility. The increase in 
mechanical properties over those of pure magnesium brought about by the addi¬ 
tion of aluminum and subjecting the alloys to a suitable heat treatment is remark¬ 
able. In the cast condition it is possible to triple the tensile strength, more than 
double the elongation, increase the yield strength seven times, triple the hardness 


*lletallurgi8t. American Magneeium Corp., Cleveland. 
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and more than double the endurance limit. In the wrought condition it is possible 
to double the tensile strength, triple the elongation, more than triple the yield 
strength, more than double the hardness and increase the endurance limit three 
and a half times. As th^ aluminum content of magnesium-aluminum alloys Is 
increased above 5% in either the cast or wrought condition, they become less ductile 
until those with more than 13% aluminum are considered too brittle to use for 
structural purposes. When the aluminum content is Increased to 30%, the alloy 
resembles glass in cftiaracter. 


Density—When aluminum is added to the maximum amount compatible with 
alloys of commercial usefulness (13%), the increase in density over that of pure 
magnesium is only about 6%. The densities of alloys in the commercially useful 
range are shown in Fig. 1. 

Thermal Conductivity and 
Electrical Resistivity — The 
thermal conductivity of pure 
magnesium in the range 100- 
250^C.* has been given as 0.35 in 
cgs. units. A more recent de¬ 
termination* in the range 100- 
300°C. gives the value of 0.38 
cgs. units. The addition of 
aluminum to magnesium pro¬ 
gressively reduces the thermal 
conductivity in the manner 
shown in I^g. 2 until the 12% 
aluminum alloy has a thermal 
conductivity of only 0.16 cgs. 
units. 



As would be expected in a 
series of alloys forming an ap¬ 
preciable range of solid solu¬ 
tions, the electrical resistivity 
of magnesium-aluminum alloys 
increases with increasing alumi¬ 
num content. This relation for 
cast alloys and for cast alloys 
with all the aluminum in solu¬ 
tion is shown in Fig. 3. A so¬ 
lution heat treatment causes a 
noticeable increase In resistiv¬ 
ity especially in alloys contain¬ 
ing 8-13% aluminum,* 

Thermal Expansion — The 
coelficient of thermal expansion 
of pure magnesium in the range 
O-IOO^C. is 0.0000259* and this 
figure is not altered appreciably 
by the addition of aluminum in 
amoimts up to 12%. There is 
some indication that the ther¬ 
mal expansion of wrought al¬ 
loys is less than that of cast 
alloys. The value of the mean 
coefficient of expansion is apparently affected more by the temperature range se¬ 
lected for measurement than by the amount of aluminum present in the alloy. 
According to Scheel,* the mean coefficient of linear expansion for magnesium, and 
hence the magnesium-aluminum alloys, from 0*^0. to any temperature t may be 
obtained from the following equation: 

a = (25.07 + 0.00936 t)10-* 

and the total length L at any temperature t may be expressed by the fimctlon: 

It = L [14'(25,07 t -f 0.00936 t*)10-*] 

Growth—In common with several other alloy systems wherein the solid solu- 


Ftg. 6—Tensile strength of sand cast magnesium>aluml> 
num alloy. Fig. 6—Same as Fig. 5, but after solution heat 
treatment. Fig.^ 7—Mechanical properties of extruded 
metal. 
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bility of the solute element decreases with temperature, the magnesium-aluminum 
alloys exhibit, under certain conditions, the phenomenon termed “growth”. Alloys 
quenched from a high temperature solution heat treatment have a slightly higher 
density than the same alloys in equilibrium at room temperature. The magnitude 
of this aifference is small under all conditions, but is greater the higher degree of 
supersaturation. This change in density is not noticeable or important until the 
alloys contain more than 8% aluminum in solid solution. Thus with ordinary sand 
castings the rate of cooling is such that for all practical purposes and especially 
for uses at room temperature, no changes in density can be detected. 

However, in chill cast alloys and alloys containing 10-13% aluminum quenched 
from high temperatures, the change in density that may take place in service, 
especially service involving elevated temperatures of 300®P. or above, is noticeable 
and can be measured. Probably the greatest change in density is exhibited by 
the 12% aluminum alloy quenched from the solution heat treating temperature. 
Changes in density in this alloy have been estimated by measuring the linear 
change in dimensions accompanying reheating to elevated temperatures. This 
change in dimension has been termed “growth” or “permanent growth”.* The 
total unit^ growth of the quenched 12% aluminum alloy amounts to about 0.00074 
in. per inch. Equilibrium is practically established by heating for 50 hr. at 440®P. 
In the chill cast 12% aluminum alloy the total unit growth is about 0.00043 in. per 
inch and in this case also, equilibrium is practically established by heating for 
50 hr. at 440°F. In both cases, 30 hr. at 440®P. will bring about 85% of the total 
growth. There have been a few instances reported of growth in service of the 
solution heat treated 10% aluminum alloy but several years* experience indicates 
that for all ordinary conditions of service including use in aircraft motors, the 
amount of growth exhibited by the 10% aluminum alloy is unimportant. 

Casting Characteristics—The magnesium-aluminum alloys have the best foundry 
or casting characteristics of any of the present well-known binary magnesium 
alloys with the possible exception of the magnesium alloys with copper. While the 
fluidity and freedom from shrinkage difficulties and hot shortness of the magnesium- 
aluminum alloys may not be any greater than that of the magnesium-copper 
alloys, their superior mechanical properties and resistance to corrosion and their 
amenability to heat treatment make the magnesium-aluminum alloys by far the 
most important series of alloys from the founders* viewpoint. The properties of 
an alloy that determine its suitability for foundry use are fluidity, solidification 
shrinkage, linear contraction from solidification temperature to room tempierature, 
and hot shortness. The fluidity of magnesium-aluminum alloys at casting tem¬ 
perature increases with increasing aluminum content. Although the fluidity of 
the best magnesium-aluminum alloy does not equal that of many aluminum-base 
casting alloys, it is adequate for most purposes. Tests have shown that under 
practical foundry conditions and when the metal is poured into green sand molds, 
a pouring temperature of about 790°C. is conducive to maximum fluidity. The 
total shrinkage from the molten state increases with the aluminum content up to 
about 7 or 8% aluminum and then decreases slowly. This increase in shrinkage is 
offset, so far as founding characteristics are concerned, by a decreasing tendency 
to “pipe” as the amount of aluminum in the alloy is increased. One of the 
most important properties of alloys intended for foundry use is the linear con¬ 
traction after solidification, as this property determines the pattern shrinkage that 
must be allowed and also has considerable influence on cracking. Fig. 4, according 
to Bastien,* shows the variation in linear contraction with concentration of alumi¬ 
num of alloys cast in sand molds. Basticn found the linear contraction for alloys 
cast in chill molds to be somewhat less. The pattern shrinkage allowance on pat¬ 
terns built especially for use with the present commercial magnesium base casting 
alloys should be H in., but. for most castings, patterns made for aluminum alloys with 
a pattern shrinkage of in. will be found to be quite satisfactory. 

The other factor which, together with linear contraction, exerts a determining 
influence on the tendency of an alloy to crack when poured into a mold of com¬ 
plicated design is the property known as hot shortness. The hot shortness of 
magnesium-aluminum alloys increases with increasing aluminum content. In this 
series of alloys the tendency to crack because of stresses set up by contraction 
decreases as the aluminum cgntent approaches 11% and then increases slightly 
while the tendency to crack because of low intergranular cohesion at elevated tern- 
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peratures increases steadily with increasing aluminum content. These two factors 
tend to counterbalance each other in alloys containing less than 11% aluminum, and 
hence it would be expected that at some composition under 11% aluminum, the 
tendency to crack would be at its minimum. Foundry experience indicates that 
this point lies within the range 8-11% aluminum. 

Mechanical Properties—In the cast condition the addition of aluminum to mag¬ 
nesium brings about a marked change in all of the mechanical properties. Heat 
treating the alloys produces an even greater change. The variations in mechan¬ 
ical properties of magnesium-aluminum alloys with aluminum content in both the 
cast condition and after a solution heat treatment are shown in Fig. 5 and 6. 
Still other combinations of mechanical properties may be obtained by the artificial 
aging of heat treated alloys containing more than about 8% aluminum. The endur¬ 
ance limit of magnesium-aluminum alloys increases with increasing amounts of 
aluminum up to at least 10% aluminum. A solution heat treatment increases the 
endurance limit while artificial aging following the solution heat treatment reduces 
the endurance limit so that it approaches that of the as cast alloy. The endurance 
limit of a sand cast alloy containing 10% aluminum and given a solution heat treat¬ 
ment is about 11,000 psi. (500,000,000 reversals). The shear strength and com¬ 
pressive strength increase rapidly as the aluminum content is increased from 0-4%, 
but from 4% aluminum to about 10% aluminum the rate of improvement in these 
properties is reduced and, as the aluminum content is increased over 10%, the com¬ 
pressive strength and shear strength tend to drop somewhat. An average figure 
for Young’s Modulus of Elasticity for magnesium-aluminum alloys containing up to 
13% aliuninum is 6,500,000 psi. 

Working Characteristics—In common with other magnesium base alloys, the 
magnesium-aluminum alloys have poor cold working characteristics and hence all 
wrought products are produced by some hot working process. A certain amount 
of bending and forming may be done cold, and sheet and wire may be reduced by 
cold working interspersed with frequent annealing. Magnesium-aluminum alloys 
containing up to at least 20% aluminum may be extruded. The hot rolling char¬ 
acteristics of alloys containing more than about 8% aluminum are unsatisfactory, 
and in this country rolled magnesium alloy sheet usually does not contain more 
than 5% aluminum. The hammer forging characteristics of magnesium-aluminum 
alloys are poor but alloys containing up to about 10% aluminum may be worked 
comparatively readily on hydraulic or steam presses. Under carefully controlled 
conditions it is possible to hammer forge these alloys containing up to about 4% 
aluminiun. 

Magnesiiun-aluminum alloys are most readily fabricated by the extrusion 
process and it is by this process that the most favorable mechanical properties are 
obtained. Heat treatment of wrought magnesium-aluminum alloys is usually not 
beneficial although it is possible to increase the yield strength and hardness of 
wrought alloys containing from 9-11% aluminum by suitable treatment. 

Mechanical Properties—The mechanical properties of extruded magnesium- 
aluminum alloys are shown in Fig. 7. The endurance limit of the wrought alloys 
increases with increasing aluminum content up to about 8 or 8.5%, after which 
it remains about the same or drops off slightly as the aluminum content is increased 
to 10%. The endurance limit of wrought alloys containing more than 10% aluminum 
has not been investigated. The endurance limit of thoroughly worked extruded 
material containing about 8% aluminum is about 16,000 psi. (500,000,000 reversals). 

Corrosion Resistance—Magnesium-aluminum alloys containing the usual amounts 
of manganese are perfectly stable imder ordinairy conditions but are not suitable for 
use in direct contact with salt water. In seaboard atmospheres they should be 
protected with paint. These alloys are not subject to intergranular corrosion and, 
although attacked by nearly all acids and salt solutions they are resistant to alkalies 
and fluorides. In general, the resistance of magnesium-aluminum alloys to salt 
spray corrosion increases with the amount of ALMgt constituent in the microstruc- 
tiure. Heat treatment to bring about solution of this constituent reduces the cor¬ 
rosion resistance to salt spray. Aging supersaturated solid solutions to cause pre¬ 
cipitation of AlsMgt increases the corrosion resistance in proportion to the amount 
of precipitate. In order to Increase their corrosion resistance, most magnesium 
alloys are dipped in a bath containing nitric acid and sodium dichromate which 
produces a surface that will resist tarnish for long periods and to which paint will 
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adhere. The use of inhlbitlve primers is very desirable and those pigmented with 
100% zinc chromate have been found most effective. Synthetic resin enamels have 
been found to be the most satisfactory for the finish coats. 
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Properties of Maguesium Casting Alloys 

4 By John A. Gann* 

General—Substantially all magnesium alloy castings are now produced from the 
Mg-Al-Mn or the Mg-Al-Mn-Zn alloys. (Die castings are generally made from a 
Mg*Al-Mn-Sl alloy.) Aluminum is the chief added ingredient as it is more effective 
than any other element in improving the properties and casting characteristics of 
magnesium. Zinc is added in smaller amounts. It improves both the salt water 
corrosion resistance and the properties of the alloys, particularly in the heat treated 
condition. Manganese is present in all of these alloys in amounts ranging from 
0.1-0.4%. that is, in amounts approximating the solubility of manganese in the 
liquid alloy. Manganese has little or no effect on the physical properties, but 
materially improves the corrosion resistance. The best combinations of properties 
are obtained with alloys containing 8-12% of aluminum, or of aluminum plus 
zinc. Alloys with less than 8% of added metal have relatively poor casting prop¬ 
erties and low yield strength and hardness, while alloys containing more than 
12% of added metal are too brittle for most purposes. The percentage of zinc 
must be kept relatively low in order to avoid hot shortness, particularly during heat 
treatment. Since copper and nickel have a deleterious effect on the corrosion 
resistance, all metal handling operations, particularly remelting, must be carefully 
controlled so as to keep these impurities at a minimum. The maximum quantities 
permitted by A.S.T.M. Specifications are 0.05% of copper and 0.03% of nickel. 

The Mg-Al-Mn-Zn alloys are being widely adopted in this country now that 
they can be successfully heat treated. They bid fair to replace the older Mg-Al-Mn 
alloys because they offer better combinations of mechanical properties and improved 
corrosion resistance. The most widely used member of this series has a nominal 
composition of 6% Al. 0.2% Mn. 3% Zn. and balance Mg. 

Nomenclature—^The trade designation and society nomenclature of these alloys 
are given in Table I. 

Heat Treatment—All of these magnesium casting alloys are amenable to heat 
treatment. Solution heat treatment increases the tensile strength, elongation, and 
impact toughness; while subsequent precipitation heat treatment, or aging, increases 
the yield strength and hardness at the sacrifice of the elongation and toughness. 
Properties intermediate between those obtained by solution heat treatment and 
those obtained by aging can be produced by a short time or partial precipitation 
heat treatment. This partial aging is not used extensively, however, because of 
practical difficulties encountered with furnace charges consisting of various sized 
castings with both thick and thin sections. 

Properties—Average physical and mechanical properties of the.se alloys In the 
as-cast state and in the heat treated conditions most generally used are given in 
Table II. 

Casting Characteristics—All of these magnesium alloys have good casting char¬ 
acteristics. although the technique employed differs somewhat from that used with 
other metals, particularly in the piotective measures used in the melting and casting 
operations. Increa.sing the percentage of aluminum or of aluminum plus zinc tends 
to improve the fluidity. The low specific gravity of all magnesium alloys necessi¬ 
tates the use of generous runners and gates in order to Insure proper feeding, and 
large risers to counteract shrinkage cracking. Pattern design calls for a shrinkage 
factor of A in. per ft. on castings of moderate size, or % in. per ft. on large castings 
and in those cases where normal shrinkage is hindered by bosses or internal cores. 
Generous fillets should be used where thin sections-Join heavy sections and where 
the gates join the casting. 

General Characteristics and Uses—^Magnesium alloy castings are used chiefly in 
those in(f.ustrles where lightness and high strength-weight ratios are essential. They 
weigh two thirds as much as aluminum and approximately one fourth as much as 
Iron; whereas their strengtli is comparable to that of aluminum alloys and varies 
from the same to approximately one half the corresponding values for cast ferrous 
metals, depending on the properties considered and the composition of the ferrous 
product. 

*The Dow Chemical Co.. Midland, Mich. 
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Excellent macninabillty is another valuable characteristic of magnesium alloys. 
They can be machined at higher tool speeds and with deeper cuts than is possible 
with other metals. Where machining costs constitute a large percentage of the 
total cost of the finished part, magnesium alloy castings often become strictly 
competitive with those produced from basically cheaper metals. 

The aircraft Industry is the largest consumer of magnesium alloy castings. 
The important applications include motor castings, starting equipment, instrument 
housings, landing wheels, and miscellaneous structural supports and brackets. The 
portable tool industry is using increasing amounts of sand castings for handles, 
motor cases, and gear housings in both electric and pneumatic drills and sanders. 
Magnesium castings are likewise used in the reciprocating and rapidly moving parts 
of textile, packaging, and conveying machinery or equipment as well as in fans, 
blowers, and rotors. Safety device equipment includes tongs, saw guards, and 
safety blocks for forming presses, and die cast goggle frames. Foundry uses 
include flasks, pattern plates, core boxes, and Jigs. Die castings are finding many 
applications in office equipment and household appliances. Magnesium alloy castings 
are being used successfully in those industries where a saving in weight results in 
a more economical operation of the equipment or in a saving of human fatigue. 
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Poli§hing of Magnesium Alloys for Metallographic Examination 


By R. W. James* 


General—Metallographic preparation of the magnesium-base alloys requires a 
polishing technique quite different from that ordinarily employed on the harder 
ferrous and nonferrous alloys. Susceptibility to surface flow and scratching, and the 
tendency of abrasive particles to imbed in the matrix are characteristics of mag¬ 
nesium alloys that must be obviated as completely as practicable by a careful 
preparation of the samples. The procedure suggested develops a surface suitable for 
the production of high magnification (500 diameters, or more) photomicrographs. 

There are several methods for mounting specimens that cannot be conveniently 
polished by holding in the fingers. One method is to place the sample face down on 
a glass plate, surround it with a ring cut from aluminum tubing of proper diameter, 
and fill the ring with molten sulphur, dental cement, or sealing wax. Moimting 
materials that may induce galvanic action during polishing or etching must be 
avoided. This mounting method provides sufficient edge-support for the specimen 
to materially facilitate the high magnification examination of edge effects such as 
corrosion, surface imperfections, fractures, or artificial coatings. 

If the equipment Is available, the metallurgical moimting press offers the most 
satisfactory method of preparing mounted specimens. A variety of mounting media. 
Including Bakelite, Vinylite, Tenite, and Leucite, are commercially obtainable in a 
wide range of hardnesses and transparency. The mounting press method, by virtue 
of the heat and pressure employed, assures a more intimate contact between the 
specimen and the supporting medium, produces a mounting that will not chip off 
and foul the wheel and, by the proper selection of mounting media, results in a 
specimen mounting that permits maximum definition on a flat field. 

A satisfactory method of preparing thin specimens for examination in cross 
section or inspection of surface films is to bolt a number of flat pip' es together, 
using heavier retainer plates having about the same polishing characteristics as the 
specimens next to the bolt head and the nut. 

The rough preparation of the specimens for polishing and the subsequent fin¬ 
ishing operations are identical in all cases, irrespective of the mounting method. 


Preparation for Microscopic Examination—The metallographic sample is re¬ 
moved from the article in question with a hand hack saw or by any other suitable 
method. Saw marks or other roughness on the face to be polished are removed 
with a ‘‘regular cut” file. The surface may be further improved by holding the 
specimen in the hand and drawing it several times over a ‘‘second cut” file held 
motionless on the bench by the other hand. This tends to eliminate the slight 
curvature that results from moving the file over the rigidly-held specimen. During 
the rough preparation of a sample, care should be exercised not to clamp the piece 
too tightly in the vise or subject it to unnecessary impacts that may produce 
mechanical twinning and subsequently lend confusion to the interpretation of the 

Aft^^^the^’pieces are filed smooth, they are rubbed successively on No. 1, 00, 
and 0000 emery papers, the specimen being rotated 90® in passing to each finer 
abrasive to remove the scratches from the 

allovs have little tendency to foul the papers but, should this difficulty be en- 
ciuntered, a small amount of kerosene poured on the paper 

particles promote a cleaner cutting action, produce a smother specimen, and add 
appreciably to the life of the abrasive paper. The use of kerosene vyill also hold 
S the mSneslum dust which may become objectionable if a large amount of 

grlndiiw J^j^r®‘jJ,^e°“avallable, and the blade Is in good condition, rough-s^ed 
metallographic specimens of magnesium alloys may be cut down to a Pla^ surface 
Swe fOT takfng immediately to the fine polishing wheels without the Inter- 

a™“?S^en "STh^Vo^^^^^ paper, or the microtome, to a wheel 
Samples ^ mmiitv broadcloth In the first operation on this wheel, a dry 
afesSSiS sprinkled on the cloth and worked into 

ab^lve ^no^ addition of water and manipulation with the finger tips. The 
a thin pMte by the additira of wate^na ^ specimen appUed to It until the 

SSh?s?emaSSg ?r^m the previous operaOon are Just barely removed. Too much 


•Aluminum Research Laboratories, Cleveland 
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pressure or excessive time in any of the finishing steps on the cloth wheels will 
cause the harder constituents (principally Mn and Mg|Sl) to stand out in undesir¬ 
able relief. When the^ scratches have been removed, the cloth is washed free of 
abrasive and a good lather is worked up by holding a piece of soap against the 
rotating wheel. The speed is decreased to 300 r.pm. and the specimen, held lightly 
against the cloth, is slowly rotated counter to the directional motion of the wheel. 
In this operation a high reflectivity should be developed by the removal or “washing 
out*' of abrasive (alundum) particles embedded in the magnesiiun matrix. It is 
imperative that a high purity soap be used to prevent corrosive attack on the 
specimen. Ivory soap has been found quite satisfactory. 

The final polishing wheel is covered with a high quality silk-velvet, closely 
woven, with an even warp and woof containing no coarse threads, and with short 
but full-bodied nap. The polishing compound should be a good grade of powdered 
magnesium oxide reagent. U.SP. heavy magnesium oxide has been found superior 
to other grades. In the last operations, distilled water must be used exclusively, 
as the average tap water will not only enhance the formation of hard carbonate 
particles but will cause the specimen to “fog up” when it is finally removed from 
the wheel. A small amount of the oxide is placed on the velvet cloth with some 
distilled water and worked into the nap with the fingers. With the wheel revolving 
at about 150 r.p.m., the specimen should be held with considerable pressure on the 
cloth and slowly rotated several times counter to the motion of the wheel. The 
wheel is then slowed to about 100 r.p.m. and the pressure on the specimen 
decidedly decreased. Rotating the specimen slowly and under light pressure against 
the motion of the wheel for about one or two minutes should complete the final 
polishing. The wheel is then flooded with distilled water to wash the remaining 
polishing compound from the cloth and from the specimen and the pressure on the 
specimen is slightly increased for several seconds to complete the cleaning. The 
piece should then be quickly plunged into hot distilled water, immediately removed, 
and dried by sharply blowing on it. This method of drying has been found superior 
to rinsing in alcohol and drying in a warm air blast. 

Magnesium oxide is preferred as the polishing medium on the velvet wheel 
because it is easily obtainable in a texture and quality that permits its direct use 
in the powdered form and eliminates the time consuming levigations or other 
refining and grading practices ordinarily required by other fine polishing abrasives. 
The objection to magnesium oxide lies in its tendency, under some conditions, to 
form hard particles of the carbonate. This tendency can be mitigated by keeping 
the powder dry until it is applied to the wheel, or by adding 50% glycerine to the 
distilled water used on the wheel. In the event that the cloth holding some 
magnesia is not used for a period of time and a few carbonate particles form, they 
may be effectively removed by boiling the cloth for several minutes m a 2% 
solution of hydrochloric acid, which will not affect the cloth. 

After the polishing has been completed and the specimen blown dry. It Is 
ready for examination under the microscope or for etching, as the case may be. 
Examination prior to etching is recommended when looking for cracks, porosity or 
other defects of a mechanical nature. 
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Etching of Magnesium Alloys for Metallographic Examination 

By R. W. James^ 

General-Magnesium metallographic samples are usually etched to remove «ur- 
face flow and reveal the true microstructure. Etching also outlines, attacks or colors 
the constituents in such manners as to aid in th^ir identiflcation. 

Etching Reagents—A number of etching solutions have been recommended by 
various investigators who have worked with magnesliun alloys. Many of the 
reagents and their specific applications have been reviewed in papers by Gann* and 
by Pulsifer=. At present practically all metallographic etching in these laboratories 
is done with a preparation known as the “glycol etch/' Its composition is as foUows: 


Diethylene glycol. 75% by volume 

Distilled water . 24% *' “ 

Concentrated nitric acid. 1% “ 


The glycol etch permits a positive identification and separation of the constituents 
without severely attacking either the constituents or the matrix. 

Some workers with magnesium prefer organic acid etches for grain boundary 
delineation in wrought alloys. Two of the suggested compositions are as follows: 


For wrought magnesium-mangane.se alloys For wrought magnesium-aluminum alloys 


5 g. citric acid 5 g. malic acid (Inactive) 

95 cc. distilled water 2 cc. nitric acid (cone.) 

93 cc. ethyl alcohol 


Etching Procedure— Pour a small quantity of the glycol solution into a beaker 
cover (watch glass). Holding the specimen upside down, either with the fingers 
or with tongs, immerse the polished face with a sliding motion. Do not drop it 
vertically into the solution. Do not allow the specimen to scrape the bottom of 
the beaker cover. After the surface is thoroughly wetted by moving the specimen 
back and forth sevepal times, remove the specimen, turn it over, and blow lightly 
on the polished face to remove any gas bubbles that may form. An etching time 
of from 10-15 sec. is recommended for the average sample. Frequently the etching 
time can be correctly determined by watching the action on the specimen. As 
mu^ W30 may be required to reveal completely the ^ain structure or coi^ 
effects in some specimens. When the desired action has taken place toe balance 
of the etchant Is removed by plungim toe 

water, or preferably, Into a beaker of boiling distilled water. It is then dried by 
blowing sharply on the polished face. 

It is suggested that the organic acid etchants, for gram^ui^a^ S 

wrought alloys be applied by swabbing the specimen with absOTbent cotton to 
meS tKtehlng product from depositing on the sample and 
microstructure Samples etched with the citric acid solution may be “ 

SscribS Sove. T^e etched with the maUc acid solution should be rinsed In 
warm water. Immersed in acetone and dried In a warm air blast. 

«f ronstituents— It Is recommended that an Eastman No. 78A 
filter or its equivalent be used on the microscope to convert the light to approxi¬ 
mately davllght quality. The filter should be used with all arc and fllamrat typra 
Tught soSc? TOe blue thit obtained aids materially in toe separation and identi¬ 
fication of toe -g-clai magnesium alloys contain aluminum as toe 

Atemlnum-AlmMt aU ®^^®'““eTluk-al^num phase (the composition of 
prtoclpal alloying to fte Sary condition occurs as a massive white 

*Aluminum Research Laboratories, Cleveland. 
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similar in its appearance to pearlite of the iron-carbon system. A typical mani¬ 
festation of the precipitate is shown in Pig. 1 and 4. 

Etnc—The magnesiuiif-zinc phase is similar in appearance and etching charac¬ 
teristics to the magnesium-aluminum phase. Practically all zinc-bearing commer¬ 
cial alloys also contain aluminum. In these alloys the aluminum and zinc combine 
with the magnesium to form a ternary magnesium-aluminum-zinc phase having 
essentially the same microscopic appearance as the binary magnesium-alumlnum- 
and magnesium-ztnc phases. Hence in commercial alloys the magnesium-aluminum- 
zinc complex will appear as the massive white constituent illustrated in Pig. 2. The 
micrograph also shows the lamellar precipitated phase of the ternary complex. 

Manganese-—AXi commercial magnesium alloys contain some manganese. The 
manganese constituent is generally spheroidal, has a pronounced relief and pos¬ 
sesses a slate gray color. It is practically unaffected by the glycol etch, but is 
easily recognized because of its characteristic occurrence. Typical particles of this 
constituent are shown in Pig. 3. 

Silicon—Silicon combines with 
magnesium to form magnesium sili- 
cide to the extent of the available 
silicon. If the silicon content is 
fairly high (1.0%) the compound 
usually develops the characteristic 
“Chinese script” formation illus¬ 
trated in Pig. 4. With lower siljcon 
concentrations the compound may 
occur as massive particles. The 
magnesium silicide is readily rec¬ 
ognized by a powder blue to irides¬ 
cent blue-green coloration which 
seems to be intensified somewhat 
by the glycol etch. 

Tin—If the tin concentration is 
fairly high (6%) the magnesium- 
tin intermediate phase appears as 
shown in Fig. 5. It is colored either 
tan to brown or a dark blue by the 
glycol etch, the type of coloration 
depending on the length of time 
the specimen is etched. The etch 
clearly reveals coring effects in the 
as-cast alloy. If the tin concentra¬ 
tion is lower than 6% and if alumi¬ 
num is present the microstructure 
appears as illustrated in Fig. 6. The 
light colored constituent is the 
magnesium-aluminum phase. The 
dark particle is the magnesium-tin 
phase which possesses the etching 
characteristics described above. If 
the phase is massive there may be 
some color gradation in the indi¬ 
vidual particles. 

Cadmium^At present there Is 
only one domestic magnesium alloy 
containing cadmium. Under nor¬ 
mal casting conditions the 3.5% 
cadmium in this alloy is retained entirely in solid solution, hence is not visible in 
the microstructure. 

Conclusion—The micrographs represent the constituents and phases as they 
occur In as-cast alloys. The microstructures of some magnesium alloys will, of 
course, be considerably altered by thermal treatments but the etching characteris¬ 
tics of the constituents remaining in the microstructure will not be affected. Hot 
and cold working operations on magnesium and its alloys produce microstructural 
changes similar to those produced in other metals by comparable treatments. 
Mechanical working may refine the structmes but will not obscure the identity of 
the constituents. 



Pig. 1—Magnesium-aluminum constituent in alloy 
containing 10% aluminum 
Pig. 2—Magneslum-alumlnum-zinc constituent In 
alloy containing 6% aluminum, 3% zinc. 

Pig. 3—Manganese constituent in alloy containing 
1.3% manganese. 

Pig. 4—Magnesium silicide in alloy containing 10% 
aluminum, 1% silicon. 

Pig. 5—Magnesium-tin constituent in alloy contain¬ 
ing 6% tin. 

Fig. 6—Magnesium-tin and magnesium-aluminum 
constituents in alloy containing 3.5% aluminum. 
5% tin. . 

(Original magnification 500 diameters in all cases) 
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Magnesium Alloy Die Castings 

By W* H. Gross* 

/ i 

Introduotioih—The advantages of magnesium alloy die castings are light weight, 
good mechanical properties, and excellent casting characteristics. Portable tools, 
^rpewriters, cameras, optical instruments, vacuum cleaners, goggles, motor rotors 
and parts, conveyors, recording Instruments, and paint spraying equipment are a 
few of the applications. 

The **well and plunger** type die casting machine is generally used. With this 
machine it is possible to obtain pressures of 5,000 psl., or even higher, resulting in 
castings of good strength and soundness. 

Design—In many cases, dies designed for aluminum may be used for the pro¬ 
duction of magnesium alloy die castings, needing only to be adapted to the die 
casting machine. It is often desirable, however, to round off sharp corners and to 
increase fillets where these were too small in the original design. 

The size of magnesium alloy die castings appears to be limited only by the 
size of the die casting equipment. At the present time, castings weighing 3 lb. and 
having a projected area of 200 sq. in. are in regular production. A conveyor part 
approximately 74 in. long has been die cast from magnesium alloy. 

In general, the following tolerance limits apply. Closer tolerances may be pos¬ 
sible in certain cases, depending upon the die design and the requirements of the 
user. 


Variation from drawing dimension per in. length of solid die. 0.0015 in. 

Minimum tolerance limit within solid die. +0.003 in. 

Minimum tolerance limit across parting line of die. +0.005 in. 

Minimum wall thickness of casting. 0.05p in. 


Thicknesses greater than the 0.050 in. minimum above should not be less than 
A/1000 where A is the surface area in sq. in. 


Minimum diameter of cored holes. 0.063 in. 

Maximum depth of cored holes.... 8 times diameter of hole 

Draft of side walls per in. of length. 0.010 in. 

(Holes V4 in. or less in diameter and less than in. in depth will require no draft.) 


Alloys—Special alloys are used where certain property requirements or casting 
characteristics, not obtainable in the standard alloys, are desired. Table I gives the 
composition and mechanical properties of the magnesium alloys in regular use. 


Table I 

Mechanical Properties, Composition, and Characteristics of Magnesium 
Die Casting Alloys 


A1 

-Composition, %— 

Mg. Balance 

Mn 81 

Zn 

Tensile 

Strength. 

psi. 

Yield 

Strength, 

psl. 

Elong. 
in 2 

In., % 

Brinell 

Hard¬ 

ness 

Impact 

Izod, 

Pt-Lb. 

10.0 

0.13 

0.5 


30,000 

23,000 

1 

62 

1 

9.0 

0.13 

0.3 

max. 

o'.e 

33,000 

21,000 

3 

60 

3 

8.0 

0.15 

0.8 

,, 

32,000 

20,000 

3 

60 

3 

6.0 

0.3 

0.3 

.. 

27,000 

17,000 

4 

60 

3 


Yield strength is defined as the stress at which the stress-strain curve deviates 0.2% from the 
modulus line. 

Mechanical properties are obtained on standard A.S.T.M. die cast specimens. 


Machining—Silicon carbide bakelite process discs have been found excellent 
where grinding is indicated since they cut well and do not load up. When finer 
grinding is required, Instructions are given below under polishing and buffing. 

One advantage of the die casting process is the ability to cast parts to relatively 
close dimensions, hence little machining is ordinarily required on die castings. When 
machining operations of any nature are necessary, complete instructions can be 
found in the article **Machining Magnesium,*' page 1601. 

Finishing—Polishing and Buffing-Magnesium alloy die castings can be readily 
polished and buffed by the follow!^ procedures; 


*Th 0 Dow Chemical Company. Midland. Mich. 
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Operation 

No. 

Name 

Abrasive 

Wheel 

Wheel 

Diameter, 

In. 

R.p.m. 

1 

2 

3 

Polishing 

Buffing 

Coloring 

No. 160 Emery 

No. 67 Tripoli 

Dry lime (Vienna) or 
No. 3 Crocus 

Glued felt, grease stick 
or dry 

Unbleached sewed mus¬ 
lin bulTs. 64-68 count 
Unbleached loose mus¬ 
lin bulls 

10-14 

10-14 

10-14 

1800-2000 

2000-2400 

2400-2700 


Cleaning—After polishing or bufOng and before further operations, magnesium 
alloy die castings should be cleaned according to the instructions given in the 
article, “Corrosion, Surface Treatment and Protection of Magnesium Alloys,” on 
page 1611. 

Chemical Treatment— Magnesium alloy die castings can be chemically treated 
to produce attractively colored decorative finishes or to provide a base for paint. 

Colored finishes are produced on magnesium alloy die castings by treating the 
casting in a dilute solution of sodium hydroxide containing an organic dye. This 
operation is carried out in an autoclave at a temperature of approximately 390**?., 
which is obtained at a pressure of about 225 psi. By this process a great variety 
of durable colored finishes are obtainable. The luster of the finish is dependent 
upon the luster of the original casting. Sandblasting provides the only satisfactory 
surface for colored castings. If protection and not appearance is of prime importance, 
any mechanical cleaning will sufiice. 

The chrome-alum treatment provides magnesium alloy die castings with a 
black decorative finish, which also can be used as a base for paint for outdoor 
service. This treatment is applied by immersing the cleaned parts in a boiling 
solution of the following composition, until a black coating is obtained, usually about 
10 min.: 


Pot&ssium chrome-alum (KsOraCSOilA . 24HaO). 4.0 0 *. 

Sodium dlchromate (NasCraOr. 2 H 2 O). 13.3 OE. 

Water . to make 1.0 gal. 


Upon removal from the bath the parts should be rinsed thoroughly in fresh 
water followed by a hot water rinse to facilitate drying. 

Properly applied coatings are smooth black and adherent, and are more easily 
secured on machined, sanded, or wire brushed surfaces. Loosely adherent brown 
powdery coatings result from depleted solutions which may be revivified by small 
additions of sulphuric acid to maintain the pH of the solution between 3.5 and 2A. 
Loose powder may be removed from the castings by wiping or by tumbling in 
sawdust. 

The best base for subsequent paint coatings is obtained by the chrome-pickle 
treatment described in this Handbook in the article, “Corrosion, Surface Treatment 
and Painting of Magnesium Alloys,” on page 1611. When treating die castings, the 
solution should be heated to 150°F. The time of treatment should be limited to 
approximately 5 sec., as a longer time results in the formation of a loose powdery 
deposit on the surface. 

Enamels, Japans, and Lacquers—Before any organic finishing materials are ap¬ 
plied to a magnesium die casting it must first be cleaned and chrome-pickled or 
otherwise treated as descried above. 

Baking finishes of the enamel and Japan types are ideal for use on magnesiiun 
alloy die castings. Speed of finishing, excellent adhesion, imperviousness to mois¬ 
ture, and wear resistance are some of the advantages of baked systems. The use of 
a primer is strongly recommended for all magnesium alloys. Under baking tsrpe 
materials. Naval Aircraft Factory iron oxide, zinc chromate primer P-23 baked 1 
hr. at 250-300®P. has proved satisfactory. 

Lacquer type materials have been used on magnesium alloy die castings, but 
they generally lack the adhesion and toughness found in baked systems. A baked 
primer or Naval Aircraft Factory zinc chromate primer P-27 can be used under 
lacquers. 

The so-called novelty finishes provide a means of securing a number of unusual 
and attractive effects for the decorative finishing of magnesium aUoy die eastings. 
Through the use of these finishes crystal, crackle, granite, hammered metal, leather, 
marble, metal luster, mother-of-pearl, wood grain, wrinkle, and other Interesting 
patterns are obtainable. The same baking or air drying primers described earlte 
can be used under the novelty finishes. 
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Hot and Cold Working of Magnesium and Its Alloys 

By H. Menking* 

4 

General—Magnesium alloys harden rapidly with any type of cold work and 
therefore lend themselves to only small amounts of cold forming. At elevated tem¬ 
peratures, however, most magnesium alloys may be formed into intricate shapes 
wltliout any trouble. Slow forming produces better results than rapid deformation. 

Heating Methods—EQUipmenf—With a few exceptions as indicated below, the 
proper working temperature is about 550-600'’F. For moderate forming operations, 
temperatures down to 400‘*F. may be employed. The heating can be accomplished 
in several ways. The most simple is with a blow torch. While this method requires 
some control to avoid overheating the work, a little experience will soon enable the 
operator to handle the blow torch economically and safely to obtain satisfactory 
results. Heating to temperatures above 750 ®F. will only slightly lower the mechanical 
properties of the alloys, but above 800°F. the strength of the alloys is more seriously 
affected. 

Other methods which require small Initial investment but are considerably more 
economical in operation consist of preheating the part to be formed in an oven 
which may be gas, oil or electrically heated, or for temperatures up to about 530 ^’F. 
by submerging it in an oil bath of 600W and holding for a few minutes prior to 
working. The working may also be done in a stream of hot air generated by gas 
or electric heating. The rapid rate of cooling of light gage magnesiiun sheet requires 
speedy handling after the sheet has reached the proper working temperature. Devices 
which keep the magnesium alloy hot during working, such as heated dies or hot air 
currents, are therefore often employed. With any method of heating, a blow torch 
should always be at hand to reheat the work when necessary. The type of heating 
to be selected in each particular case will largely depend on the operation to be 
performed and on shop conditions. 

Temperature Control—There are several simple ways of controlling the tempera¬ 
ture of the magnesium part and ensuring that it is within the proper working 
range: (1) An electric two-point contact pyrometer will ensure the quickest and 
most accurate temperature control and is recommended wherever possible. (2) A 
mark made with blue carpenter's chalk will turn white or light brown at the proper 
temperature. The chalk mark Itself should not be exposed to the flame. (3) lUcxe 
application of a drop of 600W oil to the surface. The flash point will indicate the 
proper temperature. (4) A skilled operator will be able to Judge the proper tem¬ 
perature, approximately, by the sound of the sheet when hammered. At the proper 
working temperature the ^eet emits a dull or wooden sound which becomes more 
metallic as the sheet cools. (5) Ordinary newspaper formed into a ball and pressed 
for a moment against the magnesium part will turn to various shades from light 
yellow to dark brown depending on the temperature. A scale of different shades 
may readily be made up for comparison purposes. 

Blanking and Shearing—In blanking or punching magnesium sheet or flat and 
thin extruded bar, the clearance between the die and the punching tool should, 
contrary to aluminum practice, be made as small as the accuracy of the stroke will 
permit without scoring. A clearance of about 0.015 in. (difference between the dia. 
of the punch and the die) or less, is recommended. The smoothness of the sheared 
surfaces increases with decreasing clearance. For good results in blanking and 
punching, the equipment must therefore be accurate enough to permit close clear¬ 
ances between tool and die. The use of hold-down pressures is recommended. 

Heating to 500-600''F. wlU improve the finish of the sheared surface, and is 
especially recommended for sheet thicknesses above 0.060 in. and when using tool 
clearances larger than those recommended above. Allowance in the dimensional lay¬ 
out should be made for the expansion of the magnesium stock during heating. An 
additional means of improving the sheared surface is a slight rake (about 3") on the 
punching tool. Fig. 1 Illustrates the recommended practice. 

In those cases where punching tools with large clearance are used and the 
stock is not warmed up for punching, the resulting rough surface must be dressed 
off to avoid conditions which may lead to failure in service. Rivet holes should be 
drilled rather than punched. 

Mechanical shear blades should have square edges and as little clearance as 
possible. When J|g|d shearing magnesium ^eet, the sheer blade should not be 

^American MaJpMkun Oorp., Olevaland. 
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completely closed after each cut as this may lead to small lateral cracks in the 
sheet at the end of each cut. For heavier gages, sawing the sheet is often preferable 
to shearing because of the better surface obtained. 


Sheet-Bending—The minimum cold bending radius to which sheets may be 
subjected varies with the alloy, temper, thickness, and rate of deformation. Typ® 
of bending equipment and relation of the axis of the bend to the direction of sheet 
rolling also exert some influence on the results. Because of these factors the only 



.Qt5‘on /es3 


Fig. 1—Punching tool for magnesium 
sheet and plate 



for 90* and 180® bends. 


safe criterion is to determine by actual trial the radius which is required or possible 
under the conditions of fabrication. Results of laboratory experiments under Ideal 
conditions and recommended shop practice are given in the following table for sheet 
thicknesses of 0.040-0.060 in.: 


Alloy 


Minimum Cold Bending Radius 
for 180* Bends 

(In Terms of Sheet Thickness t) 
Laboratory Shop 

Determinations Practice 


Pure Magnesium (hard). 

Pure Magnesium (soft). 

1.5% Mn Alloy (hard). 

1.5% Mn Alloy (soft). 

4% Al-0.4% Mn Alloy (hard) 
4% Al-0.4% Mn Alloy (softl 
6% Al-0.3% Mn Alloy (hard) 
6% Al-0.3% Mn Alloy (soft) 


5t 

8t 

3t 

4t 

5t 

8t 

3t 

4t 

5t 

8t 

4t 

6t 

6t 

9t 

5t 

7t 


The radii in the first column were obtained in laboratory tests with relatively 
small pieces but experience has shown that it is difficult to duplicate these ideal 
conditions in actual shop practice. For sheet of less than 0.040 in. thickness smaller 
radii can be obtained, while larger radii will be required for sheet heavier than 0.060 
in. A slight spring-back of the sheet must be taken into account when cold bending. 

In hot bending, radii of about 2-2% times the sheet thickness can be obtained 
in shop practice regardless of alloy or temper (see Pig. 2). For bending wide pieces of 
sheet in a brake, preheating in an oven is recommended as blow torch heating may 
result in an uneven distribution of the heat and lead to warping. Fair results are also 

obtained by clamping heated steel bars 
on both sides of the section to be bent. 
The steel bars will warm the magnesium 
sheet up sufficiently to permit bending. In 
either hot or cold bending a slow rate of 
deformation will give best results. Pig. 3 
illustrates the proper way of bending short 
pieces of sheet by hand in the vise. The 
lining with round edges will prevent crack¬ 
ing of the sheet at the edge of the vise 
jaws. 

Forming- -A slight amount of forming, 
such as stretching or shrinking, may be 
done cold. For instance, a 1.5% manganese 


Lining oP Wood or 
A/umTnurn round togeb 



Correct! 


Wrong! 

Pig. 3—Chucking in vi.se for bending small 
pieces of sheet. 


allnv nf 0 in thickness and 20 in. dia. may be cold domed about 1 in. while 
a ^ of toe same '^eSs in aUoy 4% alumlnum-0.4% manganese. wUl cold 
domfto alSrt % in. However. In most cases toe forming should be done hot. using 

one of toe metlwd^Wc^foUow^. simple method of hot forming condsts 

of tShtl^^ clSnJlng the ^ges of the sheet which Is otherwise unsupported, and 
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haznmerixig it into the desired shape with wooden, rawhide or rubber composition 
hammers. By frequent reheating with a torch, the sheet is kept in the working 
Wnperature range. For small work, a leather pillow, loosely filled with sand, may 
be used to support the sheet. The sand will give under the hammer blows and the 
deformation will be less severe. Wooden Jigs are used to control the dimensions of 
the piece as the forming progresses. 

(2) Wooden Dies—For more accurate work arid greater economy, wooden dies 
can be used, provided the number of pieces to be formed is small. Wooden dies char 
at the temperature of working and are not suitable for quantity production. Concave 
dies are used for work of small size while convex dies are preferred for larger 
work. Often a combination of a convex die with a backing block is suitable, the 
latter being pressed down upon the work by means of a press or Jack. 

(3) Aluminum or Magnesium Dies—Slightly more expensive but more efficient 
and durable are aluminum or magnesium dies. Such dies are either made from a 
casting or a heavy plate. The latter has the advantage of a smoother surface while 

a casting must be ground off smoothly before it can 
be used. Hot aluminiim or magnesium dies preserve 
the heat better than wooden dies and avoid 
frequent reheating of the magnesium sheet. Mag¬ 
nesium dies do not hold the heat as long as alum¬ 
inum dies do but are easier to handle due to their 
lighter weight. A burner may be arranged to keep 
the aluminum die at the proper working tempera¬ 
ture. When using hot dies, it is frequently imneces- 
sary to preheat the magnesium sheet as sufficient 
heat is imparted by the dies. Lubrication of the die 
surface is recommended. The actual forming is 
done with wooden hammers or hammers of soft 
materials as mentioned imder (1). Fig. 4 illustrates 
this method. 

(4) Steel Dies—For large production of identi¬ 
cal shapes, steel dies with mechanically operated 
presses are most suitable. Lubricated and heated dies are essential factors in this 
type of forming and the rate of deformation should be as slow as possible. Single 
or double action presses can be used for light draws. For more severe forming, 
hydraulic presses are preferred, although single or double action presses may also 
be used with reduced speed. Often the drawing is done in two or more steps, 
requiring the corresponding number of dies. In this type of work, the proper tem¬ 
perature for the 4% alumlnum-0.4% manganese alloy is approximately 450®F. with 
a range from 300-600*F. For the 1.5% manganese alloy, a temperature of about 
600®F. is recommended. 


Pressure 4pp//ed by Jeck 

1 



Heat Af^tied by Torch 
Fig. 4 —^Dle forming of a disc of 
magnesium alloy sheet. 1. Magne> 
slum alloy sheet. 2. Die (aluminum 
or magnesium). 3. Backing block 
(aluminum or magnesium). 


Drawing of Sheet Profiles—Flat strips of magnesium 
sheet may be drawn into profiled shapes. This method 
of producing profiled shapes is used for wall thicknesses 
below approximately 0.060 in. which cannot easily be 
obtained by extrusion. The strip is preheated in an 
oil bath and then drawn through two dies, the first 
serving to produce a shape approaching the desired 
profile while the second die produces the final shape. 

The oil bath serves as heating element and lubricant. 

The dies are made from magnesium extruded bar, which 
reduces the die costs. An example of the drawing steps 
involved is shown in Fig. 5. 

Spinning—Magnesium alloy sheet is suitable for 
spinning if the work is kept hot while it is mounted 
in the spinning lathe. Only small amoimts of spinning 
may be done cold. The heat is applied by a blow torch and the temperature should 
be about 400-600®P. Ordinary laundry soap will ensure fairly satisfactory lubrica¬ 
tion but the mixture of mutton taUow and paraffine wax described below is pre¬ 
ferred. At the proper temperature, the lubricant film will assume a dark brown 
glossy appearance. Care should be taken to avoid overheating the sheet althoui^i 
this danger is not great due to the rapid rotation of the work. Depending on the 
severity of the deformation, an r.p.m. of 300-450 is recommended in spinning discs 
of 15-25 in. dia. The edge of the sheet should be filed clean before starting to reduce 


w 

u 

6—Drawing of 
profiles, a. Sheet strip, 
termediate shape, c. 
shape. 


Pig. 


sheet 
b. Ih- 
Final 
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the risk of edge cracks. Wooden chucks are suitable for a few pieces, but cast alu¬ 
minum or magnesium chucks are more durable at the temperatures involved and 

quantities. Pig. 6 shows spinning samples of 
0.051 In. 4% aluminum-0.4% manganese soft sheet. 

A rolled into magnesium sheet if the latter is heated. 

A simple way is to preheat the sheet with a blow torch or preferably in an oven and 

arrange a blow torch in front of the bead 
rolls in such a way that, before reaching 
the rolls, the sheet is heated to the proper 
temperature. Unless the beads are very 
shallow they should be rolled in several 
passes. Liberal radii, slight lubrication, and 
a slow rate of deformation should be used. 

Forming and Bending of Welded Seams 
—Torch welded seams may be dressed and 
hammered down hot at a temperature of 
about 500-650®P. They may then be sub¬ 
jected to bending and forming operations to the same extent as the original sheet. 

Extruded Shapes— Minimum Bending Radius —^Extruded shapes must be heated 
for bending, unless the bending radius is comparatively large. In view of the wide 
variations in section and alloy, only general recommendations can be made. The 
approximate rating of the different alloys as to bending properties is given in the 
following table in which the group 1 designates the best bending characteristics: 


c 





Pig. 6—Spinning of a cup shaped part of 
13 in. dla. from 0.051 in. thick sheet. 


1. Pure Mg, 1.5% Mn Alloy. 4% Al-0.4% Mn Alloy, 3% Al-1% Zn-0.4% Mn Alloy. 

3. 8% Al-3% Zn-0.3% Mn Alloy, 6.6% Al-0.75% Zn-0.3% Mn Alloy, 6.5% Al-1.25% 

Zn-0.3% Mn Alloy. 

3. 8.5% AUO.5% Zn>0.2% Mn Alloy. 10% Al-0.2% Mn Alloy. 

Alloys of group 3 take only a small amount of cold bending, and heating re¬ 
duces their elongation to 2-3%. 

A minimum cold bending radius (180^ bends) of about 8-10 times the thickness 
may be used as a guide for hi in. thick flat extruded bar in the 4% aluminum- 
0.4% manganese alloy, and 10-15 times for the 6.5% aluminum-0.75 % zinc-0.3% 
manganese alloy. More intricate shapes, such as Tees, require larger cold bend¬ 
ing radii. 

The minimum hot bending radius (180*’ bends) for % in. thick flat extruded 
4% aluminum-0.4% manganese bar is about twice the thickness. Por more intricate 
sections, the minimum hot bending radius should be determined by actual trial. 

Bending Equipment —Ordinary profiled steel bending rolls may be used for 
cold bending extruded shapes. Commercial tube bending machines quipped with 
proper tools to bend shapes are also suitable. A lubricant is used with the latter. 
Por hot bending, these methods may also be employed, using heated tools. The 
use of aluminum or preferably magnesium 
alloy tools will allow rapid heating. When 
bending rolls or tube bending equipment are 
not available, either of the following two 
methods, requiring only inexpensive equip¬ 
ment, may be used: 

(1) Cast aluminum or magnesium blocks, 
heated to about 600°F. —Pig, 7 shows the 
blocks used for a channel section. In the 
case of Tee and similar sections, the block 
(1) may be split to facilitate removtog the 
web from the slot in the block. The magnesium section is clamped down tightly 
at one end and then gradually hammered down into the slot by means of a wooden 
hammer. If wrinkles develop, they are straightened out by hammering after com¬ 
pleting the bend. Wooden blocks are suitable for making up a small number of 
samples, but not for larger quantities as the torch flame will gradually dhar 
the wood. 

(2) Profiled Rolls—A magnesium shape may be bent around a stationary proflled 
roll of the desired bending diameter, the bending being accomplished by slowly 
rotating a small roll along the periphery of the big roll from position A to B, as 
shown in Pig. 8. A flat shape hi in. x Ihi in. may thus be bent over its narrow 
side around an 8 in. radius. 



Fig. 7—Bending of channel section. 

1. Die (wood, aluminum, or magnesium). 

2. Channel section to be bent. 3. Back-up 
block. 4. Clamp. 
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Tubing—Magnesium alloy tubing is readily bent on commercial tube bending 
machines. Cold bending is possible with thin walls and ample radii. More severe 
bending is done at temperatures from 500-700®P. The tube is filled with fine dry 
sand to prevent it ffom flattening. When 
hot bending, the sand is preheated with 
the tube and serves to preserve the heat. 

Steel balls of the exact inside diameter, 
strung on a cable and inserted into the 
section to be bent, can also be used to 
prevent flattening. If a tube bending ma¬ 
chine is not available, wooden or cast light 
metal blocks such as those described for 
bending extruded shapes, may be used. 

A small wooden block fitting the outside 
of the bent tube should be employed as 
an intermediary tool between the tubing 
and the hammer used for the bending. 

Magnesium alloy tubing may be shoul¬ 
dered by spinning. The proper temperature 
varies from 300-450®P. The recommended 

r.pjn. of the spinning lathe is from 200-400. Soap is used as lubricant. 



Pig. 8—Roll for bending extruded shapes 
1. Shape to be bent. 2. Stationary roll. 3 Ro¬ 
tating roll. 


Lubricants—C-Metal oil is used for light draws which are performed cold. For 
difficult draws which are done at elevated temperatures, lard oil or 600W oil is 
recommended. A mixture of two part of rendered mutton tallow and one part of 
paraffine wax may also be used. This mixture is prepared by melting, pourina into 
bricks and rubbing against the blank before drawtog. 
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Machining of Magnesium and Its Alloys 

By H, Menking* 

Tools L^chining tools of standard design as used for other metals may, in 
most ci^s, be for magnesium. For maximum economy, however, these 

trols should he of slightly different design. The main factors governing the design 
of tools for cutting magnesium are (1) the extremely low cutting resistance, (2) the 
comparatively low heat capacity of the metal, and (3) the large volume of the chips 
obtained due to the easy cutting. The low cutting resistance leads to high speeds 
and heavy feeds and the problem is to dispose of the chips quickly and smoothly 
without januning and subsequent development of frictional heat. The low heat 
capacity tends to create higher temperatures in work, chip and tool under conditions 
of friction as compared with other metals. These basic factors lead to tools with 
the following principal characteristics: (1) Smooth tool faces. (2) Large peripheral 
clearances. (3) Large chip spaces and (in milling cutters) small number of blades. 
(4) Small areas of the tool in contact with the work. (5) Comparatively - 5 m a]l rake 
angles (imdercuts). 

In grinding the tools, it is most essential to keep the cutting edge as keen and 
smooth as possible and free from grinding wheel scratches, burrs or wire edges. In 
addition, the tools should be kept as smooth as possible wherever they come in con¬ 
tact with the chips in order to facilitate chip flow. Keen tool edges and smooth tool 
surfaces are best obtained by finish grinding on a fine or very fine abrasive wheel 
followed by a careful hand stoning with a fine or extra fine oil stone. Tools pre- 



Fig. 1—Lathe tool for roughing 



Fig. 2—Lathe tool tor parting. 


viously used for other metals should always be resharpened before cutting magne¬ 
sium regardless of whether the cutting angles are changed or not. 

Tools tipped with tungsten carbide give considerably better results than high 
carbon or high speed steel tools. They are recommended for maximum efficiency 
especially in cases where extremely high cutting speeds are employed. The higher 
price of these tools is more than offset by their longer life, greater’accuracy and 
greater operating economy due to less frequent resharpenings. 

Turning—Fig. 1 shows a recommended lathe tool for rough cutting. The large 
clearance (8-10*) and the small top rake (15-20®) are important. A larger top rake 
will often cause feeding of the tool into the work. In some machine shops, no top 
rake is used, which assists in breaking up the chips and prevents curling. Such a 
tool, however, is not generally recommended since it slightly reduces the smooth¬ 
ness of the machined surface and tends to increase the power consumption. The side 
rake may vary from 0 to about 10®. x , ^ 

The recommended flnishing tool differs from the roughing tool by having a 
round nose (.040 in. dia.) on the tool tip, producing a smoother finish to the surface. 
As compared with aluminum it has been general experience that narrower tool noses 
are sufficient to obtain the same degree of smwthness. . « j 

Form tools (broad nose tools) for taking wider cuts or turning specially shaped 
contours should be designed along the same lines, except that the top rake should 


* American Magnesium Corp., (MefeisaS. 
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be reduced to about 3-8** to avoid chattering. Fig. 2 illustrates a parting tool. The 
large clearance angles are important to reduce friction and to avoid breakage of 
the tool. 

Planing and Shaping—In principle, the same cutting angles are used as fox 
lathe tools. 

Milling—Milling cutters for magnesium should be of the coarse tooth type. 
They should have considerably less, preferably only one half or one third, as many 
teeth as is standard with conventional cutters used for iron and other metals. The 



larger chip space and the heavier cut resulting from the smaller number of teeth 
lead to a reduction of frictional heat and to greater chip clearance and consequently 
to higher speeds, decreased tendency to distortion, lower power consumption and 
smoother finish. Unless otherwise stated, a primary peripheral clearance of 10*, A in. 
wide, followed by a secondary clearance of 20* is common to all cutters illustrated. 

Solid Cutters-—Fig, 3 shows a recom¬ 
mended t 3 rpe of face cutter. Fig. 4 illustrates 
a 6 in. dia. staggered tooth (slotting) cutter 
with 12 teeth. A helix angle of 15*, an under¬ 
cut of 20* and an 8* clearance on the side 
of the tooth are suggested for the latter type 
of cutter. Plain mills (Fig. 5) are recom¬ 
mended with 25* undercut and 45* helix 
angle. On form cutters (Fig. 6) the undercut 
is reduced to 5-8* due to the heavier cutting 
pressure. A larger undercut may result in 
chattering. 

Inserted Blade Cutters are less expensive than solid cutters of large diameters 
and offer a better chance to obtain large chip space. They are therefore used for 
high peripheral speeds. Fig. 7 shows the design of an 8 in. dia. inserted blade face 
mill with 6 to 8 blades. The blade design of an 18 in. dia. cutter as used for extremely 





PiR. 7—^Inserted blade face mill — rccom- 

msiided datlgn of blade. 


high cutting speeds (5,000 ft. per min.) is shown in Fig. 8-9. Particular attention Is 
called to the unusually small number of blades, the free unobstructed chip space 
between cutter body and work, the curved out and polished face of the blade and 
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the large clearance (16®). All of these features aid chip flow and reduce friction 
and will therefore make higher cutting speeds possible and increase the life of the 
teeth. 

A suitable type of shell-end cutter is shown 
in Fig. 10. It is designed along the same lines as 
the milling cutters described before. 

Catting Speeds and Feeds in Milling and Tom- 
In^^With the tsrpe of machining equipment now 
used as standard, magnesium alloys may, under 
ordinary conditions, be machined at maximum 
spindle speeds and with feeds and cuts up to the 
capacity of the machines. 

Speeds—Peripheral cutting speeds of 5,000 ft. 
per min. have occasionally been used in milling 
magnesium alloy castings, taking H in. cuts and feeds of 0.045 In. per revolution in 
roughing, and 0.004 in. cuts and feeds of 0.015 in. per revolution in finishing. While 
such speeds are still considered exceptional, speeds of 1,000-3,000 ft. per min. in mill¬ 
ing and turning magnesium are standard practice in many machine shops. Diw to 
limitations in the spindle speed, such speeds can, in milling, be obtained only jjdtn 
large diameter cutters, or in turning, with castings of large diameter. With a sdven 
maximum spindle speed, the diameter of the millinfe cutter is often enlarged in 
order to increase the peripheral speed when changing from aluminum to magnesium 
castings. Magnesium castings are not dynamically unbalanced to the same aegree 
as are parts of a heavier metal. This will tend to reduce the force of p^ble 
vibrations and allow higher cutting speeds. Milling cutters with magnesium bodi^ 
have been developed for extremely high speeds in order to reduce or elimin ate 



Feeds and Cats—The highest feed that can be attained within the capwlty 
of the available equipment may in most cases be used for rouging. In cases where 
mechanical feed is too slow, hand feeding is often resorted to to o^er to tocrea^ 
the machine output. Roughing feeds up to 0.080 to. per revolution have fr^uent^ 
been used. In finishing, where the smoothness of the surface is the controlling fwtor. 
a better surface can be obtained with the same feed, and 
with a greater feed when machining magnesium as compared with aluminum 
Frequently a special flnishtog operation is unneces^ry due flnl^ 

obtained to roughing. Cuts of % to. and more f^y be token with 
and with rigid chucking. With a machine of 5 hp. capacity, a cutter of suitoble 
deK H In. cuts with feeds of 15 to. per mto. (0.035 to. per revolut^^ 

and peripheral cutttog speeds of 900 ft. per mto. The um of Breath a^o^ 
results to a reduction of frictional heat and to freer cutttog. It has been observed 
at times that the work becomes quite hot and ^e chips Jam Jhe w^r 
low spwtSImd feeds, whereas free cutttog and low temperatures will be obtained 
when the speed and feed are increased. 
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Limiting Facfors—The following factors tend to limit the use of high speeds 
and feeds: 


(1) Dull tools, or ones of Incorrect design (too small clearances, Insufficient chip space) will 
cause frictional beat and warping. 

(2) Magnesium alloys will sometimes, due to their lower elastic modulus, require more rigid 
chucking than aluminum alloys to avoid chattering when maximum speeds are to be used. 
Where this is impracticable the speed and feed must be reduced. 

(3) The shape and design of the work may limit the cutting speed. If a casting with light 
and thin sections is machined at high speeds, the spring of the metal and the resulting 
vibration may result in chattering and inaccurate dimensions. More rigid chucking or 
reduced speed and feed will help to improve such a condition. 

(4) Fine or light feeds will sometimes generate frictional heat which may result in distortion 
and inaccuracy of dimensions. In combination with dull or improperly designed tools 
and high cutting speeds, they may occasionally lead to the ignition of fine shavings. 
While this condition can be controlled by the use of coolants and lubricants, the general 
rule should be to avoid extremely light feeds where possible. 



Reaming—For reamers for magnesium, a small clearance (3-4*) and a small 
undercut (5-6**) is recommended in order to 
secure a steady cut without vibration. A rec¬ 
ommended t 3 rpe of solid expansion reamer is 

shown in Pig. 11. The special steel and dia- .. — ,_. 

mond boring tools often used for reaming are ‘ 

well suited for magnesium. 

Drilling—Two different types of twist 
drills are recommended, depending on the p,g ii_soiw expansion reamer 

depth of the hole to be drilled. 

Deep Holes —^A drill for deep holes (more than about four times dia.) should 
have a spiral angle of about 40% a parallel web and smoothly polished flutes in 
order to ensure rapid flowing of the chips. The clearance (relief behind land) should 
be twice as deep as with standard drills. The land (or margin) should be narrower 
than customary (H of standard width). A point angle of 110-120** and a lip clearance 
of 15** is recommended. A drill of this design will cut freely and will readily clear 
out the chips. Raising the drill to remove the chips will 
be unnecessary unless the hole is deeper than about 15 * 

times the dia. A drill of suitable design is illustrated in 
Pig. 12. 

Too close a distance between the drill Jig bushing and 
the surface of the drilled part will prevent the chips from 
flowing out readily and will cause them to Jam in the 
flutes. An approximate minimum distance of 1^ times 
the hole diameter is recommended. 

Short Holes—The main feature of a drill for short holes (less than about four 
times dia.) is a small spiral angle, preferably about 10**. Second choice are **Brass 
*rype’* drills, with a spiral angle of 25**. Such drills will work satisfactorily for 
depths up to about 4 times the dia., especially when provided with a flat ground 
along the cutting edge. This flat will reduce the tendency of the drill to hook into 
the work and to lift it when the point breaks through the under side. 40** spiral drills 
show this tendency to an even greater extent. They are satisfactory, however, when 
the work is firmly clamped. Fig. 13 shows a 10** spiral drill, and Pig. 14 a ‘‘Brass 
l^e** drill with flat ground on. 





Fig 12—Drill for deep holes. 



Pig. 13 —H in. dia. drill for short holes— Pig. 14—H In. drill for short holes—per- 

recommended type. missible type. (Note flat ground along cutting 

edge.) 


Speeds and Feeds in DrfZHnflr—Peripheral speeds of about 300 ft. per min. are 
considered standard practice for magnesium by many machine shops. The feeds 
should be considerably heavier than those used on other metals, for instance about 
0.020-0.040 in. on % in. holes. 

Counter Boring—A recommended counter boring tool is shown in Pig. 15. An 
important feature is the narrow cylindrical land which is only about 0.015 in. 
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Pig 15—Counterbormg tool 


/.f design is illustrated in Pig. 16. The acute back angle 

nf rather than squeezing the metal when backing 

?^^Shtly greater springback of magnesium as compared 
this precaution advisable. The lands should be ishorter 
than usual and cylindrical, that is, there 
should be no clearance on the land. This 
will reduce the possibility of chips getting 
jammed in the clearance space and building 
up on the land. Unlike drills, taps for mag¬ 
nesium are usually not made oversize. The 
resulting tight nt of the stud is desirable for 
satisfactory service. A thread-length of two 
to three times the diameter is recommended. 

No trouble is encountered with the “seizing” of threaded 
magnesium parts, when in contact with magnesium, aluminum 
or any other metal. Steel or brass inserts should be used in 
cases where the screw bolt or stud is frequently removed. 

Grinding—^Medium hard grinding wheels of melted clay 
bond with a grain size varying from 40 (medium coarse) to 
80 (medium fine) are satisfactory for most purposes. For rough 
grinding (snagging), a grain size of about 20 is recommended. 

In grinding magnesium, a certain fire hazard is involved. The 
recommendations given below will practically eliminate this 
hazard and should therefore be carefully followed. 

Wet Grinding—A. liquid cooling agent, preferably crude oil, 
should be used whenever possible. The oil vapors developed 
during grinding should be exhausted. In those cases where exhausting is impracti¬ 
cable, a 3-4% soluble oil solution or a mixture of 10 gal. of water; 3% pints of crude 
oil; and lb. of sodium carbonate should be used. In exceptional cases water may 
be employed. Any adhering traces of the solution should be removed from the mag¬ 
nesium parts soon after grinding. 

Dry Grinding —^In cases where the use of a liquid coolant is not practicable, 
the grinding may be done dry if provision is made for exhausting the grinding dust 
with sufficiently high suction speed (80-100 ft. per sec.). The grindings should either 
be precipitated by means of a water spray as soon as possible after leaving the 
grinding wheel or they may be sucked into an overflow water tank. A part of the 
grindings will flow into the sewer with the water while the rest settles down to 
the bottom of the tank and should be removed every two or three weeks. The exhaust 
pipe system should be equipped with safety valves to safeguard against explosion. 

The following additional precautions are suggested: 



Fig. 16—Angles rec¬ 
ommended for taps. 


(1) Sparking of any kind Is to be avoided in the vicinity of equipment on which magnesium 
is ground. 

(2) Iron or steel must not be ground on wheels used for magnesium nor in their vicinity. 
Grinding wheels for magnesium should be clearly marked as such 

(3) An easily removable apron and hat should be worn by the operator. Rubber clothing Is 
particularly recommended because of its smoothness. Anything apt to collect grinding 
dust on the clothing of the operator should be avoided, such as pockets or a rough clothing 
surface. Goggles should be used. 

(4) Grindings should not be allowed to accumulate on the clothing of the operator. They 
should frequently be brushed off or blown off with air. 

(5) The grindings should be frequently removed from the machines and placed in tightly 
covered iron cans in a location which is safe from sparking and fire. The magnesium 
content of grindings cannot economically be recovered and should be disposed of in water. 

(6) Before dressing the grinding wheel, the exhaust device should be shut off and all mag¬ 
nesium grinding dust blown off the machine and the wheel. 

Polishing—In polishing, sandpaper of a suitable grade should be used. Emery 
paper will tend to cause sparking and is therefore not recommended. In order to 
maintain the bright shine of the polished surface, it should be slightly greased with 
vaseline or an equivalent grease, or painted with a recommended brand of clear 
lacquer. Polished surfaces not protected in this way will soon tarnish. For larger 
polishing operations, the same precautions as for grinding are recommended. 

Sawing—Magnesium is readily cut by band or circular saws. Sharp blades are 
essential for satisfactory results. Lubricating with a tallow stick will facilitate 
the work. 
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The following is recommended for band saws; 



Thlcluiesa 

Width of 

Teeth per inch 

of Blade, in. 

Blade, in. 

For smaller work.030—.040 

11— » 

0 

For heavier work.045—.050 

l'A—2'A 

6 


The set of the teeth should be greater than standard so as to reduce friction. 
For circular saws, blades of about 10 in. dia. and 0.040 in. thickness with 5 to 7 
teeth to the inch and a set of about .055 in. are satisfactory for cutting sections 
up to about 2 in. dia. Hack saws should have 14-18 teeth to the inch, every third 
tooth being a clearance tooth without set. A satisfactory size is .025-.030 in. thick¬ 
ness and Ml in. width. 

Filing—For hand work, single or double cut flies may be used, although single 
cut flies work better. Files with rasp cut produce too rough a surface. Depend^ 
on the smoothness desired, bastard, second cut or smooth flies are used. For rotary 
flies, medium coarse single cut flies are found best. Too coarse a cut will result 
in chattering. 

Lubricating and Cooling—Due to its great ease of machining and the small 
amount of frictional heat developed with proper tools, magnesium may be machined 
dry without difficulty. Arrangements for dry machining should be made wherever 
possible, with the following exceptions; 

(1) Smooth Finish---A lubricant may be used in reaming and occasionally in 
other operations, when the smoothest possible flnish is desired. However, a slight 
change of the tool nose will usually produce the same result without lubricant. 

(2) Distortion —^At times the cutting heat generated in the work cannot be 
quickly dissipated and the part will distort during or after machining. This condi¬ 
tion may be due to the particular shape of the work which may hinder the free 
flowing away of the heat, or it may be caused by excessive generation of frictiomd 
heat as described under ‘'Prevention of Distortion.” In those cases where the cause 
for the slow dissipation of heat cannot be eliminated, distortion may be prevented 
by cooling both the work and the tool with compressed air, or where this is not 
considered practicable, with a liquid cooling agent. 

(3) Fire Hasard—For grinding, a liquid cooling agent should be used to elimi¬ 
nate the Are hazard. The same precaution is often applied in machining magnesium 
parts with an insert of ferrous metal as sparking sometimes occurs when the tool 
strikes the insert. Too slow a dissipation of heat as described under (2) may also 
lead to ignition under certain conditions and calls for the use of air or liquid cooling. 

Lubricants or coolants with the lowest percentage of water should be selected, 
such as kerosene or preferably mixtures of equal parts of kerosene and pure lard oil. 
Soluble oil solutions (mineral oils) may be used but should be avoided, due to their 
greater oxidizing effect on the turnings. Vegetable oils are not recommended. 

Prevention of Distortion—Occasionally, a slight distortion of magnesium parts 
is observed during or after machining. This is infrequent and can generally be 
attributed to the following: 

Frictional Heat—This will often result in distortion. Magnesium has a lower 
speciflc heat than alun^inum and is therefore more liable to heat and warp 
under friction. Factors (all of which are avoidable) causing frictional heat are: 

(1) Dull tools. 

(2) Tools with cutting angles other than those recommended above. 

(3) Very fine feeds and cuts. 

(4) Insufficient chip space. 

(5) Slow speed. This is liable to cause jamming, of chips, especially in combination with small 
feeds. Fast speeds Increase the centrifugal force and throw out the chips, thus reducing 
the tendency of the chips to Jam. 

Inadequate Clamping or Chucking —^Magnesium alloys have a lower elastic 
modulus than other alloys, which may. at times, lead to somewhat greater deforma¬ 
tion under the cutting pressure if light sections of the work are not rigidly mounted. 

Casting or Heat Treating Strains have seldom been found to cause distortion 
of magnesium castings during machining. Castings with a tendency to such strains 
can be given a normalizing heat treatment when found necessary. In exceptional 
cases, however, this treatment is insufficient, and the casting strains are only released 
by the roughing cut. In such cases, the castings should be allowed to rest for two 
or three days between the roughing and finishing cut. In addition, they may, if 
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necessary, be given another normalizing treatment consisting of heating to about 
500®P. for two hours and cooling slowly. 

Automatic Screw Machine Work —Speeds and Feeds —^Magnesium alloy screw 
machine stock (3-7% aluminum recommended) may be machined at higher speecis 
and feeds than used for other metals. Due to speed limitations of the machine, 
however, the maximum economies offered in machining magnesium may not be 
obtainable in all cases. The possible increase of the feed over other metals will 
depend on the conditions but a feed of approximately 40% higher than used on 
brass may be considered an average figure. In general, better results are obtained 
with heavy feeds than with light ones. 

Box Tool —Tool angles recommended for box tools are shown in Pig. 17. A tool 
ground in this way will produce a satisfactory finish. The angle shown as 10® is to 




Pig 17—Box tool for screw machine work Pig. 18--Circular forming tool for screw ma¬ 

chine work. 

be considered an average and may vary within a relatively wide range depending 
on conditions (about 8 to 15®). 

Circular Forming TooZ—The circular form tool shown in Pig. 18 is one of the 
types most commonly used for automatic screw machine work. At “A*' the tool is 
shown without top rake, which is satisfactory for magnesium. Prequently, it is neces¬ 
sary to grind the tool with a few degrees top rake as shown at “B” to correct a 
slight error in the steps of the tool. Top rake will produce satisfactory results but 
no rake is preferable as this will give better chip breakage. The side clearance indi¬ 
cated at “C" should not exceed one quarter degree. In most cases best results 
are obtained when the tool is without side clearance or with a slight negative rake. 

The front clearance angle “D” is controlled by the design of machine and tool 
holder. A standard clearance angle has been determined for each type of machine 
and is considered satisfactory for all metals. This angle may vary slightly from 
one machine to another. 

When using a side forming tool without support, the ratio of the width of tool 
to the smallest diameter on the work should not exceed 2:1 for magnesium. 

C/tfps—With light feeds in machining magnesium, the chips form in coils or 
ribbons. When the feeds are increased, the chips break up and with relatively 
heavy feeds, they are well broken. The chips produced in machining magnesium do 
not increase in thickness as they pass across the tool. Their thickness is about 
equivalent to the advance of the tool. Indicating that there is no adherence of the 
metal. 

Cutting Oil—Contrary to ordinary magnesium machining practice, the use of 
a cutting oil is recommended for magnesium screw machine work. A grade of par¬ 
affin oil similar to that used for brass will be satisfactory for machining magnesium. 
The flash point of this oil should not be less than approximately 300®P. 

Machine Shop Scrap— Care should be taken to keep the magnesium scrap free 
from contamination with other metals, floor sweepings and the like and as far as 
possible free from oil or moisture. They should be stored during accumulation in 
tightly covered metal containers. Grindings should be disposed of in water. 

Fire Precautions—Ordinarily, the Are hazard in machining magnesium is slight 
and with a sound knowledge of the correct machining practice, ignition of the 
shavings may be easily avoided. In order to ignite magnesium, it is first necessary 
to reach the melting point of the metal. Partial melting begins, depending on the 
alloy, at temperatures between 800 and 1200®P. In roughing operations, it is very 
difficult to attain such temperatures, for the high heat conductivity of magnesium 
rapidly dissipates any frictional heat generated. 
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In finishing operations, however, where light shavings are necessarily produced, 
temperatures sufficiently high lor ignition may, under certain circumstances, be 
reached. Factors which will tend to produce such temperatures in the chips or 
shavings are: (1) Very fine feeds or cuts. (2) Dull or chipped tools. (3) Tools 
with small clearances and small chip space. (4) High cutting speeds. 

A combination of two or three of the above factors may lead to the ignition of 
the shaving. Sharp tools with ample clearance will greatly reduce the fire risk. 
Coarser feeds, deeper cuts and lower speeds will act in the same direction but in 
cases where fine feeds and cuts and highest speeds are essential to quality and 
economy of work, a liquid coolant should be used. 

In turning, ignition may occur if the cutting is interrupted and the feed stopped 
while the work still revolves. In these cases, the tool should be backed away from 
the work. In machining magnesium parts with an insert of ferrous metal, sparking 
sometimes occurs when the tool strikes the insert. In such instances, the use of 
a lubricant has often been found advisable. 

Under no circumstances should water or any other type of standard fire extin¬ 
guisher, such as pressure or liquid type, be used for extinguishing a fire, as this 
will make the fire more violent instead of smothering it. Anything that shuts off 
the air from the burning chips will quickly and effectively smother the fire. 
The best way is to cover the burning chips with dry asbestos powder or dry cast 
iron turnings which should be easily accessible. It is recommended that a large 
container (about 6 cu. ft.) of dry cast Iron turnings be placed at each machine. 
Dry or oil soaked sand is as effective as cast iron turnings but will soil the machine 
bed. Quick results are often obtained by smothering the fire with an iron plate 
or an asbestos mat or blanket. The smothering material should be gently applied 
In order to avoid scattering the fire. Air drafts will also tend to scatter the fire 
and should be avoided. A good precautionary measure is covering the floor around 
the machine with cast iron or steel plates. 

In its initial stage, a spread of the fire may often be easily avoided by localizing 
the burning spot and scraping away the adjacent turnings. Care should in general 
be taken to avoid any accumulation of magnesium chips on, under or around the 
machine parts for the danger of the spread of the fire will be minimized if the 
amount of chips on the machine is small. Avoiding any accumulation of chips on 
the body or clothing of the operator is of particular importance. The chips should 
be removed at regular intervals and stored in tightly covered metal cans until they 
can be disposed of. Special fire precautions necessary in grinding are discussed 
under “Grinding.” 

Precautions During Machining — I, do not allow chips or grindings to accumulate on 
machine or clothing. Store chips in covered metal cans. 2. Place a 6 cu. ft. container with cast 
Iron turnings hr dry sand at each machine. 3. Keep cutting tools sharp. Use tools with proper 
clearances. 4. Take heavy cuts. Back away tool from revolving work when not cutting. 5. Use 
lubricant when machining magnesium castings with steel or metal inserts or when taking light 
cuts at high speeds or when using dull or Improperly designed tools. In all other cases machine 
dry. 6. Avoid any sparking. Avoid smoking. 7. Grind with lubricant or water or with dust 
exhausting equipment with precipitation of the grindings in water. 8. In grinding, a smooth and 
easily removable apron should be worn by the operator. 9. Do not grind steel or any other metal 
on wheels on which magnesium is ground. 10. Dispose of grindings under water. 

Directions for Extinguishing Fires-- i. Localize nre and scrape away adjacent turnings 
3. In initial stage, smother ^re with iron plate, asbestos cloth or blanket. 3. Cover the oxldr/ing 
chips with one of the following materials* Cast Iron turnings, dry sand, graphite, dry earth or 
asbestos powder. 4. Do not use water or any other type of standard fire extinguisher. 
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Riveting of Magnesium and Its Alloys 

By H. Menking* 

Rivet Alloy—Magnesium alloys can be riveted In a satisfactory manner with 
aluminum alloy rivets. For thin gages of sheet or for slightly stressed parts com¬ 
mercially pure aluminum (2S) rivets are recommended. For heavier gages and for 
stressed construction, a 5% magnesium (balance aluminum) rivet should be used. 
This alloy was developed in order to lessen corrosive attack of the magnesium sheet 
due to electrolytic action between sheet and rivet. Aluminum alloys with different 
magnesium content may also be used under less severe corrosive conditions. 

Steel, copper, brass, bronze or duralumin rivets are not recommended because 
there is a possibility of electrolytic action in the presence of moisture and insuffi¬ 
cient paint protection. Magnesium alloy rivets do not develop electrolytic action in 
contact with magnesium alloy sheet, but are not satisfactory due to their low shear 
strength and the necessity of driving them hot even in small sizes. Magnesium 
alloy rivets are therefore not supplied commercially. 

Physical Properties—The 5% magnesium-aluminum alloy rivets are made from 
annealed wire and are supplied in the “as formed’* condition. Typical physical 
properties of this alloy are as follows: Tensile strength, 41.000 psi.; yield stren^, 
18,000 psi.; elongation, 33%; Brinell hardness, 71; shear strength of cold driven 
rivet, 32,000 psi.; pressure required to drive % in. buttonhead rivets (cold), 23 tons. 

Design and Preparation of Riveted Joints—^The rivets should not be placed too 
close to each other or to the edge of the sheet as this may lead to local over¬ 
stressing. A minimum distance of twice the rivet diameter is recommended between 
rivet and edge of sheet and three times the rivet diameter between rivets. The 
following rivet diameters are suggested for the lighter gage sheets. 

Sheet Thickness, in.. .Up to 0.040 0.040-0.060 0.060-0.100 0.080-0.120 0.100-0.140 

Dia. of Rivet, in. ^ % A ft % 

The rivet holes should be drilled rather than punched, as punching tends to 
produce a rough and flaky surface in the hole. If punched, they should be finished 
with a drill to obtain a smooth surface. Rounding the edges of the hole will reduce 
edge stresses and fatigue failures. In driving the rivet, care should be taken to 
avoid damaging the sheet with the riveting hammer. Rivet shanks should fit holes 
snugly. For rivet dia. from in. the clearance should be not more than ft in. 
and not less than ft in. Care should be taken to avoid loose joints. The rivet 
shank should not be too long in proportion to the rivet hole as otherwise high lateral 
stresses will be exerted on the sheet during driving, which will reduce the strength 
of the Joint and may lead to fatigue cracks or to cracks of the sheet edge under 
the rivet head during driving. In driving the rivets in the shop, the use of cone 
point head tools is recommended. Cone point heads, as compared with other types of 
heads, require less driving pressure and reduce the tendency of the sheet and the 
rivet head to crack. The pressure required to drive magnesium-aluminum rivets is 
slightly lower than that required for duralumin (17S) rivets. No heat treatment of 
any kind is required for the magnesium-aluminum alloy. 

The magnesium-aluminum rivets (AM55S) of % in. dia. and over are usually 
driven hot. In this case, the rivets should be preheated in an oven to about 
630-670‘’P. 

Corrosion Prevention— In those cases where corrosive conditions are apt to be 
encountered, and where the rivet is driven cold, it should be dipped into a suitable 
bitumastic paint prior to placing in the rivet hole in order to prevent electrolytic 
corrosion The excess paint will be squeezed out under the rivet head and wlU 
form an insulating layer. Although the magnesium-aluminum and commercially 
pure aluminum alloy rivets have only a slight tendency toward electrolytic action 
in contact with magnesium sheet, the above procedure will serve as an addifmnal 
safeguard to prevent corrosion under conditions of ordinary exposure, and should 
always be used for applications in the presence of salt air or salt spray. The ex('ess 
of semisolid paint or sealing compound squeezed out from under the rivet head 
should be removed before painting the riveted structure to prevent its bleerimg 
through the paint. The contacting surfaces of the riveted magnesium sheet or 
extruded shape should be painted before assembly. 


*Ainerleftn Magnesium Corp., Cleveland. 
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In those cases where the magnesium-aluminum or 2S alloy rivets are not avail¬ 
able and duralumin rivets must be used, the above precautions for protection 
should be followed even more rigidly because of the greater tendency to electrolytic 
action. In such ca^es, in addition to the above measures, gaskets or washers are 
recommended between the rivet head and the magnesium surface to insure the 
necessary insulation. Suitable gasket materials are: Bakellte; fiber; gasket paper; 
leather free from chromium salts; hard rubber; heavy paper, treated with shellac, 
bitumastic paint, a primer in accordance with Navy specifiGation P-27; or Bake- 
lite varnish. 

If fiber or commercial gasket paper is used, the particular brand used should 
be analyzed to make sure that it does not contain chlorides or other salts. 
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Protection of Magnesium Against Corrosion 

By John A. Gann* 

General—Magnesium alloys are quite resistant to corrosion under ordinary 
urban and rural exposure. Under such conditions, the metal gradually dulls and 
darkens but suffers no loss in mechanical properties. Corrosion may become more 
pronounced in heavy industrial areas and particularly along the sea coast. This 
results in a roughening of the surface and even pitting under extreme conditions. 
The alloys are free from intercrystalline corrosion so that changes in properties 
due to corrosion can be estimated by the amoimt of surface attack. 

The corrosion resistance of magnesium alloys to many chemicals has been 
determined in laboratory tests and under actual operating conditions. Inasmuch 
as the corrosion resistance of any metal is affected not only by the medium to 
which it is exposed but also by the operating conditions, service tests should always 
be made before using magnesium alloys for any special applications. Table I indi¬ 
cates the corrosion characteristics of magnesium alloys in contact with a variety of 
materials. 

Table I 

Corrosion Characteristics of Magnesium Alloys 


Chemical 


Concentration* Recommendation* 


Acetic acid . 

Alcohol, butyl. 

Alcohol, ethyl . 

Alcohol, methyl . 

Ammonium salts . 

Ammonium hydroxide . 

Ammonia, gas or liquid... . 

Anallne . 

Beer. 

Benzene . 

Calcium salts . 

Carbolic acid . 

Carbon bisulphide. 

Carbon tetrachloride ....... 

Carbonated waters. 

Castor oil. 

Chromates, most . 

Chlorides, all . 

Chromic acid, pure. 

Formaldehyde . 

Fruit Juices. 

Gasoline, regular. 

Gasoline, ethyl . 

Hydrochloric acid . 

Hydrofluoric acid . 

Hydrofluoric acid . 

Hydrogen peroxide . 

Ink, Iron . 

Ink. dye . 

Kerosene . 

Linseed oil . 

Mercury . 

Milk... 

Oil. chloride free. 

Phenol (carbolic acid). 

Salt (sodium chloride) .... 

Sea water . 

Sodium carbonate . 

Sodium fluoride . 

Sodium hydroxide, pure. 

Sodium salts, most. 

Steam. lOO^C.; 212'’P. 

Steam. 120''C,: 248‘’P. 


Any 

N 

100% 

R 

100% 

W 

100% 

N 

3% 

N 

Sp. gr 0 88 

R» 

100% 

R 

100% 

W 

100% 

N 

100% 

R 

37e> 

N 

See Phenol 


100% 

R 

100% 

R 

Any 

N 

100% 

R 

Any 

R 

Any 

N 

Any 

R 

50% 

W 

Any 

N 

100% 

W 

100% 

w 

.^ny 

N 

10 to 50% 

R 

1 to 10% 

N 

3 to 30% 

N 

100% 

N 

100% 

R 

100% 

R 

100% 

R 

100% 

N 

100% 

N 

100% 

R 

100% 

R 

Any 

N 

100% 

N 

3% 

R 

3% 

R 

3 to 50% 

R 

3% 

N 

100% 

N 

100% 

N 


^Concentrations other than lOO^r refer to water .solutions of ihe chemical. 

*Recommendatlons are ba^ed on the behavior of unprotected metai In a few cases protective 
coatings permit the use of magnesium alloys with chemicals that noimally corrode them. 

R = recommended for u.se N = not recommended for use. W =; may be satisfactory, but trial 
under operating conditions Is warranted. _ 


Magnesiuin alloy parts aro generally given protective paint coatings because it 
is difficult to control the location and conditions under which they wMl be used 


•The Dow Chemical Co., Midland. Mich. 
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Many Jobs are painted for decorative purposes. In order to secure maximum 
protection, it is necessary to follow certain established procedures, discussed 
below. 

CleaniniT—Prior io the application of a chemical treatment to magnesium alloys, 
it is necessary to have the surface free from dust, dirt, oil, and grease. Loosely 
adherent material should be brushed off. Oxide lllxns and adherent dirt should 
be removed mechanically, by sand blasting, wire brushing, or grinding; or chemically, 
by pickling in a 1-10% solution of sulphuric acid. After the acid pickling, the 
parts should be given a wash in cold nmning water followed by a hot water 
(140-180**F.) rinse to facilitate drying. 

Oil and grease are removed by washing with an organic solvent such as 
carbon tetrachloride, gasoline, or naphtha: or by treatment in hot alkaline cleaners. 
Parts cleaned with organic solvents should receive a final rinse in clean unused 
solvent. The mild alkaline cleaners developed for aluminum can be used, but 
faster and more efficient cleaning will be obtained through the use of the stronger 
alkaline cleaners, as used on steel, or an inexpensive mixture made in accordance 
with the following formula: 


Sodtum Carbonate (Soda Aeh).3 oa. 

Sodium Hydroxide (Caustic Soda).3 oi. 

Soap . 1 OS. 

Water, to make. 1 gal. 


Magnesium alloys are not attacked by such cleaners, which should be used at 
boiling temperature. Parts so treated should be given a wash in cold running 
water, followed by a hot water rinse to facilitate drying. 

Chemical Treatment—Magnesium alloy surfaces must be given a chemical 
treatment prior to painting in order to insure satisfactory results. The application 
of ordinary paint coats to bare magnesium, regardless of how well it may have been 
cleaned, will result in unsatisfactory adhesion to the metal. No paint is entirely 
impervious to moisture; and sooner .or later, depending on the conditions of 
exposure, the paint will begin to lift from untreated metal. This may take 
place without apparent attack on the underlying metal. 

Chrome Pickle Treatmenl^The chemical treatment generally used is known as 
the “chrome pickle” or “bichromate coating.” It is well bonded to the metal, has a 
satisfactory mechanical tooth for subsequent paint coatings, and has definite corro¬ 
sion inhibitive characteristics. This treatment is a simple dip operation requiring 
%-2 min., according to the freshness of the bath and cleanliness of the article. The 
recommended bath has the following composition and is operated at room 
temperature: 


Sodium dlchromate (NasCrnO? . 2 H 3 O). 1.51b. 

Nitric acid (HNOy. sp. gr. 1.4). 1.5 pint 

Water, to make. 1 gal. 


Containers for this bath should be made of pure aluminum, glass, or earthen¬ 
ware. After the dip, the parts should be held above the tank for about 5 sec. 
This serves a double purpose; to allow the adhering solution to drain off, and 
to produce a better colored and more effective coating. The parts are now 
washed in cold running water, followed by a hot water rinse which' completes the 
washing and facilitates drying. 

The chrome pickle treatment produces a visible color with a matte to bright 
finish on the article. The color and luster vary with the composition or age of 
tho solution and also with the composition and type of heat treatment of the 
alloy. Matte, gray to yellow-red, iridescent coatings are best paint bases and 
are readily obtained in fresh solutions. Bright brassy coatings are to be avoided. 
They are produced in solutions which contain too much acid, or in solutions 
which have been revivified too many times. 

The bath may be operated imtil the nitric acid content is depleted to 1.0 pint 
per gal. at which stage the sodium dlchromate concentration will be about 1.3 lb. 
per gal. The solution should then be revivified to contain 1.3 to 1.4 pints of nitric 
acid and 1.5 lb. of sodium dlchromate per gal. This revivifying operation may be 
performed 7 or 8 times, whereupon byproducts of the process will have built up in 
the solution impairing the efficiency to such an extent that the bath should be dis¬ 
carded. A rou^ control of the bath composition may be conducted on the basis 
of color of coating, etch produced, and degree of action observed. Exhaustion of the 
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Ration is indicted by the paleness of color and slowness of action on the metaL 
This paleness in color should not be confused with that caused by insufiOiclent 
exposure of air ^tween removal from the bath and the wash in water. Nitric acid 
and sodium dichromate should be added until a matte or semimatte (not bright) 
coating is produced, remembering that the nitric acid content dimii^hes more 
rapidly than the sodium dichromate content. 

Articles large to be immersed should be well brushed with a generous 
amount of the solution (preferably freshly made), well washed with a brush and 
water, rinsed, and dried. The coating thus fox*med is less uniform in color than 
that produced by the dip process but is equally good as a paint base if suSTicient 
solution is used. If die castings are to be given the chrome pickle treatment, the 
solution should be heated to 150®P. The time of treatment should be limited to 
approximately 5 seconds as a longer time results in the formation of a loose powdery 
deposit on the surface of the casting. 

The chrome pickle treatment, as described above, is given in Specification M-303, 
part 1, Navy Department, Bureau of Aeronautics, and in United States Army Speci¬ 
fication No. 98-2(X)10. 

Magnesium castings and wrought shapes are normally chrome pickled or 
bichromated prior to shipment. If this chemical finish is subsequently damaged 
or removed during forming or machining operations, the parts should be retreated 
prior to painting. Since the normal treatment removes 0.001-0.002 in. of metal, 
machined surfaces that must be held to accurate dimensions should be given a 
shorter time chrome pickle treatment or, as an alternative, the modified alka li ne 
dichromate treatment described below. 

Modified Alkaline Dichromate Treatment—^This treatment is not intended to 
replace the chrome pickle treatment, but is recommended as an alternative for those 
cases in which dimensional changes, as on machined surfaces, are to be kept at a 
minimum. Parts given the treatment show no dimensional loss. Properly applied 
the alkaline dichromate treatment provides the magnesium alloy article with a 
black decorative finish. 

Immediately prior to treatment, the parts must be very thoroughly cleaned in 
accordance with previous instructions, preferably with an alkaline cleaner or by 
boiling for five minutes in a solution of 2% sodium hydroxide followed by a hot 
water rinse. Next immerse parts 5 min. in a water solution containing 15 to 20% 
by weight of hydrofluoric acid (HP) at room temperature. Wash in cold running 
water and then immerse parts 45 min. in a boiling solution containing: 


Ammonium sulphate. (NH 4 ) 3 S 04 ..... 4 oz. 

Sodium dlchromate, Na 3 Cr 30 T. 2 H 20 . 4 oz. 

Ammonia (sp. gr. 0.880). % fluid oz. 

Water to make. 1 gal. 


The treated parts should be washed immediately in cold running water. As the 
final step, boil parts 5 min. in a water solution containing 1% by weight of arsenous 
oxide (As,Oa). Rinse parts thoroughly in cold running water followed by a dip In 
hot water to facilitate drying. 

In large scale operation the sulphate-dichromate solution may be easily con¬ 
trolled and maintained at proper concentration. The pH value should be held 
between 6.6 and 6.2 by additions of chromic acid and concentrated sulphuric acid 
in equal proportions by weight. Aluminum or steel tanks can be used for the solution 
which can be heated externally with gas or internally with steam coils. A loosely 
fitted lid can be used to minimize loss by evaix)ration. 

The alkaline dichromate treatment, as described above, is given in Specification 
M-303, part 3, Navy Department. Bureau of Aeronautics 

Dichromate Boil—This treatment is simpler to apply but is just as effective as 
the modified alkaline dlchromate. It is not, however, covered by government speci¬ 
fication at this writing. 

Clean parts dip In hydrofluoric acid the same as In the modified alkaline 
dlchromate treatment. Rinse In cold running water and then Immerse parts 45 min. 
In a water solution containing 10% by weight of sodium dlchromate (Na,CriO, • 2H,0). 
Wash In cold running water and then dip In hot water to facilitate drying. Control 
Is accomplished by keeping the bath at a pH of 42 by additions of chromic acid. 

Painting—The successful painting of magnesium offers no unusual difficulties 
today where approved materials are used and good palntli« practt<» is observed 
So far as the problem of protection Is concerned, the service conditions fall into 
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three general classes: 1. Interior, such as In the home, office, or factory not 
employing corrosive chemicals; 2. Exterior, such as inland North American atmos¬ 
pheres; and 3. Seaboard atmospheres containing sea salts or spray, or tropical areas 
of high humidity. ^ 

Primers—Before priming, any grease, oil, or dust must be removed from the 
chrome pickled surface, preferably by a thorough solvent wipe. Under no cir¬ 
cumstances should sanding, phosphate cleaner, or any other treatment designed 
to roughen the surface be used over the chrome pickle. 

Care in the selection of the primer cannot be overstressed, especially in regard 
to its adhesion and corrosion inhibltive characteristics. Natural adhesion is the 
most important property for a primer to be used under average indoor and 
exterior conditions. Zinc chromate primers possess distinct Inhlbitive properties 
with fair adhesion and hence should be used where corrosion conditions are 
severe, such as exposure near salt water or to continuous moist air. In cases 
where it is difficult to predict the service conditions under which a piece of 
equipment will be used, it is generally best to employ a chromate primer meeting 
Navy Specification P-27 or Army Specification 14080. 

Surfacers--A sealing or surfacer coat should be used over the primer coat 
and prior to the application of the finish coats where smoothness Is of impor¬ 
tance. Such a coat improves the adhesion and wear resistance of the paint 
Job. For conditions of severe exposure, however, an additional finish coat has 
more protective value than a coat of surfacer. 

Finishes —Almost any good quality oil paint can be used over a recommended 
primer on indoor exposure where wear resistance is not required. Pull synthetic 
and oil-base synthetic enamels, or high grade spar varnish pigmented with aluminum 
paste, have proved satisfactory for general exterior work. Experience has demon¬ 
strated the economy of an additional finish coat, since the added protection is 
well worth the expense, especially on parts to be used on Naval aircraft. Lacquer 
type coatings should be used Judiciously, since they appear to lack the necessary 
expansion characteristics. They may be useful, however, for certain interior 
applications. Clear coatings have only a limited application on magnesium. They 
are sometimes desirable for indoor service in order to preserve the natural metallic 
luster or to protect the various colored finishes. 

Baked Finishes—The excellent adhesion -and imperviousness possessed by the 
“baking type” materials make them well suited for use on magnesium. Schedules 
requiring baking temperatures up to 400°P. can be used on as-cast, aged, or 
wrought parts, while a maximum temperature of approximately 225®P. should be 
used on .solution heat treated castings in order to avoid aging or precipitation 
heat treatment. Baked finishes are recommended for die castings, small sand 
castings, and other parts of convenient size, since the adhesion thus obtained is 
better than with air dried materials. Improved service performance can like¬ 
wise be obtained by forced drying or baking of most air drying primers and finish 
coats bas^d on synthetic resins. 

Assembly Protection 

Inclosed Type Structures —Protection should likewise be given prior to assembly, 
to all castings, parts, and surfaces that are concealed or Inaccessible in the com¬ 
pleted structure. This applies to the interior of castings such as aircraft wheels, 
which are not tightly sealed from external atmospheric conditions; also to 
castings which may be completely inside more or less Inclosed locations, for example, 
aircraft control brackets mounted within wing structures. 

Metal-to-Metal and Metal-to-Wood Confaefs—Where magnesium is assembled 
in contact with magnesium, a different metal, or wood, there is a possibility of corro¬ 
sion occurring from moisture condensation, galvanic action, or attack by acids or 
salts which may be leached from the wood. Iron and wood are particularly bad; 
the former on account of the galvanic action between it and magnesium, and the 
latter on account of its porous nature and tendency to retain moisture. Such 
trouble may be avoided by the use of asphalt paint or similar sealing materials. 
Rivets, bolts, screws, or washers should be coated with asphalt type paint Just prior 
to use. Special conditions requiring a solid insulating material may employ Bakelite, 
sheet rubber, or cork gasket material. 

Cleaning Assembled fruefarcs—Excess asphaltic and bituminous sealing com¬ 
pounds that have been squeezed out between Joined surfaces and around rivet or 
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bolt heads, must be removed prior to painting, since they are likely to bleed through 
subsequent paint coatings. This Is readily accomplished through the use of a com¬ 
mercial retarder thinner or with similar and less expensive materials, such as butyl 
alcohol, butyl acetate, or naphtha. A final imphtha or similar solvent wipe should 
be given the completed assembly immediately prior to painting. 

The basic principle in the protection of magnesium alloy parts is to keep the 
metal as dry as possible through proper design which eliminates moisture-retaining 
pockets and Joints, through the use of sealing paints or compounds, and through the 
use of impwvious paints applied over corrosion inhlbitlve chemical coatings. When 
this has been done, no trouble should be experienced in securing adequate protection 
of the metal. 
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The Nickel Industry 

. By A. J. Wadhams* 

Nickel was used by ancient man in swords and implements fashioned from 
nickel-bearing meteorites and in coins made from paktong, a nickel-copper alloy 
derived from China. It was extracted as an element in 1751 by Axel P. Cronstedt 
and named nickel from the ore *'kupfer-nickel,” so-called by superstitious miners 
who believed the ore bedeviled. The modem nickel industry dates from the opening 
of the New Caledonia mines in 1875 and those of Sudbury, Ontario, in 1886. 

Occurrence—Commercial nickel ores fall into three major classes: (1) Sulphide 
ores, represented chiefly by the pyrrhotite-pentlandite-chalcopyrite ores of Canada 
and Norway. Pentlandite, a complex nickel-iron sulphide, is the nickel carrier. Small 
quantities of ores of this type have been mined in Connecticut, Pennsylvania, Cali¬ 
fornia, Missouri, and in Sweden, Finland, Italy, China, Tasmania, South Africa, 
and Great Britain. (2) Oxidized ores of the garnierite (silicate) type, occurring 
in New Caledonia, and in small quantities on the border of North Carolina and 
Tennessee. Similar ores occur in Borneo, Madagascar, Brazil, Spain, Greece, Russia, 
the West Indies, and Oregon. (3) Arsenical ores, found in Ontario, Colorado, New 
Mexico, Saxony. Bohemia, Prance, and eastern India. Small percentages of nickel 
are also present in many of the copper ores, in manganese ores of the early class 
known as wad, and in nickeliferous ores such as those of Cuba. 

Smelting and Refining—In the Orford process, the ore is ground fine, classified, 
roasted in Nichols-Herreschoff roasters, and smelted in reverberatory furnaces to 
remove a large part of the sulphur. The molten matte is charged into converters 
with silicious flux to produce a fluid slag which carries off the iron. The resultant 
nickel-copper Bessemer matte is smelted in a blast furnace with an alkaline sulphide 
flux and subsequently cast into large pots. The product solidifies in two layers. The 
top layer contains copper sulphide; the bottom layer contains nickel sulphide. 
Re-smelting with nitre cake and excess coke progressively purifies the product. The 
copper is blown to blister in basic lined converters and refined electrolytically. The 
nickel sulphide bottoms are crushed, leached and sintered, melted in reverberatory 
furnaces and cast into anodes. By electrolytic refining in a continuously purified 
nickel sulphate electrolyte, cathode nickel having a purity of 99.95% (plus cobalt) is 
obtained. The cobalt content range is 0.30-0.50%. Impurities may be copper, iron, 
carbon, sulphur, and sUicon. 

In the Mond process, crushed nickel sulphide bottoms are calcined to drive off 
sulphur, reduced to metal, and then treated with carbon monoxide gas, which 
forms a volatile nickel compound (nickel carbonyl) at 60° C. The nickel-laden gas 
is passed over pure nickel pellets at a higher temperature (about 180°C.). Metallic 
nickel is deposited on the pellets and the regenerated carbon monoxide is returned 
for use again as a nickel carrier. 

The New Caledonian silicate ore is smelted to matte. Sulphur is supplied by 
adding gypsum or any alkaline sulphide to the furnace. The matte is blown to a 
high grade in Bessemer converters and the iron eliminated in the slag. After 
roasting to drive off the sulphur, the oxide is made into a plastic with reducing 
materials and produced in the shape of cubes or rondelles. 

Products—Nickel is marketed in various forms as follows: (1) Nickel pellets pro¬ 
duced by decomposition of nickel carbonyl gas without fusion; (2) electrolytic 
cathode sheets cut into various sizes; (3) blocks or shot obtained by remelting elec¬ 
trolytic nickel cast into pig molds or poured into water without deoxidation; (4) 
malleable nickel produced by pouring into ingot molds after deoxidation; (5) nickel 
cubes or rondelles reduced from the oxide without fusion; (6) nickel salts; (7) nickel 
oxide; (8) nickel powder. 

Uses—Nickel is used in the food processing, radio, and chemical industries, in 
coinage, in the Edison storage battery, and as a catalyst in the hydrogenation of 
unsaturated organic compounds. Nickel plating is extensively employed and regu¬ 
larly forms a base layer for chromium plating. Heavy nickel plating has been 
developed for building up the worn parts of machinery, and a hard plate (up to 400 
Brinell) is utilized for applications requiring unusual resistance to abrasive wear. 
Nickel clad steel has been developed for the construction of heavy tanks and kettles. 

*Vlce president. The International Nickel Oo., Inc., New York. 
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Nickel finds its most extensive application as an alloying element in ferrous and 
nonferrous alloys. Table I serves to indicate the percentage distribution of nickel 
in the various metal markets and Fig. 1 shows the world production. 

Nickel is one of the 
chief alloying elements of 
the alloy steel Industry. Its 
most outstanding charac¬ 
teristic is its ability to im¬ 
part to steel increased 
hardness, strength, and 
toughness without sacrifice 
of ductility. Nickel steels 
find extensive application 
in the transportation field, 
in the oil and power in¬ 
dustries, and in machine 
tool, agricultural and gen¬ 
eral machinery construc¬ 
tion. In cast iron, nickel 
possesses the added advan¬ 
tage of refining the grain, 
promoting homogeneity and 
density, and reducing the 
tendency to chill. Special 
nickel cast irons have been 
developed for abrasion re¬ 
sistance and for heat and 
corrosion resistant applica¬ 
tions. 

Nick^-chromium steels 
carrying high percentages 
of the alloying . elements 
form a series of corrosion 
and heat resistant alloys. 
The most popular of these. 
18-8, contains 18% chro¬ 
mium and 8-10% nickel. A 
ferrous alloy containing 

60% nickel and 15% chromium is used in electrical resistance heating elements. An 
80'^^ nirkel, 14^ rhroniium, 6% iron alloy has good st't n^.th, toughness, and corro¬ 
sion and oxidatiun resistance. It finds application in chemical and food processing 
equipment. 

Table I 

Approximate World Nickel Consumption 



mpo mo 


m mo m mo loso 

Fig. l—World nickel production, 1870-1936. 


mo 


Construction steels, stainless steels and other corrosion and heat resisting steels, and steel 

castings . 

Nickel cast iron. 

Nickel-iron alloys..’. 

Nickel-copper alloys and nickel silvers. 

Nickel brass, bronze, and aluminum alloy castings. 

Heat resistant and electrical resistance alloys... 

Malleable nickel, nickel clad. 

Electrodeposition. 

Nickel salts, ceramic materials, storage battery materials and catalysts. 

Miscellaneous and unclassified. 


60 % 

6 % 

1 % 

U% 

s% 

3% 

9 % 

9 % 

1 % 

1% 


A variety of nickel-iron alloys have special thermal, magnetic, electrical, and 
elastic properties. Invar, containing 36% nickel and possessing a coefficient of ther¬ 
mal expansion of approximately zero, is one of this series. A 20% nickel alloy con^ 
taining aluminum and cobalt has been developed for permanent magnets. 

Monel is a copper-nickel aUoy containing 67% nickel, 30% copper, the balance 
mostly iron and manganese. It is obtained by roasting copper-nickel converter matte 
and reducing the resulting oxide to metal with charcoal. This alloy is primarily 
a corrosion resistant alloy for handling acids, alkalies, brines, waters, and food 
products, and is resistant to exposure in dry and moist atmospheres. 
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Nickel-copper alloys containing 20-30% nickel are used for condenser tubes 
handling sea water. A 25% nickel alloy is used for the United States’ five cent coin. 
An alloy containing 45-55% nickel is marketed under a variety of trade names for 
pyrometer and electrlbal resistance wire. 

The effect of nickel as a deodorizer is utilized in the nickel silvers, widely 
employed for architectural trim and plumbing fixtures, and finds application In the 
production of white gold. Nickel up to 2% is also used in several of the aluminum 
alloys including sand cast, permanent mold, die cast, and wrought products. 

The approximate compositions and melting points of the nickel alloys used for 
melting in the nonferrous industry are as follows: 


Shot and 

Electrolytic ingot from Nickel- Copper- High nickel- 

nickel electrolytic copper nickel copper shot 

cathode nickel shot shot and blocks 


Nickel (Plus Cobalt). 99.95% 99.60% 66.65% 50 07% 67.00% 

lion. 0.01-0.04% 0.07% 0.66% 0.10% 1.75% 

copper. 0.01-0.03% 0.026% 32.29% 49.57% 29.00% 

( arbon. trace 0.11% 0.19% 0.06% 0.20% 

S neon. trace 0.11% 0.055% 0.04% 1.25% 

Sulphur. trace 0.01% 0.017% 0.02% 0.01% 

Manganese . . . .... 0.13% 0.06% 0.75% 

Melt Point. . 2650 2600 2400 2250 2460 
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Constitution of Nickel-Aluminum Alloys 

By B. H. Schaefer* 

For many years the only published diagram of this system was that of Gwyer’ 
who was mainly interested in aluminum-rich alloys. In 1934 Fink and Willey* 
examined alloys containing up to 18% nickel and made a careful determination of 



Fig. 1—Nickel-aluminum constitution diagram. 



Fig. 2—Nickel end of the nickel-aluminum con- 
« stitutlon diagram. 

the eutectic temperature and composition, and the solid solubility of nickel in 
aluminum at various temperatures. These data are reported on p. 1230 of this 
Handbook. However, except for Bradley and Taylor’s X-ray data which relates 
mainly to the phase limits at room temperature and to the atomic structure of the 


*Metallurglst, The International Nickel Co., Research Laboratory, Bayonne, N. J. 
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various phases, it was not until 1937 that the whole system was re-investigated by 
Alexander and Vaughan/ whose careful work included thermal analysis, micro¬ 
scopical examination and hardness measurements. Their diagram, with the excep¬ 
tion of a slight modification of the NiAl boundary on the nickel side is shown in 
Fig. 1 and 2. 

Both Bradley and Taylor, and Alexander and Vaughan agree that below 700®C. 
nickel forms a face-centered cubic terminal solid solution up to about 6% aluminum, 
that a two phase region exists between 5-13.3% aluminum, and that a face-centered 

cubic intermediate phase or NijAl forms between 

oQ - f- ■ I 13.3-15.5% aluminum. However, the former authors, on 

the basis of X-ray data secured on quenched powder 

V - 600 samples, concluded that the two face-centered phases 

300 -Jr-= showed Increased mutual solubility at higher temper- 

\ atures so that at 1100®C. the duplex field between 5-13.3% 

H aluminum disappeared as opposed to the interpretation 

200 —V-= ^00 given in Fig. 1 and 2. Because of the possibility of losing 

\ aluminum through oxidation of the heated powder sam- 

\ pies which would move the composition of the alloys 

100 - = soo towards the alpha field, and what appears to the author 

^ to be inconsistencies in the data of Bradley and Taylor 

n ^ 2 - 0—0 when evaluated on the basis of their proposed equilibria, 

u\ -interpretation of Alexander and Vaughan has been 

mnum NijAl phase is reported to have a superlattice 

. with aluminum atoms occupying the cube corners and 
on the cu““temie^at“M“5 the centers of the cube faces, 

nickel. Both nickel and aluminum are soluble in the body- 

centered cubic NiAl phase which melts at 1638®C. and 
contains 31.5% almninum. The nickel-rich limit of this phase from about llOO^'C. 
down is based upon the room temperature value of 23.5% aluminum reported by 
Bradley and Taylor since the alloys prepared by Alexander and Vaughan were quite 
widely spaced in this region. 

At a somewhat higher aluminum content the intermediate NisAl,, which was 
originally thought by Gwyer to be NiAl*, is formed by a peritectic reaction between 
NlAl and the liquid at 1133^0. This phase has a pseudo cubic structure with alumi¬ 
num atoms lying very near to the cube comers and nickel atoms at the centers of 
two-thirds of the cubes. At 854®C. and 58% aluminum the intermediate phase NiAl, is 
formed by a peritectic reaction between Ni,Al, and the liquid. The intermediate 
phase Nl^, is the only one in the system which does not tolerate either excess 
aluminum or nickel. The structure of this phase appears to be orthorhombic with 
a unit cell consisting of four nickel atoms and twelve aluminum atoms. 

The effect of aluminum on the Curie temperature of nickel is shown in Fig. 3 
which is reproduced from the work of Marian.® The abrupt knee in the curve at 
about 6% aluminum results when the limit of the alpha solution field is reached 
and may occur at a slightly lower aluminum content than indicated. 
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Constitution of Nickel-Beryllium Alloys 

By D. E. Ackerman* 

Although the age hardening properties of the nickel-beryllium alloys have been 
studied by a number of Investigators, our knowledge of the theoretical aspects of 
the system is based, for the most part, upon the work of Masing and Dahl' who 
confined their attention to the nickel-rich end of the system. More recently Gerlach* 
has checked the lower temperature course of Masing and Dahl’s alpha field boundary 
and has extended the boundary to lower temperatures. The two sets of data are 
in excellent agreement in the ranges in which they overlap. 

The present constitution diagram is reproduced in Pig. 1. Small beryllium addi¬ 
tions rapidly depress the liquidus temperature from 1455®0. for pure nickel to 1157®C. 
at 5.1% beryllium: at the latter point an eutectic of the saturated solid solution, 



Fig. 1—Nickel-beryllium constitution diagram. 


containing 2.8% beryllium, and the compound NiBe is formed. The liquidus tem¬ 
perature again rises as the beryllium content is increased above 5.1%; presumably, 
this increase continues until the melting point or decomposition temperature of the 
compound NiBe is reached. 

The solubility of beryllium in nickel decreases markedly with decrease in tem¬ 
perature, ranging from 2.8% beryllium at the eutectic temperature (1157®C.) to 0.3% 
beryllium at 450°C. 
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Constitution of Nickel-Carbon Alloys 

By R. H. Schaefer* and T. E. Kihls^ren* 

Our knowledge of this system arises principally from the work of O. Ruff in 
collaboration with various other investigators^* '^* *•' and the later studies of T. Kas6.* 
In Fig. 1, the liquidus curves and the eutectic horizontal are based on the combined 
data of Elas^ and those of Ruff and his collaborators. The alpha solid solubility 
curve between 1250 and 995''C. was obtained from data secured at the International 
Nickel Co. Research Laboratory. The magnetic transformation curve is based on 
Hash’s data. 

The solid solubility of carbon in nickel 
^ at room temperature has not been precisely 
3200 established. The Bureau of Standards* re¬ 
ported that less than 0.10% carbon is soluble 
in nickel at this temperature and it is 
2300 probably between 0.05 and 0.10%‘. The solid 
solubility of carbon in nickel increases with 
. temperature, at first gradually, and then 
more rapidly. Kas6 reported the solubility 
at the eutectic temperature to be 0.55%, but 
2000 inasmuch as he based his value on analsrsis 
of alloys simply cooled from the melt, with¬ 
out any homogenization treatment and made 
soo no determinations of the solubility below 
the eutectic temperature, additional data 
have been obtained at this laboratory under 
^00 somewhat more carefully controlled condi¬ 
tions. Two nickel carbon alloys, one with 
0.68% total carbon, and one with 1.35% total 
0 fo 20 30 40 carbon were homogenized for 8 hours at 

Per Cent Carbon 1250® C. Specimens from each were subse¬ 

quently reheated to various temperatures. 
Fig. 1—Nickel-carbon constitution diagram, ranging from 995-1305*0. for 1% hours, 

quenched in ice brine, and analyzed for 
graphitic and total carbon. The carbon in solid solution was obtained by difference. 
The alpha phase boimdary of Fig. 1 is based on these data which are shown below, 
the deviation between the two sets of determinations varying from 0 to 0.03%C.: 

Determination of Carbon Solid Solubility 


-- % Carbon In Solution-* 

Temperature, *C. Sample No. 1* Sample No. 2t 


993 . 26 23 

1135 . 35 35 

1256 . 47 

1264 . .47 

1307 . .58 


^Contains 0.076% Si. about 0.65% total carbon (after homogenization) 

tContains 0.10% Si, about 1.30% total carbon (after homogenization) 

The solid solubility at the eutectic temperature is apparently of the order of 
0.65% carbon. The curve has been extrapolated from 995®C. to room temperatures, to 
agree with the data reported by the Bureau of Standards. 

The liquidus temperature reaches a minimum at the eutectic temperature 
1318®C. at 2.22% carbon and as the eutectic concentration is exceeded, the liquidus 
temperature is raised. Ruff and Kas^ are in good agreement on the liquidus of 
alloys containing up to about 2.9% carbon, beyond which Kasd presents no data. 
The studies of Ruff and Martin’ extended to higher carbon contents and indicated 
that the liquidus Increases with the carbon content to about 6.42% carbon at which 
there is a sharp break in the curve. This carbon content corresponds to the com¬ 
pound Ni,C which Ruff and Martin’ consider to exist between 1500 and 2500®C., 
but which is readily decomposed. Their data are indicated in the tabulation: 
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CONSTITUTION OP NICKEL-CARBON ALLOYS 


ie25 


Temperature, "C. Total carbon dissolved, % 


1560 . 2.60 

1640 .:. 2 69 

1640 . 2.73 

1744 . 2.98 

1842 . . 3 38 

1950 . . 4.04 

1956 . 3.97 

2050 . . 5.30 

2100. . 6.42 

2200 . 6.38 

2200 . . 6.30 

2300 . 6.32 

2400 . 6.31 

2500 .. 6.30 


Ruff and Gersten® determined the heat of formation of NijC to be —394 ± 10 
calories and concluded that this compound, being highly endothermic, is extremely 
unstable. Nickel carbide has not been observed as a constituent in commercial grades 
of nickel, confirming the view that if a carbide of nickel does exist, it is indeed 
unstable. 

The data on the magnetic transformation of nickel-carbon alloys are not very 
satisfactory, Kas(§'s magnetic analysis having been made on chill cast unhomogenized 
specimens. Repeat runs were made on two alloys and these showed a gradual 
Increase in the Curie temperature due presumably to a closer approach to equili¬ 
brium. The data indicate that the magnetic transformation of nickel is depressed 
by carbon to about 350”C., at the limit of solid solubility of carbon in nickel, and is 
apparently unaffected by further increases in carbon content. 
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Constitution of Nickel-Chromium Alloys 

By E. M. Wise* and R. H. Schaefer** 

i 

The first attempt to establish the constitution of this alloy system was made 
by Voss* in 1908 who found a minimum in the melting curve at 42% nickel and at 
this composition found an eutectic-like structure which he ignored in his published 
diagram. The system was generally considered to be of the solid solution type, but 
with present knowledge that the structure of nickel is face-centered cubic and 
chromium body-centered, a continuous series of solid solutions would not be expected 
and microscopic*- • and X-ray*- *• ** examination indeed showed evidence of limited 
mutual solubility. Despite the great industrial Importance of the nickel-rich alloys, 
only in the past ten years has the system been thoroughly investigated. 

There is now general agreement that the system comprises a nickel-rich and 
a chromium-rich solid solution and that the mutual solubility decreases with the 
temperature although some divergence exists regarding the low temperature domain 
of the two solid solutions, particularly that rich in nickel.*-*-*-• This is to be 
expected in view of the diflflculty of attaining equilibrium at low temperatures and 
due to the effect of impurities; and some slight revision in this region is to be 
expected in the course of time. 

The recent investigation of Jenkins and associates** was conducted with great 
care and precautions were taken to exclude impiirities; for this reason their data 
are accepted and shown in Pig. 1. The melting point of chromium indicated (1830®O.) 
is based on Adcock’s** determination and is higher than that observed by others*- ** 
but ties in well with the melting temperatures of the alloys studied by Jenkins. 
The melting temperature of the eutectic is 1343°0. and at this temperature about 
47% of chromium is soluble in nickel. At lower temperatures a small decrease in 
solubility occurs, slightly in excess of 40% chromium being soluble at 900®C. Thirty- 
five per cent nickel is soluble in chromium at the eutectic temperature, but a marked 
reduction in solubility occurs at lower temperatures—perhaps 9% being soluble 
at 900"C. ♦ 



Fig. 1—Nickel-chromium constitution diagram. 



Fig. 2—Curie temperature 
of nickel-chromium alloys. 


Due to the lack of determinations in a portion of the high temperature high 
chromium region plus the difficulties in high temperature thermometry, a portion 
of the liquidus and solidus has been dotted. Because of the difficulty in attaining 
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equilibrium at low temperatures and the possible effect of nitrogen and other con¬ 
tamination, the solid solubility line is dotted. 

The magnetic change point (Curie temperature) is rapidly lowered by the addi¬ 
tion of chromium to nickel, but some disagreement exists in the precise relation¬ 
ship.** “ The recent investigation of Marian** yields the results shown in Pig. 2 
which are tentatively accepted. 
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Constitution of Nickel-Cobalt Alloys 

4 By D. E. Aokerraan* 

The nickel-cobalt system was first studied by Guertler and Tammann' who 
found a continuous system of solid solutions, the solid alloys becoming nonmagnetic 
when heated above a critical temperature which Increased with the cobalt content. 
The general features of the first investigation were confirmed by Huer and Kaneko,* 
whose data on the temperatures of the magnetic transformation, llquidus and solidus 
are the most accurate. After correcting for the currently accepted values of the 
melting point and Curie temperatures of the 
pure metals these data have been plotted in on 
Pig. 1. The liquidus rises slowly from 1455®C. 
at pure nickel to 1480®C. at pure cobalt: there 
is unanimous agreement that the liquidus and 
solidus nearly coincide and the single line ^ ^ 

(liquidus) shown on the diagram is to be con- ^ 
sidered as two lines having a maximum separa¬ 
tion of possibly 2-3®C. at about 50% cobalt. ^ooo 

The Curie temperature rises continuously 
from 362®C. at pure nickel to 1125®C. at pure ^qq 
cobalt. Some doubt exists as to the exact Curie 
temperature of cobalt, various investiga- 
toms*'“ reporting values varying from 
IIOO'^C.-IISO^C. Strictly speaking, the Curie 
temperature curve in the figure marks the end ^oo 
of the magnetic transformation, alloys held at 
higher temperatures being nonmagnetic. The 200 
beginning of this transformation, which Ruer 
and Kaneko (as well as later experimenters) 0 
considered to involve no crystallographic 0 20 40 60 60 100 
change, is ill defined and rather dependent Pen Cent Cobelt 

upon the details of the experimental technique Fig. i—Nickei-cobait constitution diagram, 
and is therefore not indicated on the diagrs^. 

Steinwehr and Schulze” find the heat of the magnetic transformation to be 
1.2 cal. per g. 

In 1926 Masumoto’ announced the discovery of a new transformation in pure 
cobalt, the metal having a close packed hexagonal lattice at temperatures below 
about 400-440®C. and a face-centered cubic lattice at higher temperatures. Ma- 
sumoto’s four samples contained various amounts of impurities up to a maximum 
of 0.45%, chiefiy nickel, iron, and carbon, the transformation temperature increasing 
somewhat with the purity of the specimen. The transformation was studied by means 
of thermal analysis, electrical conductivity, thermal expansion, magnetic tests, 
dilatometer tests and X-ray analysis. This transformation in pure cobalt has been 
observed by others (references 4-12, 17-21) and appears to occur at 440®C., although 
temperatures ranging from 399-475®0. have been given. Several investigators”* ”* ” 
have commented upon the extreme sluggishness of the transformation from the 
hexagonal to cubic cobalt. This sluggishness is apparently related to the small heat 
of transformation (0.1 cal. per g.) found by Steinwehr and Schulze.” 

Masumoto*s much less complete study of cast nickel-cobalt alloys annealed three 
hours at 1100®C. before testing, showed the temperature of this transformation to be 
depressed by nickel additions as shown by the boundary between the alpha and 
alpha + beta fields; the location of the alpha + beta, beta field boundary rests upon 
almost no experimental evidence; the boundaries between the alpha and the beta 
fields have not been checked to date and in view of the scanty and somewhat unre¬ 
liable data upon which they are based their locations must be considered as tenta¬ 
tive only. 

The data of many investigators** ** •* ”• ”• ” suggest the existence of a structural 
transformation at some higher temperature, in the range of 800-1100®0„ at which 
the face-centered cubic lattice formed at 440®O. again transforms to a hexagonal 
close packed lattice. These data are not concordant and their interpretation is com¬ 
plicated by the fact that structural transformations in cobalt are very sluggish and 
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are markedly influenced by mechanical work. The careful work of Seybolt and 
Mathewson'* seems to support Cardwell’s^ conclusion (from room-temperature X-ray 
data on quenched cobalt) that a transformation exists at 850^0. Marick,^ on the 
other hand, recently studied Cardwell’s cobalt and concluded, on the basis of X-ray 
examination at high temperature, that the SSO^’C. transformation is nonexistent. 
Again, Sykes,*" using the technique of Hendricks, Jefferson and Schultz* was able 
to check the observation of the latter investigators that a transformation occurred 
at 1020"C. but could detect no transformation in the 800-1100"C. range in cobalt 
by thermal means. In general, different investigators have used both different 
methods of study and cobalt prepared in widely different ways and of widely dif¬ 
ferent purities, and a critical study of these various possible sources of disagreement 
would be highly desirable, for even among those adhering to a belief in a high tem¬ 
perature transformation there is considerable divergence of opinion as to the actiml 
temperature. At present the weight of opinion seems to favor one structural trans¬ 
formation point, that at 440®C. 

The lattice constants of the nickel-cobalt alloys have been measured by Osawa;* 
those of metallic cobalt have also been determined by Van Horn. Osawa’s value of 
“a” for nickel is in excellent agreement with that of McKeehan;” the divergence 
in the constants for pure cobalt may be related to the different methods used In 
preparing the specimens. 


Lattice Constants of Nickel-Cobalt Alloys and of Cobalt 


% N1 

Lattice 

a 

c 

c/a 

Investigator 

100 

Face-centered cubic . 

3.508 



Osawa 

20 

Close packed hexagonal. 

2.489 

4.036 

1.621 

Osawa 

16 

Close packed hexagonal. 

2.493 

4.024 

1.622 

Osawa 

10 

Close packed hexagonal. 

2.493 

4.046 

1.623 

Osawa 

4 

Close packed hexagonal. 

2.492 

4.052 

1.628 

Osawa 

0 

Close packed hexagonal. 

2.492 

4.056 

1.631 

Osawa 

0 

Close packed hexagonal. 

2.498 


1.631 

Van Horn 

0 

Face-centered cubic. 

. 3.525 



Osawa 

0 

Pace-centered cubic. 

. 3.512 



Van Horn 
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Constitution of Nickel-Manganese Alloys 

, By N. B. Pilling* 

The nickel-manganese series has received attention from but few investigators 
even though the lower manganese content alloys are of some technological impor¬ 
tance. The early (1908) diagram of Zemczuzny, Urasow and Rykowskow* repre¬ 
sented a continuous series of solid solutions with a minimum in the liquldus. Dour- 
dine,* confirming the general aspects of the liquldus curve with a purer set of 
alloys, found (1915) microscopic evidence of heterogeneity in the range from 38-71% 
manganese and detected a complicated 
series of solid transformations within this *C. 
same range. In this fragmentary state ^ 400 ! 
the diagram rested until quite recently. 

Dourdine^ resiuned his study of this 
series and in 1932 published a revision of 1200| 
his earlier diagram. This is represented 
in Fig. 1. In many respects it must be 
regarded as tentative, yet it suggests the 1000 | 
following relations. Mn dissolves in Ni. 
at temperatures exceeding about 760^C.. 
up to 43%; at temperatures below this the doo] 
solid solutions containing more than 36% 

Mn undergo a transformation which ap¬ 
pears to produce the compoimd MnaNU 60 o| 
or epsilon phase. At about 48% Mn the 
delta phase occurs, which at tempera¬ 
tures approaching the solidus, corresponds 400| 
to the compound MnNi; the solubility of 
this phase for Ni changes but slightly 
with temperature down to 600**C., while 200 I 
its solubility for Mn increases greatly as 
the temperature decreases. It is subject 
to a transformation at about 600^0.. the 
significance of which has not yet become 
clear. The solubility of Mn for Ni, at tem¬ 
peratures approaching lOOO^C., extends Fig. 
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1 —^Nickel-Manganese Constitution Diagram, 
down to about 68% Ito, the limiting concentration being that of the compound 
MnaNit. This gamma phase, at concentrations lower in Mn than about 68%. trans¬ 
forms into the delta phase. The compound MnsNi 2 . therefore, exists only within 
the limited temperature range of approximately 950-1000®C. Two fields of duplex 
alloys occur (beta -f delta) and (delta -f- gamma). The former is complicated by 
solid transformations affecting both phases; the limiting concentrations of the 
latter change considerably with temperature and have not as yet been traced out 
fully. 

The constitution of the alloys quite rich in Mn has evidently not been studied. 
Manganese undergoes a number of transformations in the solid state, recent work* 
indicating three modifications: 


Alpha Mn 
Beta Bin 

Gamma Bin 


cubic 

cubic 

tetragonal 


under 742*0. 
742*.1191*C. 

above 1191*C. 


8.894A 

6.S00A 

f3.774A 

)3.526 


Dourdine reports* that under ordinary rates of cooling from solidification an 
unstable state persists, resulting in a fictitious appearance, of complete miscibility 
between Ni and Mn, the delta phase and related heterogeneous fields being sup¬ 
pressed. A more or less prolonged heating at temperatures in the vicinity of the 
solidus is required for the development of that state which permits the formation 
of the stable phases represented on the diagram. 

Manganese depresses the magnetic transformation temperature of Ni.* 17% Mn 
sufficing to lower it to room temperature. The alloys containing 12-40% Mn can 


^International Nickel Co., Zne., Bayonne. N. J. 
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be transformed^ by long heat treatment below 450*’C. to a strongly ferromagnetic 
state, the change occurring without structural alteration. 
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The Constitution of the Nickel-Molybdenum Alloys 

« R. H. Schaefer* 


This system was first investigated by Baar' by thermal analysis and micro¬ 
scopical methods. He reported a nickel-rich solution of molybdenum, an eutectic at 
1305*^0. and 49% molybdenum, and the peritectic formation of the compound NiMo 
at 1345'*C. and 62% molybdenum. Dreibholz* later confirmed the peritectic forma¬ 
tion of the compound, but found the eutectic temperature to be 1315®C. He also 
determined the effect of molybdenum on the Curie temperature of nickel which 
was lowered to room temperature by the addition of 18% molybdenum. 

At 1305®C. the solubility of molybdenum in nickel was placed at about 32% by 
Baar, based upon the appearance of a cooling curve arrest in a 35% molybdenum 
alloy which was not found in an alloy containing only 30% molybdenum. The limit 
of this alpha solid solution field was shown to decrease at lower temperatures by 
Koster and Schmidt,* who reported a solubility limit of 18% molybdenum at 800®C. 

Recently the first really comprehensive study of this system was published in 
two parts by Grube and Schlecht* and Grube and Winkler,® who discovered several 
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Fig. 1—Nickel-molybdenum constitution diagram. 
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new fields. The alloys were prepared from quite pure nickel and molybdenum 
powders,t and carefully pressed and sintered.* Depending upon the molybdenum 
content of the alloys, they were then cold rolled, hot rolled or heated to incipient 
fusion to seal any figures, homogenized for 48 hr. at 1280''C., and furnace cooled 
to room temperature in from 10-14 days. As a result of hardness, electrical resistance, 
magnetic susceptibility, corrosion resistance measurements, X-ray and microscopical 
examination, they reported the constitution diagram which is reproduced in Fig. 1. 

In general the above work agrees quite well with Baar’s data at temperatures 
above 925'*C., but below this temperature two new phases are reported. The face- 
oentered cubic alpha solid solution starts to transform at 875**0. to an ordered 
face-centered tetragonal fi phase which possesses a superlattice. A very small 


ncetollurglst. The International Niekel Oo., Inc., Research Laboratory, Bayonne, N. J. 
tThe nickel contained 0.04% C., 0.12% Fe, 0.09% O 2 , and was sulphur free. The molybdenum 
was 99.9% pure. 
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heterogeneous region a + p exists between the two fields. At room temperature 
the p held is shown to extend from approximately 18-29% molybdenum. The latter 
concentration happens to be approximately that of Ni 4 Mo, so that the 0 phase 
might be considered to be a solution of nickel in Ni^Mo. The dimensions of the 

unit cell of the 29% molybdenum alloy are reported to be a = 3.61 A and-^= 0.98. 

At 35.3% molybdenum and 925°C. a peritectoid reaction occurs between the 
alpha solid solution and the compound NiMo yielding the compound NigMo. The 

latter has a close packed hexagonal lattice with a = 2.54 A and“= 1.65. The com¬ 
pound NiMo which occurs at 62% molybdenum is said to have a very complicated 
structure which has not as yet been determined. 

Grube and his co-workers attempted to determine by X-ray methods whether 
any solid solution occurred on the molybdenum end of the diagram. They fotmd 
no increase in the lattice constant of pure molybdenum (a = 3.1374 A) in alloys 
containing 1-20% nickel and therefore concluded that no appreciable solubility exists. 
However, the unpublished work of W. P. Sykes’ and C. A. Brashares indicates that at 
1400®C. approximately O.S% nickel is soluble in molybdenum. The latter investigators 
also reported the eutectic and peritectic temperatures to be 1345 ± 10®C. and 
1400 ± 10°C., respectively, which are somewhat higher than those foimd by Baar 
and Grube. 

The effect of molybdenum on the Curie temperature of pure nickel is shown 

in Pig. 2. This is based upon the work of Marian* and Grube* * who agree that 

10-11% molybdenum is necessary to lower the magnetic transformation to 0®C. 
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Constitution of Nickel-Silicon Alloys 

^ By D. E. Ackerman* 

Only two investigations of the complete nickel-silicon system have been made; 
the first by Ouertler and Tammann,' the second by Iwase and Okamoto.’ The first 
study was based chiefly upon thermal and microscopical methods while the second 
utili^d thermal analy^, microscopy, X-rays and magnetic analysis. Unfortunately, 
the published accounts of both researches fall to make clear what precautions, if 
any, were taken to insure that the specimens tested were in complete equilibrium. 
Comparison of data from several available studies of restricted portions of the 
diagnun with those cited above give rise to some doubts as to the accuracy of the 
latter. While there is thus little specific grounds for choice, even between the 
two available comprehen¬ 
sive studies, the data of 
Iwase and Okamoto have 
been chosen as the basis 
for the present diagram, 
chiefly because they are the 
more recent, the more nu¬ 
merous and were obtained 
by more different types of 
experimentation. Several 
features of the diagram 
(the course of the alpha 
field boundary and the ex¬ 
istence of Ni^i and NiSi) 
are rather well established. 

Ouertler, Iwase and Oka¬ 
moto also postulate the ex¬ 
istence, at some tempera¬ 
ture, of NigSi and Ni,Sl„ 
but the remainder of the 
diagram must be considered 
tentative only. The uncer¬ 
tainties are both qualita¬ 
tive and quantitative in 
nature. The data available up to 1936 have been critically reviewed elsewhere.® 

The location of the high-temperature (800-1100°C.) portion of the a field 
boundary is based upon the careful X-ray work of Blumenthal and Hansen* while 
the remainder of the boimdary utilizes the data resulting from the painstaking 
hardness, electrical resistance and microscopical data of Dahl and Schwartz.® The 
alloys used by the latter contained 0.5% manganese and 0.05% magnesium as 
deoxidizers. At room temperature the maximum solid solubility of silicon in nickel 
appears to be about 6.0%. 

The liquldus curve for the system exhibits four eutectics as follows; 



a + melting at 1151^0. and containing 11.5% Si 

NlsSis + NlaSl ** 1242 “ ** 17.5 

7 -f NISI ** “ 964 “ “ 29.0 

NiSi + NlSla “ “ 966 “ ** 38.0 

Three intermetallic compounds which melt without decomposition are also indicated 

NisSla melting at 1256'’C. and containing 16.0% silicon 

NlaSl “ ** 1284 ** “ 19.3 

NiSi ” •* 990 ** ” 32.4 

Two Intermetallic compounds formed by peritectic reactions are also postulated: 

/8(NisSi -f Nl) formed at 1163*C. by reaction between NisSla and 12% Si melt 
NiSia “ 993 '' “ “ d •* 41.5% Si melt 

NiSia undergoes a polymorphic change at 981*^0. 

The a solid solution has been discussed. The presence of a solid solution, 
consisting of Ni,Si which may dissolve excess nickel, appears to be consistent with 
Iwase and Okamoto's data on duration of the thermal arrest at 1151^0., but no 
microscopical or other data supporting such a field have been presented; it is 


*AMociate Professor of Metallurgy, Purdue University, Lafayette, Znd. 
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retained simply because it represents the most general case possible with the data 
available. ^ is indicated as decomposing eutectoidally at 1120^C. The 7 solid solu¬ 
tion may be considered to consist of a solid solution of silicon in Ni^Sl (which 
undergoes a polymorphic change at 1214*'C). 7 undergoes an eutectoid transforma¬ 
tion at 806®C., yielding Ni;Si and Ni,Si; the latter may form at 845®C. by a 
perltectoid reaction between NiSi and 7 . None of the investigators of this system 
except Guertler” suggest the possible solid solubility of nickel in silicon, but a 
limited solid solution of nickel in silicon, designated 8, has been included in the 
diagram. 

Oelsen and Samson-Himmelstjerna* have obtained the heat of formation- 
composition curve and the heat content-composition curve for the system and find 
only two breaks which would Indicate compounds which melt without decomposition. 
The heats of formation of these are: 


NizSl . 33.6 kg. cal./g. mol. 

NISI .20.6 ** •* *• 


The identification of these two, and only these two, stable compounds supports 
these features of Guertler and Tammann's work. Apparently they obtained no 
evidence of the existence of the Ni<Si« proposed by Iwase and Okamoto. Oelsen 
and Samson-Himmelstjerna confirmed the existence of Ni,Si, whose heat of forma¬ 
tion is the sum of those of NisSi and NiSi and which they therefore regard as a 
double silicide. They also confirm the existence of Ni,Si and Ni^Si., the latter being 
indicated on Guertler and Tammann’s diagram but not on that of Iwase and 
Okamoto. 

Many of the basic facts regarding the system are thus in dispute and a care¬ 
fully conducted, comprehensive study of the system is required. It may be pointed 
out that the only study of the lattice constants of the various phases is the work 
of Boren’ who found NiSi to be structurally similar to PeSi (tetartohedral cubic) 
and to have a lattice parameter of 4.437A although this value may be in error 
because of the diffusedness of the line edges. 

Several determinations of the effect of silicon upon the Curie point of nickel 
are available; aside from the data of Manders,® which are rather irregular, the data 
are fairly consistent although those of Dahl and Schwartz* show a less rapid drop 
in Curie temperature with silicon content than the data of Kusemann and Schamow* 
and of Marian,*® both of which agree well with each other and with the data of 
Iwase and Okamoto.* A weighted mean of the better data follows: 



Curie 

% Silicon 

Temperature 

0 . 

. 362®C. 

1 . 

. 320 

2 . 

.263 

3 . 

. 195 

4 . 

. 130 

5 . 

. 45 

fi . 

. —45 
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The Constitution of Nickel-Sulphur Alloys 

« By D. E. Ackerman* 


The first and only study of the constitution of the binary nickel-sulphur alloys 
is that of Bomemann/ who examined nickel alloys containing from 0-31% sulphur. 
The sulphur volatilizes from richer melts too fast to permit study. The diagram 
was based almost entirely upon thermal analysis, although a few confirmatory 
microscopical examinations in some of the larger fields were made. Sulphur was 
found by Bomemann to have a maximum solubility of 0.5% in solid nickel at 644^C., 
but to be insoluble below 532^C. A strongly marked eutectic of alpha (solid solu¬ 
tion of sulphur in nickel) and beta (solid solution containing NiaSs) was found 
at 21.5% sulphur and 644^0. Between 24 and 31% sulphur and 520 and 810*’C., the 
beta solid solution containing NisSa occurred. At lower temperatures but at the 
same sulphur contents a considerable number of 


phase fields of restricted area were indicated, but 
the existence of these may be questioned, since it 
is not clear that the pretreatment of the speci¬ 
mens was such as to insirne freedom from segre¬ 
gation, which, at the sulphur contents Involved, 
might be expected to be present in the original 
castings on a considerable scale. The reality of 
the thermal arrests upon which these small fields 
were based cannot be questioned, but it may be 
suggested that some of them originated in the 
successive transformation of variously segregated 
regions in each of the several specimens. 

The eutectic at 21.5% sulphur and 644®C. has 
been directly observed by several investigators, 
among whom may be mentioned Hayward,* Vogel 
and Tonn,* and Merica and Waltenberg,* and has 
been inferred by others.** • As the result of a 
study of portions of the ternary iron-nickel-sulphur 
system Guertler and Savelsberg* have, by extrapo¬ 
lation, suggested a binary nickel-sulphur consti- 



Per Cent Sulphur 


Constitution of Nickel-Sulphur Alloys. 


tution diagram which differs, particularly in the 


higher sulphur ranges, from that of Bomemann. Unfortunately, few experimental 


details are given. 


The accompanying constitution diagram is based chiefly upon the work of 
Bomemann and of Guertler and Savelsberg, although the careful work of Merica 
and Waltenberg has been taken into consideration in provisionally locating the 
limits of the alpha field. The latter investigators, working with unhomogenized, 
cast nickel-sulphur alloys, found the eutectic arrest at 644‘’C. in alloys containing 
more than about 0.03% sulphur, but could detect heterogeneity by microscopic 
examination with as little as 0.005% sulphur. These data suggest, first, that at 
low sulphur contents the microscopical method may be more sensitive than the 
thermal method, relied upon by Bomemann for determining the range of the 
alpha field. Second, the true solid solubility of sulphur in nickel must be con¬ 
siderably lower than reported by Bomemann. The presence of microscopically 
visible sulphide in the 0.005% sulphur, as cast specimens of Merica and Waltenberg, 
may be ascribed to a local sulphur content, produced by segregation effects, in 
excess of the solid solubility limit. In view of the low nominal sulphur content and 
the small size of the melts it appears quite improbable that local sulphur contents 
resulting from segregation would be more than twice the average sulphur content. 
A value of 0.01% sulphur is thus suggested as the solid solubility of sulphur in nickel 
at 644^0. While this value has been used in the diagram it should probably be 
considered as the upper limit of the possible solid solubility, for the forging tests 
of Merica and Waltenberg and of others indicate that the value should be even 
lower. The insolubility of sulphxu: in nickel below about 532*’C. is based almost 
entirely upon the general nature of the diagram and upon the fact that, according 
to Bomemann, the Cturie point of nickel is not shifted by moderate sulphur contents. 


^Associate Professor of Metallurgy, Purdue University, Lafayette, Ind. 





NICKEL-SULPHUR ALLOYS 


1637 


As mentioned above, the eutectic of alpha (whether nickel or a dilute solution 
of sulphur hi nickel) and beta at 21.5% sulphur and 644*’C. is well established. 
The beta phase is a solid solution containing the compound NLSa, the latter solidify¬ 
ing at 787°C. Because of the lack of experimental data the exact nature of the 
solid alloys, containing higher sulphur contents than the beta phase, is not 
known, but a solid solution apparently exists which decomposes at 550”C. with 
the formation of a compound, possibly Ni«S», which has been designated gamma. 
The beta phase breaks down at 532^C. with the formation of nickel and gamma, 
the nickel undergoing a magnetic transformation at 362^C. 

The liquidus is probably reasonably accurate from 0 to about 31% sulphur. 
The existence of the compound NWSs is established. Alsen* suggests it is cubic, 
with a value of a = 4.08 A. The existence of the beta phase, but not, necessarily, 
its compositional range, may be accepted, and the same is true of the solid state 
transformations at 644*’C. and at 532°C. The remainder of the diagram, including 
the nature and limits of the alpha phase, require further study. Indeed, a recheck 
of the entire system, using several modem methods for determining the extent 
of each of the several fields, would be most interesting, as the application of 
the now well developed theory of pressure-temperature-composition diagrams should 
permit extension of the binary diagram to considerably higher sulphur contents. 
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Constitution of Nickel-Tin Alloys 

^ By J. X Eash* 
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The nickel-tin system has been the subject of few investigations. Complete 
diagrams were reported by Quillet' in 1907 and by Voss’ in 1908. Renewed interest 
has been shown in these alloys in recent years and in 1937, Mikulas, Thomassen 
and Upthegrove* reported the results of their investigation of the complete system. 
While the interpretations given the diagrams of the three studies are quite different, 
the liquidus, the eutectic and peritectic temperatures agree fairly well. Jette and 
Fetz* determined the limit of solubility of tin in nickel in 1935. 

The constitution diagram .■ ■. oc 

shown In Pig. 1 Is chiefly as ^ I_ .i_ ..Op, 2 \ _ 'oauid - 

given by Mlkulas, Thomassen [ j / i 

and UpUiegrove.* Thermal anal- .... L ! :!j} 
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. . l-Nlckel-tln constitution diagram. 

taining 27.1% nickel is formed 

at 793®C. by the peritectic reaction with liquid and NijSn,. It has a density of 
8.78. Mikulas reports it as having a complex lattice structure which was not deter¬ 
mined. Fetz and Jette* indicate that the phase probably exists over a narrow 
composition range. 

By means of X-ray examinations, Fetz and Jette foimd a phase at 29.7% nickel 
which they called theta; however, they give no information regarding the mechanism 
of its formation. 
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Vigoroux' was able to separate residues from two alloys by chemical methods 
and found them to contain 33.3% nickel which would correspond to the compound 
Nl Sn. Prom X-ray investigations, Oftedal* and Fetz and Jette report the presence 
of phases corresponding to Ni Sn; however, Mikulas found that an alloy of the 
Nl Sn composition which had been annealed 500 hr. at 500®C. contained two micro¬ 
scopic phases and concluded they were Ni^Sn^ and NiaSn,. 

At 43% nickel, Ni^Sn, is formed. According to Mikulas it solidifies at 1253®C. 
Above 902®C. it has a body-centered tetragonal lattice structure with 10 molecules 
per cell where a = 9.199 A, c = 8.578 A and c/a = 0.933. Its density is 9.36. Below 
902®C. it has a hexagonal modified nickel arsenide type of structure with 1 molecule 
per cell and a = 4.092 A, c = 5.186 A and c/a = 1.267 A. Its density is 8.99. 

The dotted line at 902®0. in the NiaSn, + liquid field has been inserted by the 
writer to indicate the crystal change in the NiaSn, phase which is inferred by the 
adjacent area of the diagram, but not shown in the literature. 

The compound NigSn containing 60% nickel is formed at 1164®C. by the peritectic 
reaction between liquid and NigSn,.* It has a density of 9.62. P. Rahlfs* reports 
Ni|Sn as having a hexagonal close packed lattice with a superstructure where 
ft = 2 a = 5.275 A, c = 4.234 A and c/a = 1.606. Fetz and Jette believe that both 
Ni,Sn, and Ni^Sn exist over very narrow composition ranges. 

The peritectic reaction at 1143®C. between NijSn and liquid forms the compound 
NlfSn containing 66.4% nickel. Ni 4 Sn has a simple tetragonal lattice with 2 mole¬ 
cules per cell where a = 5.111 A, c = 4.881 A and c/a = 0.955. Its density is 9.15. 
Below 941*0. Ni 4 Sn is unstable and forms Ni,Sn and alpha solution.* 

The solubili^ of tin in nickel* decreases from about 18% at the eutectic tem¬ 
perature to 1.6% at 450*0. Jette and Fetz found that as a residt of the change 


^Research Metallurgist. Research Laboratory, The International Nickel Co., Inc., Bayonne, N. J. 
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in tin solubility with temperature, the alloys exceeding the alpha phase bound¬ 
ary could be age hardened. An alloy containing 20% tin had a hardness of 250 
Brinell after quenching from 1050°C. and after aging 5 hr. at GOO^’C. a hardness 
of 490 Brinell. 

The alpha solution has a face-centered cubic structure and its lattice parameter 
increases linearly from 3A15 A to 3.602 A between zero and 18.4% tin.** * * 

The magnetic transformation of nickel (358^C.) is lowered by the addition of 
tin as noted by Marian^ and others’* ’ 
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Constitution of Nickel-Zinc Alloys 

^ By D. E. Ackerman* 

Th# first attempt to determine the constitution of the nickel-zinc alloys appears 
to be that of Tafel/ who published a series of three papers on the subject, the first 
of which appeared in 1907. Binary alloys containing 50-100% zinc were studied, 
chiefiy by thermal analysis, with some microscopical data. An eutectic was found 
at 418.5®C. (the melting point of zinc being taken as 419*C., that of copper as 1084®C.) 
and it was suggested that the eutectic point occurred at about 99.75% zinc; the 
liquidus then rose with decrease in zinc content to 873®C., where it became horizontal 
at about 77.5% zinc, rising again with further decrease in zinc content. The 
existence of the compounds NiZn and NiZna was suggested and four horizontals 
below the liquidus were also located, as follows: 


Temp., *G. 

Range, % Zinc 

418.6 

100-88 

640 

70-64 

780 

63-60 

870 

72.0-61 


t40O 


fBOO 


tooo 


BOO 


400 


^ 1450 ^ 





! 

a 

7 f 

jr- 

II 




As will be seen later, the designation of the higher zinc eutectic temperature as 
418.5®C. is in close agreement with the best present day determinations. At 
higher temperatures and lower zinc contents TafeVs data become somewhat too low, 
the liquidus temperature at 60% zinc (1010®C.) 
being about 10® lower than, and the 780®C. hori¬ 
zontal about 25-30®C. below, the best recent 
data. These discrepancies appear to be due 
chiefiy to insuflacient precautions to insure com¬ 
plete equilibrium in the alloys before beginning 
the experimental work. 

In his later papers Tafel attempted to predict 
the nature of the low zinc end of the binary dia¬ 
gram from data obtained in the study of the 
ternary copper-nlckel-zlnc alloys, and while this 
extrapolation provided, for many years, the only 
information available on this part of the dia¬ 
gram, it could not supply the need for direct 
experimental data. Nevertheless, TafeFs diagram 
foreshadowed the present diagram with consid¬ 
erable fidelity, and though far from complete is 
ample testimony to Tafers experimental skill 
and theoretical intuition. 

In 1908 Voss* examined the alloys containing 
l(K)-77% zinc; he confirmed the shape of Tafers 
liquidus in this range except that he appears 
not to have found the eutectic at 99.75% zinc and thought the 418®C. horizontal to 
extend from 100-85.5% zinc. 

Bomemann* discussed some of the shortcomings of the work to date but 
supplied no constructive suggestions. Peirce* found the high zinc eutectic at about 
99.75% zinc and 419.+®C. and suggested a small (0.05%) solubility of nickel in zinc. 
Charrier* reported a number of nickel-zinc compounds, not all of which are now 
thought to exist. Hafner* suggested several changes in the diagram, but his data 
appeared not to warrant a modification of the latter. The constitution diagnUn 
which appeared in the International Critical Tables^ at about the same time was 
in close agreement with the diagram suggested somewhat later by Bauer and 
Hansen,* who subjected the available Information to an enlightening critical review 
which revealed the slender basis of experimental data upon which the accepted 
constitution dias^m rested. 

In 1932 Tkmaru,* and Helke, Schramm, and Vaupel,** publii^ed their independent 
researches on the system; some of these data have been critically reviewed." Tamaru 



Pig. 1- 
dlagram. 
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The nlckcl-zinc 


constitution 


*AMOclate Professor of Metallurgy, Purdue University, Lafayette, Ind. 
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and Osawa*’ re-examined the high zinc end of the diagram in more detail. Com¬ 
parison of these reports reveal numerous discrepancies, some of major and others 
of minor importance; many of these appear to arise from the rather casual precau¬ 
tions taken in the Japanese work to avoid loss of zinc, to insure homogeneity and 
to minimize other similar sources of error. The rather satisfactory resolution and 
elimination of most of these discrepancies recently has been accomplished on theo¬ 
retical and experimental grounds by Heike, Schramm and Vaupel** and by 
Schramm'*' and the diagram resulting from their careful work is the one offered 
here, although it is tentative in several respects. 

The alpha solid solution extends from 0-28% zinc at room temperature and to 
43.3% zinc at 1040*C. Heike, Schramm and Vaupel consider the /3 phase, which 
forms by a peritectic reaction at 1040**C. between saturated alpha solid solution 
and melt containing 55% zinc, to be a conventional solid solution. Below 810‘'C. to 
675°C. (as the zinc content varies from 48-55%) there exists a fit phase the exact 
nature of which (whether a simple solid solution or, essentially, a compound NiZn) 
is not yet clear. The gamma phase consists of a solid solution based upon an inter- 
metallic compound assumed, in this diagram, to be NiZn,, though some investigators 
consider the basic compound to be NigZnn or NigZnjo. The gamma phase melts 
without decomposition at 881 **0.; its compositional range shifts considerably with 
temperature. Below about 500°C. the gamma phase transforms into a phase if 
the zinc content is below 80%. This transformation was discovered by Schramm 
and requires some further work for its complete elucidation. The delta phase is 
an intermetallic compound Ni 4 Zn„, containing 10.4% nickel and forms as the result 
of a peritectic reaction at 490®C. between the saturated gamma solid solution 
(14.4% Ni) and the melt (ca. 2.0% Ni). This compound may hold a very small amount 
of excess nickel in solid solution. A nickel-rich solid solution containing up to 0.05% 
zinc comprises the eta phase; the solid solubility of zinc in the saturated solid solu¬ 
tion is thought not to change with temperature. An eutectic between delta and eta 
occurs at 418.5®C. and 99.75% zinc. 

The data of three groups of investigators*- ” bear on the crystallo¬ 

graphic nature of the various phases. The data of Caglioti and of the Japanese 
investigators are open to some question as it is not certain that proper precautions 
to insure constant composition and equilibrium conditions were taken in every case. 
The data of the German authors appear the most reliable though they are checked, 
in several instances, by data from the other sources. 

The alpha phase is face-centered cubic, with a lattice parameter, for the sat¬ 
urated solid solution at room temperature, of 3.576 A. The P phase cannot be 
retained at room temperature by quenching; high temperature X-ray analysis shows 
this phase to be body-centered cubic (CsCl type) with a lattice parameter of 
2.908 A. The Pi phase is body-centered tetragonal, the lattice parameter-composition 
curves showing a maximum for “a” (2.7458A) and minima for “c” and *‘cV“a” 
(3.1739A and 1.1559 respectively) at 52% zinc, the composition of the hypothetical 
compound NlZn. The lattice of the gamma phase is cubic, with 52 atoms in the unit 
cell; that of the r, phase is very similar and can be obtained by a very slight 
deformation of the gamma lattice. The lattice of the delta phase (Ni^Znn) is 
hexagonal (a = 8.855A, c = 14.603A) and is likewise considered to be deformationally 
derivable from the gamma phase lattice. 

The data on the effect of zinc upon the Curie temperature of nickel are taken 
from what appears to be the best* of the several sets of data*- ”• “ available on 
this point. 
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Physical Constants of Pure Nickel 

By G. P. Geiger^ 

Introduction—The purity of electrolytically refined nickel is approximately 
99.95% (includes cobalt). Electrolytically refined nickel of special purity, 99.99%, 
containing no cobalt, has been made in small qualtities.’* 

The values assigned for the various physical constants or properties of metals are 
approximations only, based upon the best data available. Since the composition and 
structure of metals vary any single value assigned is estimated to be a typical or 
average value and should not be accepted as minimum, maximum, or specification 
values. 


400 SOO f200 1600 




Pig. 1—Mean spcciflc heat (0-20'’0.> of 
Mond nickel (Umino). 

Pig. 1 A—True specific heat of pure nickel 
and Mond nickel (Umino). 

Pig. 2—Thermal expansion of 99.94% 
nickel.** 

Pig. 3—Effect of temnerature on thermal 
conductivity (99.94% Ni). 
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Fig. 4—Electrical resistivity of 99.99% nickel. 




Fig. 5—Thermoelectromotive force of nickel. 
Note Ni-Ag—on nickel wire no analysis given. 
Nl-Pt—calculated from results on the Ni*Ag and 
Ag-Pt, Ni-Cu on nickel wire of the composition: 
Cu 0.20, Co 0 15, Pe trace. C + Si none, impurities 
0.35. Ni-Pb on Mond nickel. 


Atomic Weight—The atomic nmnber of nickel is 28. The atomic weight accord¬ 
ing to the American Chemical Society is 58.69. Two isotopes of nickel are known 
-^8 and 60. 

Atomic Radius—The atomic radius of pure nickel is 1.38 x 10-* cm.** 

Crystal Form—The crystal form of nickel is face-centered cubic at all tempera¬ 
tures. The edge of the cube* is 3.51 A (3.51 x 10-* cm.). 


•Development and Research Dlv., The International Nickel Co., Inc., New York. 

(a) Single or limited number of determinations, (b) Average of many deUrminations. 

**AU re/erences given at the end of the article on Properties of CommerciaUp Pure Wrought 
A** Nickel, 
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Density—The density (a) of pure nlckeP (99.94%) Is as follows: 


Condition Temperature, ^O. Density, g./c.c. 


As cast. 23 8.907 

Cold swaged 33% reduction of area. 35 8.001 

Cold worked annealed at OSO^O. 25 8.902 


Thennal Expansivity—The thermal expansion of pure nickel is shown in Fig. 2. 
Freesing Point—The freezing point of a pure nickel* (b) (Fe .024, Cu .016, Co 
.016, Ni 99.94, C .005) is 1455°C. 

Boiling Point—The boiling point of nickel is approximately* 3377‘^C. 

Vapor Pressure—The vapor pressure* of pure nickel is shown below: 


Vapor Pressure, mm. of Hg 


Temp. *C. 

mm. of Hg 

Temp. ®C. 

mm. of Hg 

327 

1.215 X 10-« 

1127 

2.83 ^X 10 * 

427 

4.92 X 10-« 

1227 

2.205 X 10 * 

527 

1.493 X 10-« 

1327 

1.305 X 10-» 

627 

7.26 X 10-« 

1427 

6.3 X 10“» 

727 

1.005 X 10-*® 

1527 

■ 2.4 X 10-» 

827 

5.55 X 10-® 

1727 

2.17 X 10-* 

927 

1.552 X 10-» 

1927 

1.275 

1027 

2.57 X 10-® 

2127 

5.47 


Specific Heat—The true and mean specific heat of a special pure nickel and 
cobalt free nickel is shown in Fig. 1 and lA. 

Thermal Conductivity—The effect of temperature on thermal conductivity* of 
99.94% nickel is shown in Fig. 3. The mean* (a) value from 0-100®C. is 0.140 
caL/aec./sq. cm./®C./cm. 

Optical Properties—The refiectivity* of highly polished pure nickel (melted and 
solidified in vacumn) is as follows: 


Wave length*® of 
light In microns 

ifi = 0.001 mm.) • Per Cent 


0.25^ . 

0.30 . 

. 42.0 

0.35 . 

. 45.0 

0,40 . 

. 52 0 

0.45 ...... 

. 57.5 

0.50 . 

. 62.0 

0.55 . 



Electrical Resistivity-The electrical resistivity of 99.99% nickel is shown in Fig. 
4 and is also given in microhm-cm.” as: Ro 6.141; R 90 6.844; and R,oo 10.327. 

The temperature coefficient from 20-100‘’C. is .00636 per 

Electrochemical Equivalent—The electrochemical equivalent of bivalent nickel, 
using an atomic weight of 58.69, is .0304 mg. per coulomb. 

Electrolytic Solution Potential—The single potential of nickel at 25*0. is 
—0.231 volts (a) on the hydrogen scale.* 

Thermoelectromotive Force—The thermal electromotive force of nickel against 
Ag, Pt, Cu and Pb is shown in Fig. 5. 

The electromotive force developed is such that the current flows at 0*0. Junction 
from the Ag, Ou or Pt to the Ni, when the emf. is 4r. 

Mtagnetic Properties—Nickel exhibits no phase transformations. The metal Is 
ferromagnetic below about 360*0. and paramagnetic above that temperature. This 
magnetic transformation is not accompanied by any change in crystal structure. 
The temperature of the magnetic transformation is affected by the composition. It 
is lowered by elements such as copper, carbon, silicon and manganese, up to their 
limit of solid solubility. This transformation is raised by iron and cobalt. 

Physical Properties—The physical properties of unfused electrolytic 99.99%, nickel 
wire, .063 in. dia.* (a), hydrogen annealed at >2000*F. for 28 hr., cold drawn 50% 
and annealed at approximately 1400*F. for % hr., are as follows: Proportional 
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Normal induetloii...8ea Fig. 6. 

Magnetic permea- 

billtyu (a) Hs.. 1 OUbert per cm. ^ = 400 

10 .M = 400 

100 . ^=60 

Maximum permea¬ 
bility sr 550 
(B s= 3200 gauM). 

Coercive force “ (a) 

(B = 5,000 gauss).2.73 Gilbert per cm. 

The heat of magnetic transformationMa) Is 
3 cal. per g. 



0 L,„ 1. . i M ■ ii I i .1, I ...1.1 * .. ,,.j 

0 40 30 fOO too ZOO 240 330 


Field Strength, Gifberts/cm. 
Pig. 6—Normal Induction of nickel. 


limit, 4,500 psl.; yield stress 0.1% offset, 7,500 psi.; yield stress 0.2% offset, 8,500 psi.; 
tensile strength, 46,000 psi., and elongation in 2 in., 28%. 


Hardness—99.99% nickel,^ as electrodeposited, has a hardness of 282 Vickers. As 
annealed in H, for % hr. at 1470^F., it has a hardness of 92 Vickers. As annealed 
in H, for 28 hr. at 2000'’F., it has a hardness of 64 Vickers. 
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Properties of Commercially Pure Wrought Nickel 

^ By G. F. Geiyer* 

Composition—Commercially wrought nickel has a purity of approximately 99.40%, 
including cobalt. The following composition is typical: nickel plus cobalt 99.40, 
carbon 0.10, silicon 0.05, sulphur 0.005, copper 0.10, iron 0.15, manganese 0.20. 

Metallogrsphio Structure—The metallographlc structure of nickel is typical of 
that of pure metals. When annealed, it shows a simple polyhedral crystal struc¬ 
ture; the grain size of which depends upon the previous thermal and deformation 
treatment. When annealed after cold working, the metal twins readily and twinning 
is a prominent microstructural feature of many of the commercially available forms 
of wrought nickel. 

Density—The density'* (b) of nickel in the wrought form is 8.85 g. per cc. The 
weight per cubic inch uSed in commercial calculations is 0.319 lb. 

Melting Point—The melting point“ of commercial nickel (approximately 99.40%) 
is 2615-2635*’F. 

Latent Heat of Fusion—The latent heat of fusion of nickel* is (a) 73 cal. per g. 
(131.4 B.t.u. per lb.). 

Specific Heat—The mean (a) specific heat’ • values for commercial nickel are; 


Temperature Specific Heat, 

Range, *’0. cal. per g. 


30-300 0.112 

20-420 0.118 

20-1000 0.126 

20-melt, point 0.134 

Electrical Resistivity—The electrical 
resistivity of ‘"A” nickel and electrolytic 
nickel at different temperatures is shown 
In Pig. 1. The electrical resistivity of com¬ 
mercial nickel** (b) is 9.40 microhm-cm. 
at 20®C. The temperature coefficient 
from 20-100®C. determined on the same 
material is 0.00474 per ®C. 

Curves showing the resistivity tem¬ 
perature relation for various types of ni 



Fig. 1—’Electrical resistivity of nickel at different 
temperatures. 


are given in reference 24. 


Thermal Conductivity — The thermal conductivity of commercial nickel ex¬ 
pressed in watts cm.-* deg.-* as determined by S. M. Shelton and W. H. Swanger 
ts as follows; 


*-Temperature, "C.-> 

100 200 300 400 500 

Thermal conductivity*. 0.828 0.732 0.638 0.593 0.621 

•1 watt cm.-* deg.-* = 0.239 cal./sec./sq. cm./^C./cm. 

1 watt cm.-* deg.-* = 67.9 B.t.u./hr./sq. ft./*P./ft. 


Thermal Expansivity**—The thermal expansivity of commercial nickel from 25- 
100®C. is 0.000013. (80-212®P. is 0.0000072.) 

Tensile Properties—The average tensile properties of hot rolled and cold drawn 
“A” nickel rods are given in Pig. 2, and the average tensile properties of “A” 
nickel sheet and strip are given in Pig. 3. 

Effect of Temperature**—Slight oxidation starts at approximately 575 ®P. At 
higher temperatiures, a thin tenacious oxide film forms which permits, in some appli¬ 
cations, the use of nickel at temperatures up to 2300®F. 

The strength of hot rolled nickel increases with decrease in temperature. The 


•Development and Research Dlv., The International Nickel Co., Inc., New York. 

(a) Single or limited number of determinations, (b) Average of many determinations. 
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fiocki^ll'C* t5 25 RockiweirC* /5 25 



Fig. 2—Average tensile properties of hot rolled and then cold drawn nickel rods. 
Fig. 3—^Average tensile properties of nickel sheet and strip. 


tensile and impact properties of hot rolled nickel at subatmospheric temperatures 
are shown below: 


Temperature. ’’F. 

Tensile Strength, psl. 


Izod Impact, ft-lb. 

70 

65,600 


89 

-112 

76,500 


92 

-292 

98.000 


98 


Table I gives the properties of nickel at elevated temperatures determined by 
short time tension tests. 


Table 1 

Short Time Tensile Properties of Hot Rolled, Annealed Nickel (b) 


--Temperature. "F.- 

70 150 300 400 450 600 700 800 1000 1200 1500 1775 


Yield strength 0.2% off¬ 
set, psl. 23.700 21,750 21.875 21.375 21,000 21,000 21,125 19.625 16.876 15,250 9,250 

Tensile strength, psl... 72.760 74.500 74,875 75,000 77,375 79,000 81.625 77,000 40.000 32,875 22,125 7,125 

% Elongation in 2 in... 60.6 64.75 48.0 45.25 49 0 46 5 47.0 51.25 51 0 51.25 63.0 90.5 

% Reduction of area.. 75.2 75.65 71.85 71.3 67.5 75.1 73 85 74.75 93.7 93.7 91.15 100 0 


Compression>-Under compression loads, nickel takes a permanent set without 
fracturing. Compression values with corresponding tensile and hardness values are 
given in Table II. 


Table 11 

Compressive Strength of Hot RoUed Nickel 


Compression --Tension-- --Hardness- 

Yield Yield Elon- 

Strength Strength Tensile gatlon 
0.2% offset, 0.2% offset, Strength, % in Brinell Vickers Rockwel' 


Nickel psL psi. psi. 2 in. 3000 kg. SOp B 


Hot rolled. 23,150 24.000 71,000 44.5 107 116 59 

Cold drawn 34% 
and stress relief 

annealed . 58,350 62.000 86,660 33.0 177 190 59 

Cold drawn and 
annealed 3 hr. 

at 1360*F. 26,200 26,650 73,250 46.0 109 115 49 


Torsion—An Important property of commercial nickel is the extremely large 
angle of twist before fracture occurs. The torsional properties'* of cold drawn com* 
meieial nickel tested in the full size rods are as follows: 
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tVfc in. dl«met«r 1 In. diameter 

Proportional limit, pti... 




47,600 

62.700 

Johnson*! apparent elastld limit, psi.... 




63,000 

61.600 

Ultimate strength, psi. 




81,400 


Angle of twist, deg./ln. 




341 


Shear twist, in./in... 



.... 

2.07 


Impact'*—Impact values are as follows: 






Charpy Impact. 45** 



Charpy 

Charpy 


V Notch, ft-lb. 


Xzod., 

Tension, 

Torsion, 

,- 

—Temperature, ®F.- 

condition 

ft-lb. 

ft-lb. 

ft-lb. 

70 

-112 -310 

Hot rolled . 

120 

20 

08 

105 


Cold drawn 24% stress relief annealed 

120 

35 

88 

100 

236 208 

Cold drawn annealed 3 hr- at 1360*F. 

120 

20 

113 

216 



Modulus of Elasticity—The moduli of elasticity of commercial nickel in tension 
is 30,000»000 and in torsion 11,000,000. 

The variation in moduli due to cold working is insignificant; however, changes of 
temperature may have a marked effect. 

Hardness'*—-The hardness ranges for the various tempers are as follows: 


Temper 


Rockwell B 


Dead eoft 

Soft . 

Skin hard 
V 4 hard .. 
Ml hard .. 
% hard .. 
Hard .... 
Full hard 


Under 66 
66-64 
66-70 
71-70 
80-86 
86-01 
02-08 
Over 05 


Endurance Limit—The endurance limit for nickel depends upon the state of the 
material. The following figures expressed in psi. were obtained on the rotating 
cantilever type of machine at 100,000,000 cycles.'* Annealed 30,000, hot rolled 33,000, 
and cold worked 50,000. 

Pouring Range—In the production of nickel ingots, the metal is teemed in the 
range of 2800-2890''F. 

Heating—Nickel and high nickel alloys should be placed in a hot furnace and 
removed on a rising temperature. The atmosphere should be maintained reducing 
and should be as low as possible in sulphur content. 

Forging and Hoi Roiling—The recommended temperature range for hot working 
nickel is 2300-1200®P. As the temperature falls the percentage reduction should be 
decreased. Work below 1200®F. should be considered as cold work. Tlie best hot 
bending range is between 2250*1900‘'F. 

Cold Working—The cold rolling or drawing of nickel is, in many respects, 
similar to that of steel. In cold rolling, hardened steel rolls are used and in cold 
drawing, hardened steel dies and mandrels chromium plated and highly polished 
are used. While cold rolling is usually carried out dry, lubricants, such as water 
soluble or oil soluble types, are used in cold drawing operations. Regardless of 
the type of lubricant, it should be thoroughly removed before annealing. 

Annealing—Small parts may be annealed in regular annealing boxes. A reducing 
atmosphere should be maintained within the box. When open annealed, a reducing 
atmosphere should be maintained within the furnace and to facilitate pickling, the 
weak should be quenched directly from the furnace in a 2% denatured alcohol 
water sedution. If an oxide film is not objectionable, the work may be water 
qoonohad or air cooled. The annealing temperatures are as follows: 



For 

Softenlng,®F. 

Time 

at 

Tempera¬ 

ture 

..-.. ■■ Stress Relief- 

For Highly For Low 

Stressed Stressed 

Material, *F. Material, ®F. 

lime, hr. 

%?eir dOiM.... 

1260-1300 

2-0 hr. 

680-700 

000-1000 

3-2 

1600-1700 

16-1 nlit. 

600-700 

000-1000 

1-2 
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Maohininff-oThe machining of commercial nickel is covered in the article under 
“Machining the High Nickel Alloys.'* 

Pickling*—The type of pickle required will depend upon the previoiis heating 
and cooling operations and the desired finish. 

1. White fturface free from oxide. 

a. Bright annealed white metal requiring removal of tarnish by flash pickle. 

b. Bright annealed metal requiring the removal of a layer of reduced metal, followed 

possibly, by flash pickle to brighten. 


Flash Pickle- 

Water . 1 gal. 

Sulphuric acid 06* Baumd... IVkgal. 

Nitric acid 38* Baum 6 . .. . 2% gal. 

Allow to cool for several hours and then add— 

Common salt. . ... V 4 Ib. 


The parts should be dipped in warm water and then immersed in the pickle for 
5-20 sec. This should be followed by a hot or cold water rinse, a neutralizing 
dip in dilute ammonia and washed in hot water. 


Pickle for Bright Annealed Nickel— 

Water . 

Sulphuric acid 60* Baumd. 

Sodium nitrate, crude. 

Sodium chloride, commercial. 

Add water to make. 

Acidity at start. 15-18%; when dumped, 3Vb to 4%. 
Baum 6 at start, 8 *; when dumped, 25-30*. 

Temperature . 

Time . 


7 gal. 
0 qt. 
7.5 lb. 

7 lb. 
10 gal. 


180-190*F. 
20-60 minutes 


2 . Green or dark colored surface requiring removal of adherent oxide film. 
Pickle for Removing Oxide Film from Nickel- 


Hydrochloric acid 30* Baum 6 

Water . 

Cupric chloride . 

Temperature . 

Time . 


1 gal. 
a gal. 
Vfclb. 
180*F. 

1 to 2 hr. 


Grinding, Polishing and Buffing—-The grinding, polishing and buffing of com¬ 
mercial nickel is covered in the section under “Grinding, Polishing and Buffing 
High Nickel Alloys." 

Welding and Soldering—All the welding methods commonly used may be used 
on nickel. These include oxy-acetylene, metallic and carbon arc, flash, spot and 
atomic hydrogen welding. This subject. Including silver soldering and soft soldering, 
is covered in detail in a separate article. 

Available Forms—Nickel Is produced in the usual wrought forms—sheet, plate, 
strip, tubing, rod. wire and other shapes. These are produced by the usual hot 
rolling, cold rolling, and cold drawing processes. 

Corrosion Resistance—Nickel does not readUy discharge hydrogen from any of 
the common acids. A supply of some oxidizing agent, such as dissolved air, is 
necessary In order for corrosion to proceed. Reducing conditions usually retard 
corrosion of nickel, while oxidizing conditions accelerate corrosion. However, nickel 
has the ability to protect Itself against certain forms of attack by development 
of a corrosion resisting, or passive, oxide him, and, consequently, o?ddlzing condi¬ 
tions do not invariably accelerate corrosion. 

Atmosphmic Corrosion —In indoor exposure of nickel there is practiqklly no 
attack while outdoor^ the rate of corrosion varies with atmospheric condittong, 
being tisuaUy at rates less than 0.0001 and never more than 0.001 ipy.* Sulphuious 
atmospheres are most corrosive. Marine atmospheres are scarcely more corrosive 
than suburban or rural atmospheres. Nickel is free from season cracking and 
other forms of stress corrosion in atmospheric exposure. 

Waters—Nickel is highly resistant to corrosion by waters such as distilled water, 

*Ipy mean! the depth In Inchei to which uniform corrosion would penetrate during continuous 
exposure for one year. 
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natural waters including those containing hydrogen sulphide or free carbon dioxide, 
and sea water. In the case of sea water, conditions of agitation or flow are fa¬ 
vorable to nickel whereas local attack may occur under barnacles or other attached 
weeds in stagnant exposure. 

5aZf Solutions —^Nickel resists corrosion by neutral and alkaline salt solutions 
with rates usually less than 0.005 ipy. Nonoxidizing acid salts are only moderately 
corrosive with rates seldom over 0.02 ipy. Oxidizing acid salts such as ferric chlo¬ 
ride and mixtures of oxidizing salts ^th mineral acids are likely to be severely 
corrosive to nickel. This is also the case with oxidizing alkaline salts such as hypo¬ 
chlorites with which nickel should not be used where the available chlorine content 
exceeds 3 grams per litre. Alkaline solutions containing hydrogen peroxide are not 
corrosive to nickel and are not decomposed by it. 

Mineral Acids—Nickel is fairly resistant to sulphuric acid in concentrations 
under 80%. Corrosion rates vary from less than 0.005 ipy. in air free to about 
0.05 ipy. in air saturated and at atmospheric temperatures. In the presence of oils 
such as in sulphonation processes, nickel is used successfully with sulphuric acid 
in concentrations over 80%. Nickel is rarely useful in contact with hot sulphuric 
acid solutions in concentrations over about 15 7o. 

With hydrochloric (muriatic) acid the rates of attack vary with the air content 
and concentration of the acid from 0.01 to 0.03 ipy. in dilute acid to 0.06 to 0.25 ipy. 
in concentrated acid. In hot acid, nickel is rarely useful in handling concentrations 
over about 2%. 

Nickel is not corroded appreciably by chlorinated solvents or mixtures of these 
with water. 

It is resistant to pure phosphoric acid, but is corroded severely by this acid 
when it contains oxidizing impurities such as ferric compounds. 

Sulphurous acid is highly corrosive to nickel except in the case of the very dilute 
solutions used to preserve foods. 

Strongly oxidizing acids, such as nitric, corrode nickel rapidly. 

Organic Acids and Compounds —Organic acids are only moderately corrosive 
to nickel while neutral and alkaline organic compounds have practically no effect. 

Alkalies--Mckel is resistant to corrosion by the strongest alkalies. For exam¬ 
ple, in boiling 50% caustic soda, rates of corrosion are less than 0.001 ipy., and in 
concentrations over 75%, nickel is second only to silver in resisting attack. Anhy¬ 
drous ammonia is not corrosive to nickel, but ammonium hydroxide is appreciably 
corrosive in concentrations over about 1%. 

Wet and Dry Gases—No dry gases are actively corrosive to nickel at atmos¬ 
pheric temperature. Nitric oxides, chlorine and other halogens, sulphur dioxide, 
and ammonia are appreciably corrosive when mixed with water or condensed water 
vapor. Nickel is resistant to chlorine and hydrogen chloride at temperatures up 
to about lOOO^^P. 

It is not affected by steam within the range of temperatures and pressures 
commonly encountered. 

Nickel resists scaling in oxidizing atmospheres up to about 1400®P. and is also 
especially useful in the temperature range from 2100-2300®P. 

Nickel is not resistant to mixtures of nitrogen, hydrogen, and ammonia in am¬ 
monia synthesis process, but is useful in connection with nitriding equipment when 
the temperature does not exceed about 1075®P. 

At temperatures above 600-700 ®F., nickel may be attacked by sulphur com¬ 
pounds and gases. Under reducing conditions at temperatures above n90®P., inter¬ 
granular sulphur attack will occur. In oxidizing atmospheres, sulphidization 
increases up to ISOO^'F., above which temperature it decreases considerably. The addi¬ 
tion of about 4% manganese improves the resistance of nickel to sulphur attack. 
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Properties of Cast Nickel 

« 

By C. A. Chrawford^ 

Nickel castings are available from foundries specializing in the production of 
high nickel alloys. Small amounts of carbon, silicon, manganese, and a trace of 
magnesium are intentionally added to yield sound, ductile castings. Sulphur must 
be kept low. Lead, tin, and zinc should be excluded. The composition of nickel 
castings is as follows: Ni 97, G 0.25, Si 1.25, Mn 0.50, Fe 0.50, S 0.01 max., Pb nil, 
0 .1% magnesium is added at the end of the melt. 

General Properties and Uses—Nickel castings are used with rolled forms in the 
fabrication of equipment used in the process industries, such as the manufacture of 
caustic soda, artificial silk, photographic film, chemicals, pharmaceuticals, dyes, salts, 
food products, milk, wines, liquors and soap. They are used in valves, pipe fittings, 
agitator blades, particularly where contamination with copper or iron must be 
avoided. 

Cast nickel is comparable with other forms of nickel in corrosion resistance. It 
is highly resistant to such corrosives as atmosphere (industrial, marine and rural), 
fre^ water, salt water, neutral and alkaline salts, acid salts and caustic alkalis. Cast 
nickel is satisfactorily resistant to mineral adds and organic acids. Nickel is not 
resistant to oxidizing agents, such as nitric acid, ferric chloride, sodium or calcium 
l^pochlorite and wet chlorine. 

For more detailed discussion of the corrosion resistant properties of nickel, see 
the article on Properties of Nickel. 

Physical Properties—The physical properties of cast nickel are as follows: 


Ultimate tensile strength, pal. (average*). 

Yield atrength. .3% offset, pal. (average). 

Baongatlon. % In 3 In. (average). 

Brlnell hardneea, 10 mm. ball—3000 kg. load... 

Rockwell B hardness. ^ In. ball—100 kg. load. 

Charpy impact resistance, ft-lb. (approx.). 

Modulus of elasticity (approx.). 

Specific gravity (approx.). 

Weight per cu. in., lbs. (approx.). 

Pattern maker's shrinkage. In. per ft... 

Solidification range, *F. (approx.). 

Electrical resistivity ohms/mil ft. at 30”C. 

Thermal conductivity at 30*C., cal/cm/cm/see/*C. (approx.).. 
Coefficient of thermal expansion, per *C. (20>100*C.) (approx.) 


55.000 

21.000 

23 

120 

67 

60 

30.000.000 

8.85 

0.310 

Vs 

3550-3650 

134 

0.14 

13.8 X 10-« 


*Tenslon values determined from Vi In. dla. specimens, separately cast In green sand molds and 
the test specimens machined therefrom. 


^Development and Research Division, international Nloke) Co.. New York. 
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Properties of Wrought 62% NickeH5% Chromium Alloy 

By F. E. Bash* 

General—This alloy is utilized for its electrical properties and resistance to 
oxidation at high temperatures. Some of Its applications are as follows: 

Heat Resistant—Elements for heating devices such as toasters, percolators, 
waffle Irons, flat irons, Ironing machines, heater pads, hair driers, permanent waving 
equipment, hot water heaters; sheet carburizing and annealing containers. 

Electrical—High resistance, radio and motion picture rheostats; oxidized wire 
with high resistance coating for close wound rheostats; potentiometers; thermo¬ 
couples. 

Corrosion Resistant—Dipping baskets for acid pickling and cyanide hardening; 
automatic pickling machine parts; Alter cloth; enameling racks; containers for 
molten salts. 


Physical and Mechanical Properties 


Specinc gravity . 8.192 

Pounda per cu. In. 0.296 

Melting point. ’P. (approx.). 2462 

Specific heat, calories per g. 0.107 

Thermal conductivity, calorles/cm /8ec./**C. 0.032S 

Maximum operating temperature. . 1700 

Electrical resistivity at 20*’C. 

ohma per circular mil. ft. tf<5 

microhm cm. 112 


Coefficient of electrical resistivity, 20-100**C. . 

68-212*P. 

Coefficient of linear expansion. 20-100'C. 

ao-soo^c. . 

20-1000*C. 


00017 

000094 

0000137 

.000015 

.000017 


Tensile strength, psl.175,000 (max.) 95,000 (min.) 

Elongation In 2 In., % . 35 (max.) 0.5 (min.) 

Rockwell hardness . C24 B83 


Properties at elevated temperatures (loading rate 0.0437 in. min.) 
Temperature, •F. 


Elongation In 2 In., %. 
Reduction In area, % .. 


68 

392 

752 

1112 

1472 

1832 

105,000 

97,000 

90,000 

42,000 

25.000 

7.100 

30 

25 

16 

14 

27 

45 

47 

43 

29 

18.5 

40 

57 


Resistivity—The electrical 
resistivity of this alloy as 
given above, is the highest of 
any of the nickel-chromium- 
iron compositions. Its resistiv¬ 
ity at room temperature de¬ 
pends on the rate of cooling 
from temperatures in excess of 
lOOO^P. The rapidly cooled 
material will have a speclflc 
resistance of approximately 3% 
lower than that which has 
been slowly cooled. 

Temperature Coefficient— 

The temperature coefflcient of 
resistivity is given in Fig. 1. 

Two curves are shown. These show the Increase in resistance with increase in tem¬ 
perature for material annealed in different manners. The maximum is for material 
which has been quenched and the minimum is for material which has been slowly 
cooled. 

Oxidation Resistance—This alloy, in common with other nickel-chromium and 
nickel-chromium-iron compositions, develops a tightly adherent coat of oxide, which 
protects it against further oxidation. This nickel-chromium oxide will flux with 
silicates such as sodium, potassium and asbestos and oxides (lead and zinc oxides) 
at high temperatures, which causes oxidation attack on the metal. 

The alloy is in general resistant to corrosion where the media are of an oxidizing 
nature. 



Temperature, °F. 

Fig. 1—Temperature resistance curves. 


‘Manager, Technical Dept., Drlver-Harrls Co.. Harrison, N. J. 
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Properties of the 80% Nickel-20% Chromium Alloy 

4 By W. A. Gatward* 

Composition—This alloy is used for high temperature heating elements. The 
nominal composition is 80% nickel and 20% chromium. 

Mechanical and Physical Properties—The following are the properties of the 
alloy. 


Melting point. 1,400” C.» 2,552** F. 

Electrical resistivity 

ohms per circular mil ft. . 650 

microhms per cm. cube. 107.0 

Tensile strength, pst. 110,000 

Yield point, psl. 63,000 

Elongation, % in 10 in. 25-35 

Reduction in area, % . 55 

Modulus of elasticity. 31,000,000 

Maximum tensile strength obtained by cold work, psi. 176,000 

Temperature coefQclent of expansion 

per ®P. (70-l,800®P.) average. 0.0000098 

per ®C. (70-1,000“0.) average. 0.0000176 

Specific gravity. . 8 4 

Pounds per cu. in. 0.3035 

Specific beat. 0.107 

Thermal conductivity watts per sq. cm. per cm. per ‘'C.. . 0.136 

Hardness, fully annealed Rockwell, B, 100 kg., ^ in. ball . 85-90 

Hardness, hard drawn Rockwell, B, 100 kg., A in. ball . 100-105 


Tensile strength at elevated temperatures 
(quick pull at % in. per minute) 

Temperature, •P. psL 


Recommended safe loading at ele¬ 
vated temperatures. (The safe 
loading depends on the 
permissible creep.) 
psl. 


800 . 

. 98,000. 

26,000-34,000 

1,000. 


13,500-21.000 

1,200. 


5,300-10,000 

1,400. 


1,050- 3,500 

1,600. 


600- 1,300 

1,800. 


240- 600 

2,000. 

. 3,000. 

100- 300 


Resistance to Corrosion— Resistance and heating elements of this alloy are 
not subject to corrosion when used in .salt water districts nor when exposed to most 
fumes and chemicals usually encountered in heating processes. This alloy is sus¬ 
ceptible at high temperatures to corrosion by sulphur bearing atmospheres, especially 
when such atmospheres are reducing. 

Temperature vs. Elec¬ 
trical Resistivity—The ef¬ 
fect of temperature on the 
electrical resistivity is not 
a straight line relation and 
a coefOicient of electrics^ 
resistivity may not be ap¬ 
plied. Pig. 1 shows the 
average relation for all 
sizes of wires. The curve 
may be used for estimating 
the hot resistance, but for 
arriving at an accurate 
figure in design of heating 
elements or resistances, an 
actual test should be made 
on a complete element under operating conditions. 

Welding—The alloy can be welded by any of the commonly used methods. 
When oxy-acetylene is used the weld should be made with a slightly reducing flame. 
A flux of fluorspar is preferable although borax may be used. Welds can be made 
without flux if the surfaces are not oxidized. If a filler rod is used it should be of 
the same material. In case a metallic arc method is used the filler rod should be 
Of the coated type developed for this alloy. 


• Qhlai Baglattr, Hoiklni Iffg. Oo., Detroit. 



Fig. 1—Temperature vg. resistance for 80% nickel-20% 
chromium alloy. 
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The Properlieg of Wrought High Nickel-Copper Alloyt 

Bj W. F. Burchfield* 

Composiiioii and Physical Constanta—Table I gives the composition for this high 
nickel-copper alloy and the Navy specification, and Table II the physical constants 

Table 1 

Chemical Composition 


Element 


Nary Speolflcstlon 46M7(I1IT) 
Typical For Nickel-Copper Alloy 

Composition, % Composition, % 


Nickel . 67.00 63.00-70.00 

Copper ... 30.00 Balance 

Iron . 1*4 2.5 max. 

Aluminum . . 0.6 max. 

Manganese . 1.0 2.0 max. 

Carbon . 0.15 0.3 max. 

Bilicon . 0.1 0.5 max. 

Sulphur . .... 0.03 max. 


Table II 

Physical Constants 


( g. per cu. cm. 

Density j ib. per cu. In. 

Melting point, ‘F. 

Specific heat (20-400*0.). 

. (26-100*0. per *0. 

Thermal expansion |25-300*0. per *C. 

Thermal conductivity (0-100°C.) cgs. units. 
Electrical resistivity (0"C.) microhm-cm... 

ohms per mll-foot. 

Temperature coeflicient of (per *C. 

electrical resistivity iper *F. 

Uodttlu, of elartlclty |?S«lon"; pla.'.V. 

Poisson’s ratio . 

Magnetic transformation, *F. 


8 80 
0.318 
2370-2460 
0.X27 
.000014 
.000015 
.06 
42.5 
256.0 
.0010 
.0011 

26,000,000 

8,500,000 

.32 

80-203 


The magnetic transformation point is 
affected considerably by slight variations in 
composition and by mechanical and thermal 
treatment. 

Mechanical Properties—Fig. 1 gives the 
tensile properties of the alloy compared with 


QockweH eo 30 



Rockwell '^B*'Hardness 

Fig. 1—Average tensile properties of high 
nickel-copper alloy. 


the Rockwell hardness. 

Table in gives the mechanical properties. The ductility of spring wire is suffi¬ 


cient to allow a bend around Its own diameter without fracture. 


Sheet or strip has a somewhat greater capacity for bending at right angles to 
the direction of rolling than parallel to the direction of rolling. Results from the 
Olsen ductility tests are given in Table IV. 

Torsional iSfrenpfh—The torsional values for the alloy in hot rolled and cold 
drawn condition are given in Table V. In cold drawn rods, hardness gradient makes 
the measurement of torsional yield strength by the usual method unsatisfactory. 
Therefore, Johnson’s apparent elastic limit is given as being the most useful engi¬ 
neering approximation. 

Endurance and Corrosion Fatigue—The endurance limit in the annealed condi¬ 
tion, tested in air, is 37,000 psl. When cold worked the endurance limit is as high 


tTrada nama Monel. 

*Davalopmant St Raiaareh Div.. xntarnational NIekal Co., New York. 

























WROUGHT HIGH NICKEL-COPPER ALLOY 


Table 111 


Meohaiiloal Properties 


Rod and bar 
Cold drawn and 

Annealed . 

Ab drawn . 

Hot rolled. 

Forged . 

Wire, cold drawn and 

Annealed . 

No. 1 temper. 

Regular . 

Spring . 

Plate, hot rolled 

As rolled . 

Annealed . 

Sheet and strip 

Standard sheet. 

Special cold rolled 
Annealed . 

Pull hard sheet. 

Pull hard strip. 

Tubing, cold drawn 

Annealed . 

As drawn. 


Slong. 

Proportional in Izod 

Limit. 2 in.. Impact, 
psi. % ft-lb. 


Tensile 

Strength. 

psi. 


70.000- 85.000 
85.000-125.000 
80.000- 05,000 
80.000-110.000 

70.000- 85.000 
95.000-110.000 
110.000-140.000 
140.000-170.000 

80.000-110,000 
70.000- 85.000 


6 S.000- 80.000 

65.000- 80.000 
100.000-120.000 
100.000-130.000 

65.000- 85,000 
90.000-105.000 


Yield 
Strength 
0 .2% offset, 
psi. 


30.000- 40.000 
60.000- 95.000 
40.000- 65,000 
40.000- 85.000 

30.000- 40.000 
65,000- 85.000 


40.000- 90,000 
30.000- 45.000 


25,000- 35.000 

25.000- 35.000 
90.000-110.000 
90.000-115.000 

25,000- 35.000 
60.000- 75.000 


20.000-30,000 

45,000-75.000 

25.000-40.000 

25.000-65.000 

20,000-30.000 


20.000-30.000 

20,000-30.000 


20,000-30.000 


50-35 

120- 90 

35-15 

115- 75 

45-30 

120-100 

40-20 

115- 75 

50-35 


10-5 


8-4 


10-2 


45-20 


50-30 


40-20 


40-20 


8-2 


15-2 


35-20 


20-10 



Brlnell 
Hardness 
3,000 kg. 


120-160 

160-220 

130-170 

130-220 


150-220 

120-160 

R 

B 

60-68 

60-68 
98 min 
98 min 


Table IV 

Olsen Ductility Test on Sheet 
(% in. dia. ball, 1% in. dia. die) 


Thickness. In. Condition 

Depth to Fracture, 
in. 

Load, lb. 

J 

(Annealed 

0.560 

8.000 

062 

IHard 

0 315 

6,000 

J 

(Annealed 

0.500 

3,500 

.031 j 

[Hard 

0.225 

2,000 


Table V 

Torsional Strength 


Hot Rolled’, Cold Drawn, 

psi. psi. 


Breaking strength . 61,000-65,000 63,000-85.000 

Yield strength . 25,000-40.000 . 

Johnson’s elastic limit.. . 00,000-67,000 

Proportional limit . 19,000-32,000 45,000-58,000 


Table Vl 

Compression Data 


Compression 


Tensile 




Yield 


Yield 



.—^Hardness— 

Strength 


Strength 

Elong. 


Brlnell 

0 .2% 

Tensile 

0 .2% 

In. 

/-"■■■■ Impact-^ ‘ 

Number Rock- 

Offset. 

Strength. 

Offset, 

2 in., 

Izod, Charpy. 

3000 well 

psi. 

psi. 

psi. 

% 

ft-lb. ft-lb. 

kg. 


Hot rolled... 
Cold drawn 

38050 

83760 

40650 

30.5 

>120 

232 

145 

82.6 

as drawn.. 

80750 

97250 

86650 

27 

>120 

151 

199 

95.5 

Annealed ... 

20250 

78350 

33350 

44 

>120 

206 

123 

71 
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as 62,000 psi. This alloy retains a high degree of resistance to fatigue even under 
corrosive conditions. For example, McAdam found the corrosion fatigue limit in 
brackish water to be 30,000 psi.,* as compared 
with 8,000 psi. for carbon steel under the 
same condition. 

Tottg/tness — Izod values for hot rolled 
material range from 100 ft-lb. to the limits 
of the 120 ft-lb. Izod machine. Annealed 
material has an Izod value of about 90 ft-lb. 
and material with as much as 50% cold 
reduction 65-80 ft-lb., as shown in Fig. 2. 

Compression Table VI shows 

compression data with the corresponding 

impact data all 2—Relationship between impact and 

obtained from the same rods. surface hardness. 

5/iear—Table VII contains shear strength values for cold rolled sheet or strip, 
compared with the tensile strength and Rockwell hardness taken from the 
same material. 



Bninelt Hardness [SOOOkg.) 


Table VIl 

Shear Strength of Cold Rolled 
Sheet or Strip 


Shear 

Tensile 

Rockwell 

Strength, 

Strength, 

“B” 

Temper psi. 

psi. 

Hardness 

Annealed.. 49.200 

70.000 

61 

Full Hard. 65,200 

116,000 

100 


Hardness — The mechanical 
properties and hardness of this 
nickel-copper alloy are Increased 
only by cold working. It does not 
respond to hardening by heat 
treatment. 

Fig. 3 shows the work hard¬ 
ening by various percentages of 
cold reduction obtained by cold 
rolling strip, as compared with 
other commercial metals and 
alloys. 

To give various balances be¬ 
tween ductility, strength and 
hardness, cold rolled sheet and 
strip are furnished in nine differ¬ 
ent hardness ranges, as shown in 
Table VIII. 



Fig. 3—Work hardening by various percentages of cold 
reduction. 


Table Vm 

Hardness of Cold Rolled Sheet and Strip 


--Sheet-- I-Strip- 

Shore Rockwell B Shore Rockwell B 


Dead soft . 16 dc under 60 ft under 16 ft under 60 ft under 

Soft . .... 17-18 61-68 

8oft-«kln hard . 17-20 61-73 

Skin hard. .... 19-20 69-73 

Quarter hard . 21-24 74-82 21-24 74-82 

Half hard . 25-30 83-89 25-30 83-89 

Three-quarter hard . 31-35 90-93 31-35 90-93 

Hard . 36-40 94-97 36-40 94-97 

Pull hard . Over 40 Over 97 Over 40 Over 97 


Elastic AToduli—Young’s modulus of elasticity is 26,000,000 and the torsional 
modulus is 9,500,000. Variation of moduli with cold worked or hot worked condition 
is not great enough to be significant. The moduli decrease with an increase in tem¬ 
perature. From room temperature to about 400*F., the decrease is about 1,000,000. 
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Elevated Temperaturee^The data in Table IX are for annealed, hot rolled rod 
and indicate the change of tensile strength and yield strength as determined by short 
time tests at various temperatures. Table X gives creep test values on annealed, hot 
rolled rod. 

Table IX 

Short Time, High Temperature Properties of Hot Rolled Bars 


Tensile Yield Strength Elong 

Temp., Strength. 0.27c Ofifset, in 2 In., 

•F. psi. psi. % 


70 

84,025 

600 

79,625 

800 

69,085 

1000 

50.450 

1200 

32,050 

1500 

14,575 


32,900 

45.8 

26.500 

49.5 

25.375 

51.0 

83,925 

27.3 

18,360 

32.8 

8,375 

49.0 


Table X 
Creep Value* 


*-Stress to Produce Z>esignated Rate of Creep-» 

psi. 

Temp., Rate of Creep Rate of Creep Rate of Creep 

*F. 0.017o per 1000 hr. 0.17o per 1000 hr. 1.00% per 1000 hr. 


600 

26,000 

36,000 

46,000 

800 

19,000 

23,500 

29,000 

1000 

1,650 

4,300 

11,500 

1200 


1,700 


Recrystallization Temperatures-~While there is evidence that recrystallization 
of previously highly stressed high nickel-copper alloy may begin at 800 ®P., no actual 
annealing can be expected at temperatures below 1200®P., and even at this tempera¬ 
ture the annealing time Is too slow to be commercially useful. The greater the 
amount of previous cold work, the lower will be the recrystallization temperature. 

Low Temperatures—The proof stress, yield strength, tensile strength, and hard¬ 
ness of this material, all increase as the temperature is lowered. In spite of the 
increase in yield strength and tensile strength, the alloy suffers no loss in ductility 
or Impact value. 



Fig. 4^Percentage change in properties for high nickel- Fig. 5>-Coei!lcient of thermal expan¬ 
copper alloys at low temperatures. sion of the high nickel-copper alloy. 


Fig. 4 shows the percentage of change of the important physical properties as 
the temperature drops to that of liquid air. Fig. 5 shows the coefficient of thermal 
expansion Increases slightly with decrease in temperature for the annealed alloy. 

Corrosion Resistance—This alloy is a simple, solid solution alloy, so is free 
from such types of corrosion as sometimes result from local galvanic effects between 
phases of multiphase alloys. 

The types of corrosive discussed below apply to this alloy as well as special 
grades of it. 
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Atmospheric Corrosiortr^Jn Indoor atmospheres this alloy remains substantially 
unchanged, the principal effect being a slow fogging. In outdoor atmospheres It 
remains bright only In rural districts that are free from sulphur gases. In sulphur¬ 
ous atmospheres, it will acquire a brownish or greenish tarnish at a rate which will 
depend on the sulphur content and humidity of the atmosphere. Even where the 
rate of tarnishing is greatest, there is no destructive corrosion,of the metal as it Is 
free from Internal structure weakness, season cracking, or strei^ corrosion cracking. 
Weight loss data from atmospheric corrosion test specimens have Indicated rates of 
corrosion of less than 0.0001 In. penetration per -year at all test locations. 

Fresh Wafer—This high nickel-copper alloy possesses excellent resistance to 
corrosion by distilled water and natural water, both hard and soft. In distilled and 
fresh water, rates of corrosion are less than 0.001 in. penetration per year, and often 
less than 0.00001 in. under the most severe conditions of temperature, flow, and 
degree of aeration. 

Salt Wafer—This material finds Its greatest usefulness in sea water under con¬ 
ditions Involving contact with water at high velocity. Stagnant sea water Is less 
favorable, since local attack may occur under marine orgardsms or other deposited 
solids. 

Neutral and Alkaline Saifs—Neutral and alkaline salts have only a slight corro¬ 
sive action. Rates of corrosion are usually less than 0.001 and seldom more than 
0.005 in. penetration per year. It is highly resistant to sodium and calcium chlorides 
as used in refrigerating brines. 

Acid Salts—The material shows good resistance to acid salt solutions, such as 
zinc chloride, ammonium sulphate, aluminum sulphate, aluminum chloride, and 
ammonium chloride. 

Oxidizing Acid Salts—It is not highly resistant to most oxidizing acid salts, such 
as ferric chloride, ferric sulphate, cupric chloride, stannic chloride, mercuric chloride, 
and silver nitrate. This applies also to acids containing chromates, dichromates and 
other oxidizing compounds. 

Oxidizing Alkaline 5alfs—Hypochlorites are the only common alkaline salts that 
are definitely corrosive to this alloy. The limiting concentration of available chlorine 
that may be handled safely is 3 grams per litre. This material Is imaffected by alka¬ 
line peroxide bleaching solutions. 

Mineral Adds —Good resistance to corrosion is shown by all acids except those 
of a highly oxidizing character. In nonoxidizing acids corrosion does not proceed In 
the absence of dissolved oxygen. 

In air free sulphuric acid at atmospheric temperature, corrosion of the alloy Is 
practically nil in all concentrations up to about 80%. In air saturated acid, below 
80% concentration, maximum corrosion occiu*s with 5% acid at a rate of about 0.04 
in. penetration per year. 

In 5% acid saturated with air, the most active temperature is about 185 ®P. The 
rate of corrosion is about 0.12 in. penetration per year. 

The material may be used successfully for handling boiling sulphuric acid 
(220®P.) solutions in concentrations up to 20%. 

In hydrochloric acid the corrosion Increases directly with acid concentration. 
In cold, air free acid, rates of corrosion range from about 0.005 in 1% acid to about 
0.04 in. penetration per year in 30% acid. In cold, air saturated acid the spread in 
corrosion rates is from about 0.03 in 1% acid to 0.2 in. penetration per year in 30% 
acid. At temperatures in excess of 120 ""F. the practical application is confined ordi¬ 
narily to concentrations of hydrochloric acid under 2%. 

This alloy is practically unaffected by hydrofluoric acid and mixtures of hydro¬ 
fluoric acid and fluorides throughout a wide range of concentration and temperature. 

The resistance to phosphoric acid depends principally on the purity of the acid, 
especially in regard to the presence of such oxidizing impurities as ferric compounds. 

This alloy is corroded at a moderate rate by hydrogen sulphide with the forma¬ 
tion of a dark tarnish, but gives useful resistance to corrosion by oil well brines 
containing hydrogen sulphide. 

Oxidizing Acids—In nitric acid the safe conditions of use Include concentrations 
under 1% at temperatures under 80 ®P. and where there Is little or no movement of 
the solution or the metal. 

Sulphurous acid and bisulphites may be appreciably corrosive. 

Organic Adds and Compounds—The alloy shows good resistance to corrosion 
by all the common organic acids, and Is practically free from corrosion by neutral 
and alkaline organic compounds, and fruit and other food adds. 
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AlkaUes--Th!i3 alloy is practically resistant to most alkaline solutions, including 
concentrated caustic soda solutions at temperatures up to the boiling point. In 
aqua ammonia, or ammonium hydroxide solutions, the material may be used suc¬ 
cessfully at concentrations up to 3% NHg. It is not corroded by anhydrous ammonia. 

Wet and Dry Gases—-This alloy is corroded appreciably by such gases as chlorine, 
bromine, sulphur dioxide, nitric oxide, and ammonia in the presence of water or 
condensed water vapor. It is usefully resistant to the effects of steam through the 
common operating ranges of temperature and pressure. 

It is attacked by mixtures of nitrogen and hydrogen under the conditions 
encountered in ammonia synthesis. 

It may be used without progressive scaling at temperatures up to at least 1000 

Hot Woridng Properties—This alloy requires more power for forging than mild 
steel. It should be placed in a hot furnace and forging started when the tempera¬ 
ture is reached. It should not be held at the forging temperature. Sulphur-free fuel 
should be used or low sulphur content fuel used with precautions. The combustion 
of the fud should be complete before the hot gases strike the metal. 

The recommended range of forging temperatures is 2150-1600®F. All heavy 
forgings should be forged above 1850*’F. The hot bending range is 2150-1850'’F. Care 
should be taken not to heat the material above the upper recommended temperature 
limit. 

This high nickel-copper alloy may exhibit red shortness within the temperature 
range of 1200-1600''F. 

Cold Working—The high nickel-copper alloy behaves similarly to mild steel in 
mechanical cold working, as in cupping, drawing, swaging, die forging, power ham¬ 
mering, bending, and forming. The elastic limit is higher, hence more power is 
required. 

Deep Drawing—The deep drawing practice closely follows that for steel. Lubri¬ 
cants with high film strength, such as tallow, castor oil, or good soluble drawing 
compounds, should be used. Lubricants containing sulphur or lead should not be 
used if annealing is necessary. The pieces should be annealed after 35-50% reduc¬ 
tion. 

Spinning—For spinning, the metal should be laid down on hard chucks using 
long, powerful strokes. Use roller tools if available. Hand tools should be of hard¬ 
ened high speed steel or hard bronze. Tallow or yellow laundry soap should be used 
for a lubricant. The work must be annealed frequently and in all cases before the 
ductility of the metal has been exhausted. 

Annealing—Bright annealing is easily accomplished in both box and open 
annealing. Boxes are carefully luted and gas is admitted during the cooling cycle 
to prevent the entrance of air. In open annealing, sulphur-free oil should be used 
in furnaces designed so that combustion takes place before the gases strike the work. 
A reducing sulphtur-free atmosphere is essential. An alcohol quenching bath, in 
the proportion of 1 gal. of methyl or denatured ethyl alcohol to 50 gal. of water, 
wW reduce the oxide flash that results when the work is brought out into the air 
and will give a silvery white surface. A pink color after the alcohol quenching indi¬ 
cates oxidation In the furnace and improper heating conditions, or an undue delay 
in quenching. 

Lubricants and other foreign matter should be removed thoroughly before 
annealing. 

Table XI gives the recommended annealing temperatures and time at tempera¬ 
ture for open and box annealing. 


Table XI 

Time and Temperature for Annealing 



Temperature, 

•P. 

Time at Temperature 

Open Annealing. 

. 1600ll650 

10-7.5 min. 


1700-1750 

5-2 min. 


1800 

^ min. 

Box Annealing... . 

1350-1450 

2-6 hr. 


Maelifailng— For details on machining of high nickel alloys, see page 1679. 
Welding— For details on welding, see page 220. 
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Plokling—-In commercial pickling, the oxide is first reduced by heating and 
cooling in a definitely reducing atmosphere, as described under Annealing. A suit¬ 
able solution for removing the adherent reduced metal is: 


Water . 3qt. 

Sulphuric acid (66*Baum6).30V& oz. 

Sodium nitrate (crude). 13 oz. 

Sodium chloride . 12 oz. 


Add the acid to the water, then dissolve the sodium nitrate, then add more water 
to make 1 gal. The temperature should be 180-190‘’F. and the time required will be 
20-30 min., after which the loosened scale may be removed completely by hand or 
mechanical scrubbing. 

In cases where it is impractical to reduce the oxide, its removal may be accom¬ 
plished in the following pickling solution: 


Water . 2 gal. 

Hydrochloric (muriatic) acid. Igal. 

Cupric chloride (copper chloride). lb. 


Cupric chloride speeds up the pickling, but it may be omitted if not available. 
The temperature should be 180-190 °F. The time required, if cupric chloride be used, 
will be 20-40 min. The articles should be removed at frequent Intervals and scrubbed 
with pumice stone or fine sand, and returned to the pickling solution. Tarnish 
remaining after the pickling, is removed in a second solution made up as follows: 


Water . 1 gal. 

Sulphuric acid (SS^Baumd). 0.1 gal. (1.5 lb.) 

Sodium dlchromate . 1.1 lb. 


The temperature should be TO-IOO'^F. and the time required will be 5-10 min., 
after which the articles should be rinsed in cold water and then dipped in a dilute 
solution of ammonia (2% oz. per gal. of 26'’Baumd, ammonia). 

For bright dipping, clean the work in a solution of: water, 1 gal.; nitric acid 
(38'’Baum4) 1 gal.; common salt, 0.8-12 oz. Then rinse in hot water and dip quickly 
for not over 5 seconds in a solution of: water, 1 gal.; nitric acid (38°Baum6), 1 gal. 
Rinse and dip in the ammonia solution used for pickling. Dry by dipping in steaming 
water or by rubbing with sawdust. These solutions for bright dipping are used at 
room temperature. 

Forms Available—This alloy is available in the usual mill forms such as hot 
rolled plates, sheet and strip, rods, shapes, tubing and pipe, wire, and as forgings, 
castings. 
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Properties of Wrought Special High Nickel-Copper Alloyt 

(Machining Quality) 

« By W. F. Burehfield* 


The composition of this nickel-copper alloy and the Navy specification are given 
in T^ble I. 


Table 1 


Composition of Nickel-Copper Alloy 


Elements 


Navy Speeltteatton 46M7 (ZNT) 
Typical For Nickel-Copper Alloy 

Composition, % (Free Machining) 

Composition, % 


Nickel . 67.00 •g.00-70.00 

Copper .... 30.00 Balance 

Iron . 1.7 2.5 max. 

Aluminum . — 0.5 max. 

Manganeae. 1.1 2.0 max. 

Carbon . O.l 0.3 max. 

Sllleott . 0.05 0.5 max. 

Sulphur. 0.035 0.026-0.060 


This alloy Is produced as cold drawn or hot rolled rods for automatic screw 
machines where high cutting speeds must be maintained. Free machining qualities 
are obtained with a sacrifice in toughness and strength. The composition has good 
ductility at room temperatures, but is hot short over a wide range of temperatures 
so cannot be subjected to hot heading or forging operations. 

The physical constants are practically the same as those shown on page 1655. 

The mechanical properties are given in Table II. 


Table n 


Range of Mechanical Property 



Tensile 

Strength, 

psl. 

Yield 
Strength 
0.2% Set. 
psl. 

Elong. 

In 2 In.. 

% 

Rockwell 

B Hardness 
Ain.BaU, 
100 kg. 

Hot rolled 

A-1 in. dlB.. 

... 80- 95,000 

40-65.000 

46-30 

70-85 

1-2 in. dla. 

... 80- 95,000 

35-65,000 

40-30 

60-85 

2-3 In. dla. 

... 75- 85,000 

35-60,000 

40-30 

60-85 

Hot rolled gquerea. hexagons, flats 

All sises . 

... 75- 90.000 

35-65,000 

45-30 

60-85 

Cold drawn 

Vk-% in. dla. 

... 100-116,000 

75-90,000 

10-5 

00-100 

%-iy 4 In. dia. 

... 90-100.000 

70-90.006 

35-16 

85-100 

iy4-2 In. dla.. 

... 85-100.000 

65-90,000 

35-15 

80-95 

2-3 In. dla. 

... 80- 95,000 

60-85,000 

35-20 

75-85 

Cold drawn squares, hexagons, flats 

AU sises . 

... 80- 95,000 

50-75,000 

35-25 

80-90 


*X>g«elepment As RusnAreh Division, internstlonsl Nleksl Co.. New York 
tTroSo BOOM MoBol. 
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Properties of Cast High Nickel-Copper Alloyt 

By C. A. Crawford* 


Composition —The composition of this cast alloy controls the limits of the minor 
constituents, such as silicon, manganese, carbon, iron and magnesium, and excludes 
the metals which have a detrimental effect on the physical properties at room and 
steam temperatures, notably lead. Zinc and tin are excluded from this composition 
for casting, but tin is used in special nlckel-copper-tin alloys of high nickel content. 
Sulphur should be kept to the lowest possible minimum. Magnesium must be used 
as a desulphurizer and will be found in small amoimts. The approximate composi¬ 
tion is as follows: nickel 67%, copper 29%, iron 1.50%, silicon 1.25%, manganese 
0.90%, carbon 0J20%, sulphur 0.015% max., and lead nil. 

The specifications covering this alloy are the Federal specification QQC-551 and 
the United States Navy 46M1, both for sand castings. 

General Properties and Uses—The castings of this alloy show good resistance 
to corrosion by many mineral acids and salt soluUons. They have high strength at 
the temperatures of saturated and moderately superheated steam (up to SOO'^F.) 
and show good resistance to erosion by wet steam. 

The castings are used for pump parts, valve bodies, valve trim and turbine noz¬ 
zles for water, steam and chemical process service. They are used as fittings in pipe 
lines, pump liners, laundry and textile machine parts, agitators, conveyor chain, 
flanges, drains, ejectors, gears, heater Jets, nuts, manifolds, nozzles, reels, scrapers, 
screw conveyors, spiders, spouts, strainers, tank fittings, tie rod clamps, and similar 
applications. 

The physical properties are given in Table I. 


Table I 

Physical Properties High Nickel-Copper Alloy Castings 

Ultimste tensile strength, psl. (average'). 70,000. 

Yield strength, ,2% offset, psl. (average). 30,000 

Elongation, % In 2 In. (average). SO 

Brlnell hardness. 10 mm. ball-~3000 kg. load. 140 

RockweU B hardness, 1/16 In. ball—100 kg. load. 75 

Oharpj Impact resistance, ft-lb. (approx.). 70 

Modulus of elasticity (approx.).26,000,000 

Specific gravity (approx.). 8.80 

Weight per cu. in., lb. (approx.). 0.318 

Pattern maker's shrinkage, in. per ft. V* 

Solidification range, ‘P.2,400-2,500 

Electrical resistivity, ohms mil ft. 25*0. 323 

Thermal conductivity at 25^0., cal/em/cx^se^*0. (approx.). 0.05 

Coefficient of thermal expansion, per •O.||ol455*a} ^*****.T®*'^!!!!!!!!!.’! [islg x 1?^ 

'Tension values determined from 1/2 in. dia. specimens, separately cast in green sand 
and the test specimens machined therefrom. 


•Devolopmont and Reseavcli XMvialon, mtomatlonal Nickel Oo., New York 
tTrado aaaa MancL 





















1664 


PROPERTIES OP NICKEL-MANGANESE ALLOYS 


Ni 3340 


Properties of Wrought Nickel-Manganese Alloys 

« By W. A* Mvdffe* 

General-—The nickel-manganese alloys belong essentially to the specialty class 
of engineering materials. They have good mechanical properties and possess a 
considerable resistance to corrosion toward most media, comparable to that of 
pure nickel. The presence of manganese in nickel reduces the susceptibility to 
attack by sulphur gases and accounts for the use of the alloys where this factor is 
of particular importance. 

The most important commercial 
alloys are those containing 2, 5, and 
15% manganese, respectively. 

Chemical Composition—The figures 
in Table I are typical of the chemical 
analyses. Similar values for pure nickel 
(grade “A” nickel) are included for 
comparison. 

Mechanical Properties—The tensile 
and torsional properties of 1 in. dia. 
hot rolled rods* are given in Tables n 
and III. Fig. 1 shows the effect of 
cold work upon the strength and duc¬ 
tility of the alloys in wire form. 

Other Properties—^The alloys are 
similar to pure nickel in general ap¬ 
pearance. Each per cent of manganese 
reduces the density of nickel (8.88 g. 
per cc.) by about 0.02 and the melting 
point (1455*C.) by about 5*0. Some 
electrical properties of these alloys are 
given in Table IV.* The 15% manganese-nickel alloy has a specific resistance of 290 
ohms per mil-ft. (48.19 michroms per cm.*), a maximum permeability of 8400 gausses 
at H = 0.05, as compared to 5000 at H = 0.37 for grade “A** nickel.® The saturation 
and transformation temperatures are lowered by manganese, the latter effect being 
about 33*P. per per cent of manganese.® Alloys containing more than 20% of 
manganese have limited hot malleability and are not commercial. 

Annealing Treatment—^The temperatures for annealing are 1300-1400°F., the 
higher temperature corresponding to the higher percentage of manganese. Cooling 
from this temperature may be either slow or rapid as the alloys cannot be hardened 
by heat treatment. 

Wrought Forms—^The alloys are produced in the usual wrought forms, such as 
hot rolled or cold drawn rods, bars, wire, and special shapes. Sheet, strip, and 
plate can be made if desired. Tubing is not available. 

Uses—The principal uses of these alloys are for spark plugs, ignition tubes, 
dental wires, electrical resistance wires, enameling points. 



PO 
50 c: 
30 ^ 

to ^ 


20 




60 


60 


Per Cent Cold Peduct/on 


Pig. 1—The effect of cold drawing upon the 
tensile strength and elongation (in 2 in.) of 
nickel-manganese alloys. 


Table 1 

Chemical Composition 


Material C 8 81 Cu Pe Mn Nl 


Orade nickel. 0 to 0.005 0.07 0.05 0.20 0.15 99.40 

Grade nickel. 0.10 0.005 0.10 0.10 0.20 2 00 97.50 

Grade nlekel. 0.10 0.005 0.10 0.10 0.20 4 65 94 so 

15% Mn-nlekel . 0.12 0.005 0.20 0.10 0.25 15.00 84.30 


^MetaUurgUt, Huntington Works, The International Nickel Co., Inc., Huntington. W. Va 
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Tabto n 

Tensile Properties and Hardness of 1 In. Dia. Hot Rolled Bods 


Brlnell 

Yield Breaking % Elonga- Reduction Rockwell B Hardneu 
Material Point, pii. Strength, psl. tion in S in. of Area Bardnese 3000 kg. 


Grade nickel. 30,000 77.000 45.0 68.0 60 133 

Grade **B’' nickel. 33,000 81,000 * 45.0 65.0 64 140 

Grade **D'* nickel. 34,000 86,000 40.0 60.0 70 147 

15% Mn-nickel. 38.000 05.000 38.0 60.0 75 155 


Table HI 

Torsional Properties of Hot Boiled Bods, 1 In. Dla. 


Ratio Breaking 
Strength in 
Shear to 
Breaking 

Yield Breaking Angle of Twist. Shear. Strength in 

Material Point, pai. Strength, pai. * per in. in per in. Tension 


Grade **A'* nickel. 35,000 65.000 400 3.05 0.84 

Grade **B" nickel. 35.000 66.000 300 3.90 0.83 

Grade '*D" nickel. 36,000 68.000 380 3.70 0.79 

10% Mn-niekel. 37,000 71,000 460 3.95 0.75 


Table IV 

Electrical Properties 


Ohma per Mlchroms .—^Temp. Coefficient—« Thenaal emf. ts. 


Material mU-ft. per cni« 30-100*C. 3&-1000*C. Platinum at 1800«F. 


Grade nickel. 60 9.97 0.0045 0.0036 —8.19 

Grade nickel. 85 13.95 0 0042 0.0032 — 3.84 

Grade “D” nickel. 120 19.95 0.0036 0.0024 —4.64 


References 

^W. A. Mudge and h. W. Luff, Some Mechanical Properties of Nickel. Manganese^Nickel, and 
Copper-Nickel Alloys, Pros., A.S.TJd., 1928, ▼. 28. pt. 3. p. 378-291. 

*Driver-Harrl8 Co.. Data and Specifications Pertaining to Alloys for Electrical Resistance, p. 48. 
•C. Bleber, International Nickel Co. 
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PROPERTIES OF mCKEL-COPPBR-ALUMlNtTM ALLOY Ni 3619 


Properties of Wrought NickehCopper-Aluminum Alloy* 

, By C. A. Crawford* 

Composition and Physical Constants—The following composition and physical 
constants are typical of the nickel-copper-aluminum alloy known as **K** monel. 


Typical Composition 

% 

Specification Limits, % 

Nickel. 

. ... 66.00 . 

. 63.00 min.; 70 max. 

Copper . 

_ 29.00 _ 

... . Remainder 

Aliimlnnm . .. 

. 2.75 _ 

. 2.00 min.; 4.00 max 

Iron .. 

. 0.90 . 

. 2.00 max. 

TUfangAnasA . 

... . 0.40 

. 1.00 max. 

Carbon ... 

. 0.16 . 

. 0.26 max. 

RtHi*on . 

. 0.25 . 

. 0.50 max. 

Sulphur . 

. 0.006 . 


Other metals . 


1.00 max. 


Physical Constants 


Specllle mvlty. 8 60 

Weight, lb. per cu. In. 0.31 

Ueltlng point, ‘P. 2400-2460 (1315-1350*0.) 

Specllle heat (20-400“C). 0.127 

Thermal expansion (average coefficients): 

(26-100*0.) . .000014 

(20-300*0.) .000016 

(25-000*0.) . .000016 

Seat conductivity (0-100*0.), cgs. .043 

Electrical resistivity (at 23*0.): 

Rot rolled or forged and quenched, microhm centimeters- 62.8 

Hot'rolled or forged and quenched, ohm per mil-foot. 378. 

Heat treated, microhm centimeters. 62.0 

Heat treated, ohm per mil-foot. 373. 

Temperature coefflelent of electrical resistivity, per *C. (23-l00*C.). .00019 

tCagnetlc transformation temperature. below—79*0. 

ASOdulus of elasticity in tension. 26,000,000 

Modulus of elasticity in torsion. 9,500,000 


Strength in Double Shear—The double shear strength measurements given below 
were made with the cutters set with a small clearance (.005 in.). This type of test 
stimulates the service requirements of pins used in shackles or clevises. 


Tension 


Tensile _ 

Strength mongatlon, 
pgl7 % in 2 in. 


- Double Shear - 

Maximum Deflection at 

Strength, Max. Strength 

psi. in Inches 


07,500 49.0 65,300 0.08 

155,000 24 0 98,700 0.03 


Mechanical Propertied—The mechanical properties are given in Tables I and II. 

Spring Properties—Wire can be drawn and heat treated from this alloy to 
170,000-200,000 psi. tensile strength. The torsional proportional limit cold drawn and 
heat treated is about 80,000 psi. 

This alloy can be used when springs in large sizes cannot be fabricated wholly 
by cold process. The springs can be made from soft rod or formed hot and the spring 
temper developed by heat treatment. In this case the tensile proportional limit and 
tensile strength will be at least 80,000 and 140,000 psi., respectively, and may be 
greater depending upon the size of the spring and the amount of cold work devel¬ 
oped by the coiling. 

Endnnuiee Limit^Measurements of endurance limit in air for rod made on a 
rotating cantilever fatigue testing machine are given in Table III. 

Impact—The impact resistance decrecises with increasing hardness. Impact 
values are given in Table IV. 


•Tbt irmOm bmm of this alloy Is R ** Monel. 

*Developmoiit and Rosearch Division, International Nickel Co , New York. 














































PROPERTIES OF NICKEL-COPPER-ALUMINUM ALLOY 


Table 1 

Mechanical Property Ranges 


Tensile Yield Strength Elongation Brinell Rockwell 
Form and Temper Strength. (0.3% Offset). in 2 in.. Hardness O 

psi. psi % (3000 kg.) Hardness 


Rods and Bars 
Cold Drawn 

Annealed. 90-110,000 

Annealed—heat treated. 130-150,000 

As drawn. 100-135,000 

As drawn—heat treated. 140-170,000 

Hot Rolled 

As rolled. 90-110,000 

As rolled—heat treated. 135-160.000 

Forged 

As forged. 90-115,000 

As forged—heat treated. 135-165,000 

Wire, Cold Drawn 

Annealed. 90-110,000 

Annealed—^heat treated. 130-150,000 

Spring temper. 146-176.000 

Spring temper—heat treated... 170-200,000 

Strip, Cold Rolled 

Soft . 90-105,000 

Soft—heat treated. 130-150,000 

^ hard. 125-145,000 

Vi hard—heat treated. 150-180,000 

Full hard. 145-165,000 

Full hard—heat treated. 170-200,000 


tRockwell B Scale. 


50- .70,000 

45-35 

140-180 

76-90t 

90-110,000 

30-20 

240-280 

31-35 

70-100,000 

35-20 

175-350 

8-23 

100-130,000 

30-15 

260-320 

25-38 

40- 60,000 

45-35 

140-180 

75-90t 

100-120,000 

30-20 

260-300 

25-81 

50- 75,000 

40-30 

140-200 

75-95t 

100-125,000 

30-20 

260-310 

25-33 

50- 70.000 

45-35 



90-110,000 

30-15 

4-2 




8-3 


50- 65,000 

45-30 

. 75-85t 

90-110,000 

25-10 


85-105,000 

20-10 


110-130,000 

15-5 


105-120,000 

8-2 

. 35-32 

125-145.000 

10-2 



Table II 

Mechanical Properties—Strip 


Condition (<>) 


Tensile 

Strength, 

psi. 


Yield 

Strength («). 
psi. 


Elong. 
% in a in. 


Scleroscope Rj^ell 
Hardness csSile 


Cold rolled, soft. 105,000 max. 25.0 min. 23 max. 

Cold rolled, soft—heat treated. 130,000 min. 90,000 mm. 10 0 min. 85 min. 

Cold rolled, half hard(«). 125,000 min. 85,000 min. 5.0 min. 80 min. 

Cold rolled, half hard—heat treated... 150,000min. 110,000 min. 3.0 min. 45min. 

Cold rolled, full hard(^). 145,000 min. 105,000 min. 3.0 min, 40 min. 

Cold rolled, full hard—heat treated_ 170,000 min. 125,000 min. 2.0 min. 50 min. 

(•) Approx. 20% reduction. No tensile requirements under 

(^) Approx. 50% reduction. .020 in. thick; substitute shore 

(«) By drop of beam or dividers. scleroscope hardness. 


8 max. 
20 min. 
15 min. 
38 min. 
35 min. 
S3 min 


Table III 


Limiting Stress in Fatigrue 


Brinell 

Hardness 

No. 

Tensile 

Strength, 

psL 

Yield Strength 
.01% Offset, 
pel. 

MUlion 
Cycles 
in Test 

Limiting 

Stress, 

psi. 

145 

90,000 

38,000 

70 

38,000 

170 

106,000 

63,000 

30 

45,000 

385 

143,000 

101,000 

30 

50,000 

830 

158,000 

105,000 

30 

52,000 


Table lY 
Impact Values 


Condition 


Tensile Strength, 
psi. 


Standard Xaod 
Test, ft-lb. 


Bd rdUed. 100,000 1204- 

Odd drawn. 106,000 56 

Rot rdled heat treated. 161,000 40 

Cold drawn heat treated. 168,000 ^ 28 
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PROPERTIES OF NICKEL-COPPER-ALUMINUM ALLOY 


Mairneile Charaeteristtos^Tlils alloy is nonmagnetic under ordinary working 
conditions and remains so at subnormal temperatures. Careful measurements of 
permeability at field strengths from 10-300 gilberts per centimeter has shown the 
permeablll^ (B/H) at room temperature to be 1.0, the same as air. No measurable 
difference in magnetic permeability between the soft and fully hardened alloy has 
been found at temperatures higher than — 79‘^C. 

Hot Working—When heating, the flame should not impinge directly on the 
metal. The fuel should be free from sulphur and a reducing atmosphere maintained. 

The furnace may be operated at 2200-2250*'F. However, the metal should never 
be allowed to reach this figure, but should be removed on a rising temperature 
between 2000-2175""F. This alloy should not be placed in a cold furnace and brought 
up to temperature, but should be charged into the hot furnace. 

The hot working operation miist be stopped when the temperature falls to 
1700*F. and if the hot work is not completed, the pieces should be Immediately 
returned to the furnace and reheated to the forging temperature. If the continua¬ 
tion of the hot work is not to follow immediately, the work should be held until the 
temperature drops to 1450^F. and then imme¬ 
diately quenched in water to which 2% alco¬ 
hol by voliune has been added. Unless this 
quenching is done, stresses will be set up that 
may result in surface tears on reheating. 

This alloy air cooled from 1700®F. and not 
quenched will be excessively hard for prac¬ 
tical cold forming or working later. 

Cold Working—The increase in tensile 
strength with cold work is shown in Fig. 1. 

Rod—As cold drawn, the tensile strength 
will be 100,000-135,000 psi. For strength above 
135,000 psi. the material must be heat treated. 

Strip—The hardness of strip as cold 
rolled full hard, will be 25-32 Rockwell C and 
a tensile strength of 165,000 psi. 

Wire—Spring wire as cold drawn (65% 
reduction) and stress-relief annealed at 
525®F. will have a tensile strength of 145,000- 
175,000 psi. 

Softening by Quenching—This treatment 
is carried out at the mill after cold rolling, 
forging, or cold drawing and should not be 



$> 

3S5 a 
£95 ^ 
£65 {? 
£40 -g 
£IO ^ 


/ao 

MS 


% Cold Reduction 

Pig. 1—Effect of cold work and heat 
treatment 



Pig. 8—Softening by quench- Fig. 3—Burdening by increas¬ 
ing from various temperatures. ing the holding time. 


repeated before the hardening treatment. If it is desired to soften for machining or 
for cdd working proceed as follows: 

Heat to a temperature between 1400-1450 ^F., and quench in water or oil. The 
alloy will not soften if cooled in air except in sections H in. dia. or less. Open 
heating iq a sulphur free reducing atmosphere is preferred to using a box because 
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of the greater ease of quenching. Water to which 1-2% by volume of denatured 
alcohol has been added Is most commonly used as the quenching medium. The alco¬ 
hol will partially reduce the him of oxide on the metal. 

Hardening by Heat Treatment—Hiirdening by heat treatment is done by holding 
the metal for 10-16 hr. at 1080-1100*’F. followed by slow cooling in the furnace. Fig. 
3 shows how hardness increases with holding time. 

Higher hardnesses are obtained by cold working (20-30% reduction) then hold¬ 
ing for at least 6 hr. at 1080-1100®P. (980-1000®P. for 50% reduction or over), cool 
to 800®P. at a controlled rate of 25®P. per hr. Cool from 800®P. in any convenient 
manner. 

When the metal has not been cold worked after quenching it may be hardened 
by holding 30-60 min. at 1200-1250’'F. followed by cooling to 800^'F. at a rate of 26*F. 
per hr. 

Long Time Aging 




Treatment 

Tensile 

Strength, 

psl. 

Yield 
Strength 
(0.27« 
Offset), 
psi. 

Elong. 

% 

in 

2 in. 

Reduc¬ 

tion 

in 

Area, % 

Izod 

Impact, 

ft-lb. 

Hard¬ 

ness 

Vickers 

30p 

As 

hot 

rolled. 

... 97,500 

40,500 

44.0 

60 

83 

180 

16 hr. at 1080T. 

... 147.000 

92,000 

28.0 

44 

48 

298 

16 

hr. 

at 1080**F. followed 

by 








1 month at 800**P. 

...161,500 

109,000 

26.0 

40 

26 

359 

16 

hr. 

at 1080 °F. followed 

by 








a months at 800**F. 

...165,000 

112,000 

25.0 

40 

23 

353 

16 

hr. 

at 1080*F. followed 

by 








4 months at OOO^F. 

....162,300 

109,200 

25.5 

41 

24 

350 

16 

hr. 

at 1080**F. followed 

by 








8 months at 800**F. 

...164,300 

113,200 

23.1 

37 

27 

355 

16 

hr. 

at 1080"F. followed 

by 








16 months at 800“F . , 

...163,500 

112,000 

24.5 

37 

25 

348 


Machining—This alloy with a 300 Brinell hardness can be machined. See page 
1679 for the machining of nickel alloys. 

Welding—^For details on welding see the article on page 220. 

Grinding—When grinding it is important to avoid excessive heating, which 
will change the hardness. Grinding shoidd be done under water or coolant whenever 
possible. 

Pickling—The pickling procedure on page 1661 is suitable for this alloy. 

Corrosion Resistance—^The corrosion resistance is comparable to that of Monel 
in organic acids, alkalis, salts, industrial waters, food products, organic compounds 
and atmospheric oxidation at normal and elevated temperatures; and is superior 
in aerated ammonia solutions, and inferior in hot dilute sulphuric acid. 
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PROPERTIES OF NICKELr-OOPPER-SIUCON AlilOYS N1 3610a 


Properties of Cast High Nickel«Coppei>Silicon Alloys*’^ 

4 By C. A. Crawford* 

Composition—The 3% silicon, high nickel-copper alloy has good strength and 
ductility while the 4% silicon type has higher hardness plus resistance to galling 
but the ductility is low. The composition is as follows: 


Ni 

Cu 

Si 

Pe 

Mn 

C 

S max. 

Pb 

66.6 

29.6 

3.0» 

1.5 

0.6 

0.1 

0.016 

NU 

83.6 

80.0 

4.0*» 

2.0 

0.5 

0.1 

0.015 

Nil 


The 4% silicon type has a hard matrix and a structure of fine silicides. 

Machining—High speed steel tools are employed for machining the 3% silicon 
type, but carbide tools are more suitable for the 4% silicon alloy. 

Heat Treatment—These alloys are annealed by heating to 1600*F., air cooled to 
1200*F^ and quenched in oil. The finished work may then be rehardened by heating 
at 1100*F. for four hours, furnace or air cool. 

Hardness—The Brinell hardness of the 4% silicon type in the as cast condition 
is 330 with 3000 kg. load, 10 mm. ball; after annealing it Is 240 and after rehard¬ 
ening 360. 

Properties and Uses—The 3% silicon type Is used for cast turbine nozzles and 
steam outlets or in rotating parts where the stresses are high. The 4% silicon alloy 
is used for valve seats and discs, piston valves and sleeves, pump parts, and where 
resistance to galling and hardness at elevated temperatures are important factors 

The physical properties are given in Table I. 

Table 1 

Physical Properties of Nickel-Copper-Silicon Casting Alloys 


As Oast or 
As Oast Rebardened 

3 % 81 4%81 


Ultimate tensile strength, psl. (average^). 35.000 110,000 

Yield strength, .2% offset, psi. (average). 50,000 00,000 

Elongation, % In 2 in. (average). 15 2 

Brinell hardness, 10 mm. ball—3000 kg. load. 190 300 

Rockwell C hardness. 15 32 

Charpy impact resistance, ft-lb. (approx.). 40 4 

Modulus of elasticity (approx.). 36,000,000 28,000,000 

Specifle gravity (approx.). 8.65 8 50 

Weight per cu. in., lb. (approx.). 0.314 0.308 

Pattern maker's shrinkage, in. per ft. Yt Va 

Solidlflcation range, 'P. 2,300-2,400 2,250-2,350 

Electrical resistivity ohms/mll ft. 25*0. (approx.). 370 380 

Coefficient of thermal expansion, per . 12.8 x 10-« 12.3 x 10-» 

|30-450*O.J (approx.) . 16.5 x 10-« 16.1 x 10-« 


^Tension values determined from 1/2 in. dia. specimens, separately cast In green sand molds 
and the test specimens machined therefrom. 


*Development and Research Division, International Nickel Oo., New York. 
•Trade name " B " Monel, n^ade name " 8 " Monel. 
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Nickel«Molybdenum*lron and NickebMolybdenum- 
Chromiumdron Alloys 
By Burnham E. Field* 

Molybdenum metal has a high degree of resistance to chemical corrosion, par¬ 
ticularly hydrochloric acid. It is, however, difficult to produce this metal in the 
form of ^eet and fabricated apparatus, so it is used in the form'of an alloy that 
will retain as much of the corrosion resistance of the molybdenum as possible. 

Nickel-Molybdenum-Iron Alloys—nickel-base alloy,* with approximately 30% 


Table I—^Physical Properties 




Alloy A 

Alloy B 

Alloy C 

Specific gravity. 






g. per cu. cm. 




9.24 

8.94 

lb. per cu. In. 


. 0.318 


0.334 

0.323 

lb. per cu. ft. 


. 649 


677 

558 

Thermal conductivity, cal/sq. cm./cm./8ec/*C. 

. 0.04 


0.027 

o.os 

B.t.u./eq. ft./ln./hr./*P. 


. 116 


78.5 

87 

Mean, coeff. of thermal expansion, i 

per ®0. 





0-100“C. 


. 0 0000110 

0.0000100 

O.OOOOlU 

0-1000*0. 


. 0.0000154 

0.0000146 

0.000015S 

32-212‘*P. 


. 0.0000061 

0.0000056 

0.0000063 

ag-isoo^p. 


. 0 0000086 

0.0000081 

0.0000085 

Electrical conductivity mhos per cu. 

cm. 

. 7.89 


7.41 

7.52 

Table 

II—Mechanical Properties 




.-Alloy A-- 


Alloy B-- 

Alloy C 



Rolled. 


Rolled. 



Cast 

Annealed 

Cast 

Annealed 

Cast 

intimate tensile strength, psi... 

... 69,000- 

110,000- 

75,000- 

130,000- 

72.000- 


77,500 

120,000 

82,000 

140,000 

80.000 

Yield point, pii. 

... 42,500- 

47,000- 

55,000- 

60,000- 

45,000- 


45,000 

52,000 

57,000 

65,000 

48,000 

Elongation in 3 in.. % . 

8-12 

40-48 

6-9 

40-45 

10-15 

Reduction of area, %. 

16-18 

40-54 

10-13 

40-45 

11-16 

Hardness, Rockwell B. 

85-94 

94-97 

92-99 

96-100 

89-97 

Hardness. Brinell. 

155-200 

200-215 

100-230 210-235 

175-215 

Izod Impact strength, ft-lb. 

25-35 

62-77 

11-16 

68-78 


Brichsen value, depth in mm. . 


10-11 


10-11 


Short time ultimate tensile 






strength, psi. 






at: 600*C. 


90,000 


115,000 


700®C. 


55,000 


85,000 


900"C.. 


40,000 


50i000 


1000*0 . 


23,000 


25,000 


For less than 1% creep per year at 



000*0., nia.». load, psi. 


1.500 




Modulus' Of elasticity'. 

....- -- 

27,000,000 30,750,000 

-' 28.600,000 

-- 


molybdenum, and 5% iron and 65% nickel, can be supplied as castings, forgings, hot 
rolled bars, strip, plate, sheet, rods, wire, and welded tubing. This alloy can also 
be machined. It is resistant to hydrochloric acid in any strength at practically all 
temperatures, and to sulphuric acid up to 60% concentration of boiling acid. Under 
these conditions the penetration of the add is not over 0.003 in. per month, as is 
shown in Table III. 

For many applications in which the corrosive conditions are not so severe as 
to require the use of the alloy described, it can be made more workable by replacing 
some of the molybdenum with iron. This alloy,* containing approximately 20% 
molybdenum, 20% iron, and 60% nickel can be forged and rolled somewhat more 
readily than the alloy with the higher molybdenum content, although it is more 


*Muisser, Union Cnrbldt end Carbon Rosearch Laboraiorltt, Xno., Illasara PaiU, M. T 

***HatteUo 7 ** •** alloy B. 

•**HaftoUor' aUoy A. 
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difQcult to work than steel. This alloy resists hydrochloric acid up to 160*F., 
sulphuric acid of any strength up to 160*P., and 25% sulphuric acid up to the 
boiling i)oint. Under these conditions, laboratory tests show the alloy to have a 
penetration rate of noV more than 0.004 in. per month. This alloy can also be 
readily welded and machined. It is available in the same forms as the alloy con¬ 
taining more molybdenum. 

High Temperatures —In mechanical properties, these two alloys are comparable 
in strength and ductility to alloy steels as given in Table II. As they have good 
toughness, strength, and machining qualities, they are used in the design of chemical 
plant equipment and for high temperature work. 

Austenitic in Nature —Tliese two alloys are similar in structure to austenitic 
alloys such as the 18-8 chromium-nickel steels. They contain a small proportion of 
carbides, even when they have been cooled rapidly from a high temperature. Like 
other austenitic-type alloys, they are appreciably hardened by cold work with an 
increase in the yield point and ultimate strength, and a corresponding reduction 
in ductility. The recommended annealing procedure is to heat them to a tempera¬ 
ture of between 2100 and 2150®P., hold them at this temperature a short time 
according to the thickness of the material, and follow by rapid cooling, depending 
upon the size and shape of the part. This treatment softens the alloys and develops 
their high corrosion resistance. 


Table III—Results of Corrosion Tests 

(Rate of penetration Is expressed In Inches per month and acid concentrations are 
expressed In percentage by weight.) 


Sulphuric acid. 10%. boiling. 

25%. boiling. 

60%, boiling. 

96%. boiling. 

Hydrochloric acid. 10%. 160*P. 

10%, boiling. 

37%. 160*F. 

37%, boiling. 

Wet chlorine gas, saturated vapor, room 

temperature . 

Nitric acid, 10%, room temperature. 

10%. boiling. 

70%. room temperature. 

70%, boiling. 

Phosphoric acid, pure 

10%, room temperature. 

10%, boiling. 

50%, boiling. 

85%, boiling. 

Phosphoric acid, technical 

10%, boiling. 

50%. boiling. 

85%, boiling. 

*Aerated test. 


Alloy A 

Alloy B 

Alloy 0 

0.003 

0.0002 

0.0042 

0.004 

0.00015 

0.0039 

0.033 

0.0028 

0.061 

0.84 

0.038 

0.026 

0.002* 

0.0033* 

0.0026* 

0.026 

0.0016 

0.052 

0.0017* 

0.0012* 

0.0068* 

0.022 

0.0019 

0.026 



0.0032 max. 



0.00096 



0.0036 



0.00039* 



0.165* 

0 00018 

0 00013 

0.0000067 

0.0022 

0.00015 

0.00012 

0 0027 

0.00014 

0.00025 

0.068 

0.00013 

0.040 

0 00082 

0.00030 

0.00030 

0.0027 

0.0018 

0.0018 

0.0039 

0.0028 

0.0025 


Chromimn Confers Oxidation Resistance—Chromium as an alloying element 
confers resistance to the oxidizing solution type of corrosion. In another nickel-base 
alloy* approximately 15% chromium is substituted for part of the Iron In the 
analysis of the second alloy described. This alloy, containing 15% nh mmi nm 17 % 
molybdenum, 8 % iron, and 60% nickel, meets many corrosive It j, 

available only in castings, as it is not particularly amenable to forging or rolling. 
It can be welded satisfactorily and can be machined at low speeds. This alloy 
resists the attack of oxidizing types of solutions, such as wet chlorine gas and 
ferric chloride. It is used for chlorinating equipment, cast pipe, valves, pumps, 
agitators and other forms of equipment for handling wet chlorine or hypochlorites. 

roughness—This nickel-molybdenum-chromlum-tron alloy has a strength com¬ 
parable with that of low or medium carbon cast steel, and although its ductility is 
not as high as that of steel, it has fair toughness, as shown in Table n for a 
cast material. This aUoy is not excessively hard, but its structure makes manhining 
—and to an even greater degree, rolling, difficult. Its machlnablllty can be im- 
proved, however, by annealing for about two hours at 2200-2250*P., and air cooling. 


•‘■BMtoUor" alloy C. 
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This heat treatment to Improve the machinability of the alloy also results in an 
increase of both ductility and corrosion resistance. Castings of this alloy are capable 
of being ground to an excellent finish and can be polished to a high luster. This 
property is Important for applications such as valve seating surfaces and shafts 
or shaft sleeves which operate in packing glands. Sheets of this alloy cannot be 
rolled commercially in large sizes, but small sheets are available. 

Properties— Tables I, II, and m give the physical, mechanical, and chemical 
properties of these alloys. 
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N1 4701 


Polishing Nickel and Its Alloys for Meiallographic Examination 

By R. Vines* 

When polishing nickel and its alloys, the avoidance of pitting or loss of inclu¬ 
sions is generally important and a higher grade polish is required with nickel alloys 
than with copper base materials where considerable metal can be removed in 
etching. 

Samples should not be larger than about 1x1 in., preferably about H x % in. 
Small samples should be mounted in Bakelite, Lucite or clamps. It is also advisable 
to have the breadth of the sample greater than the height to minimize rocking and 
rounding of the edges during polishing. The selected specimen is filed or ground on 
abrasive wheels, using a light pressure to minimize surface distortion, to a roughly 
plane surface and then ground on a series of increasingly finer grit abrasive paper 
discs revolving at 300-600 r.p.m. Usually carborundum papers with grit sizes of 180, 
240, 320 and 400 are used although some prefer an alumina grit 400 paper. The 
grinding on each paper should be at 90“ to that of the preceding operation and 
should be continued until all scratches left by the coarser grit are removed. 

Dry grinding on the last abrasive disk is the most critical step as the wet polish¬ 
ing time and the pitting tendency is governed by the depth and uniformity of 
scratches here produced. In order to get the shallowest scratches possible with this 
paper, it is advisable to use a well worn or a graphited paper for the final dry 
grinding. 

The procedure following dry grinding depends upon the examination desired, 
that is, the structure or inclusions. In either case the specimen is carefully washed 
prior to wet polishing. The wet polishing wheels, which should be free from vibra¬ 
tion, are preferably run at rather slow speeds of about 300-400 r.pm. 

Structure Polish—-The specimen is polished on a wheel covered with a good grade 
of billiard cloth charged with a water suspension of No. 600 alumina abrasive. Care 
should be taken to have the wheel wet enough to prevent dragging but excess water 
increases the tendency to pit and should be avoided Tlie pitting tendency can also 
be minimized by continually turning the specimen on its vertical axis or rotating it 
in a direction opposite to that of the wheel. When all scratches from the preceding 
wheel have been removed, the specimen is washed and finish polished on a billiard 
cloth covered wheel moistened with a relevlgated alumina settling at a rate of about 
1 in. per hour. 

Inclusion Polish—The specimen, which has been carefully finished on graphited 
400 paper, is washed and polished on a flat crepe silk covered wheel charged with 
alumina. 

Reference 

J. R. Vllella. Meiallographic Technique for Steel, A S M., 1938 


*Tbe mtornatlonal Nickel Co 


Inc 


Research Laboratory. Bayonne, N. J 






1676 


ETCHING SOLUTIONS FOR NICKEL 


solutions which give excellent results with both cast and wrought products are 
as follows; H 

Flat Etching Solution ^ 

* 50 ee. of cone, nitric nci4 

60 cc. of glacial acetic acid 

Electrolytic Contrast Etching Solution 

10 cc. cone, nitric acid 
6 cc. glacial acetic acid 
85 cc. water 

Use one 1.5 Toltc dry cell and platinum wires 

The time at etching with the flat solution will vary from 5-20 sec., depending 
upon the nickel content of the alloy and the depth of etch required. The higher 
nickel content requires the longer time. Dilution with 25-50% of acetone is desirable 
when the nickel content of the alloy is less than 25%. The electrolytic contrast 
solution requires 20-60 sec. Over etching will invariably result in deep pitting. 

In order to avoid staining, particularly with the flat etch, only clear, white 
nitric acid should be used. Best results are obtained at room temperatures. It is 
best to make a fresh solution daily. After etching, the specimen should be thor¬ 
oughly washed with water and alcohol and dried quickly with a clean air blast. 
If a few stains are present in the flat etched specimen, they may be removed by 
wiping with a clean, smooth cloth or cotton. The electrolytic contrast solution 
will stain less than the flat solution and further cleaning will not be necessary. 
It Is definitely superior to the concentrated hydrochloric acid solution. Good results 
with heavily cold worked material are obtained only with the flat solution. 

Each of these two solutions serves a particular purpose. The flat solution 
offers the better opportunity for the detection of sonims, flaws, and porosity. The 
electrolytic contrast solution is more satisfactory for uniformity of grain size. 

Typical photomicrographs, at 100 dia. magnification, are given to show the 
particular advantages of each solution. 
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Forging Nickel Alloys 

By F. P. Hnston* 

The forging of nickel alloys depends largely upon proper heating, which involves 
not only the temperature and the time of heating, but also control of the furnace 
atmosphere, which is accomplished through correct combustion and the use of 
appropriate fuel. 

With the high nickel materials, exposure of the* hot metal to sulphurous atmos¬ 
pheres or other sources of sulphur must be avoided. Metal surfaces that have been 
attacked by sulphur at high temperatures have a distinctly burned appearance and, 
if the burning is at all severe, the material is weakened mechanically and rendered 
useless. The most common source of sulphur is the fuel, so care should be taken 
to avoid the use of fuels containing much of that element. 

Fuel oil should be purchased on a specification, limiting its sulphur content to 
0.5% max. The heavier oils purchased under such a specification seldom exceed 
0 .2% sulphur, and the lighter distillates are practically sulphur free. 

Natural gas, practically free from sulphur and with high B.t.u. value, is avail¬ 
able in many industrial centers. City gas, which usually is very low in sulphur, 
is used especially in small furnaces for heating small forgings. 

Butane and propane are also satisfactory fuels. 

The solid fuels are generally unsatisfactory because of the difficulty of providing 
for proper heating conditions, inflexibility in heat control, and the presence of sul¬ 
phur in excessive amounts. 

Heating Temperature—Nickel and 
high nickel alloys show Important dif¬ 
ferences among themselves as to proper 
forging temperatures, particularly in 
the upper safe heating limits and in 
tendencies toward red shortness. Fig. 

1 shows the approximate temperature 
ranges for hammer forging, die forging, 
and bending. 

While heating the high nickel ma¬ 
terials, the furnace should be main¬ 
tained at a temperature about 50®F. 
higher than that at which the work 
is to be removed, and in no case should 
it be less than 2000®F. 

Time of Heating—It Is bad practice 
to expose nickel and high nickel alloys 
to combustion gases in a heating fur¬ 
nace for long periods after the pieces 
have reached a uniform forging tem¬ 
perature. Where a delay in forging is 
met, tiie heated pieces should be with¬ 
drawn from the furnace and reheated 
later when operations are to be re¬ 
sumed. 

Approximations of the total elapsed 
time desirable between charging and 
pulling the materials are given in Fig. 

2. If these ranges are observed, there 
will be little difficulty in forging and 
bending. However, these metals are 
stronger and stilTer than steel at forg¬ 
ing temperature, so heavier hammer and larger machines may be required. 

The Furnace Atmosphere—The furnace atmosphere should be maintained in a 
slightly reducing condition, with 2% or more of carbon monoxide. There is no upper 
limit to the permissible amount of carbon monoxide or free carbon that may be 
present, as nickel and high nickel alloys are not subject to carburization. The 



Pig. 1—Approximate temperature ranges for 
forging and bending operation. A ~ nickel 70^r, 
chromium 15.00%, manganese 1.00%, iron 10.00% 
B = nickel. C = nickel 67%, copper 30%. iron 
1.007 p, manganese 1 00% and carbon 0.15%. 


*Devtlopment A Research Div., The International Nickel Co , Ine., New York 
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closer the atmosphere to the neutral condition, the easier it is to maintain the 
required temperature. 

The stack dampers should be wholly or partially closed in order to force the 
gases out under the«furnace door, where the excess of unburned fuel will burn 
freely. The pressure set up in this manner prevents the entrance of air under the 
door or through the slot. 


111! i 1 1 n 





1 ~ 


--i- 


n- 


Total Tima m FurnKa in Mngtts 


Fig. 2 —Approximate time required for heating 
uickel and high nickel alloys. A = nickel 67%. 
copper 30%. iron 1.4%, manganese 1.0%, and car¬ 
bon 0.16%. B = nickel 79.5%. chromium 13%, 
manganese 1.00%. and Iron 6.5%. 


It is important that combustion 
take place before the mixture of fuel 
and air comes in contact with the 
metal. If the combustion and heating 
are both done in the space above the 
furnace hearth, it is necessary to pro¬ 
tect the work by shielding it with steel 
plates placed so as to prevent the un¬ 
burned fuel from coming in contact 
with the hot nickel metal. 

Checking Heating Conditions and 
Forging Temperatures—^Before charg¬ 
ing the stock in the furnace, it is ad¬ 
visable to check the heating conditions 
A test can be made by heating a bar 
% in. dia. or x 1 in. flat, to the re¬ 
quired temperature and holding it in 
the furnace for 10 to 15 min. at tem¬ 
perature. The piece is then either water 
quenched or air cooled and bent, after 


There will be no sign of cracking if the condl- 
The extent of damage that may have occurred 


cooling, through 180® flat on itself, 
tions of heating have been correct, 
is Judged by the depth of the cracks. 

To determine correct forging temperature several test bars 1x^x6 in. are 
charged into the furnace and a single bar pulled at various temperatures. Each 
bar is then bent immediately through a 180® bend. The work must be done as 
rapidly as possible to avoid an excessive drop in temperatme while the piece is 
being bent. When the forging temperature is correct, there will be no sign of 
cracking at the sharp comers. 


Forging Dies—^The choice between carbon and alloy steel die blocks for drop 
forgings and pressings depends largely on the shape and size of the piece, the 
quantity to be produced, and the material. Dies of 0.80% carbon steel, hardened and 
tempered to 60 Scleroscope, can be expected to give a good life on the smaller 
forgings. 

Alloy steel dies are necessary for the larger or more intricate shapes and for 
all forgings in the high nickel-chromium alloy except small, simple shapes. 

Trimmer dies should be made of high speed steel, with the cutting edge ground 
to a considerable rake. They should be set up closely enough to cut tissue paper 
The trimming may be done either hot or cold. 
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Machining the High Nickel Alloyi^ 

By W. F. Burchfield^ 

Cutting Materials—For general machining of nickel and its alloys, high speed 
steels of the 18-4-1 type, with 0.70-0.75% carbon content are the most satisfactory. 
For light cuts and high speed machining, the high speed steels containing cobalt 
and molybdenum are preferable. 

Improved cutting materials, such as the cemented carbide, when used under 
proper conditions, will prove superior to the high speed steels. 

Tool Angles—Tools for cutting high nickel-copper (67-30%) alloys and nickel 
differ from those properly ground for cutting mild steel only in that a slightly larger 
true rake angle back from the cutting edge, is required. This holds true for all 
types of cutting tools. 

When machining hard, high nickel-copper alloys, the clearance angle should be 
kept at a minimum. On heavy, rough machining it is highly advantageous to grind 
a small land approximately in. wide at the cutting edge, as shown in Fig. 1 and 2. 

Lubricants—Though rough turning, rough planing and shaping may be done 
dry, it is essential to use a cutting oil for all other cutting operations. The correct 
use of a good cutting oil increases the machining speed about 25% and results in a 
smoother finish, which is important on machined parts which are to withstand cor¬ 
rosive conditions. 

Sulphurized oils give best results. This type of oil may slightly discolor the work 
but the tarnish is readily removed by soaking the work for 20-30 min. in a cold 
10 % solution of sodium cyanide. 

All lubricants should be thoroughly removed from the machined pieces if they 
are to be subjected to high temperatures either during subsequent fabrication or in 
service. 

Table I 

Recommended Feeds and Speeds for Automatic Screw Machining of High Nickel- 
Copper Alloys (Free Machining) 


Width of Cut Feed In Speed in ft. 

Operation in in. in. per min. 


Box Tool: 

Roughing . 

Finishing. 

cut-off: 

Circular tool. .... 

Straight tool, stock under *8 In dia. 

Forming tool. 

Circular . 


Balance turning tool 
Turned dla. under in 

over in.. 


'U 

.006 

100-125 

h 

005 

100-125 

»/8 

004 

100-125 

.005 

010 

100-125 


lV ,- V 8 

001 

100-125 


.0005 

100-125 


J/8-V4 

.0006 

100-125 


.0005 

100-125 

*8-^4 

.0004 

100-125 

1 

.00025 

100-125 


3^3 

006 

100-125 

A 

005 

100-125 


.012 

100-125 

* 

.010 

100-125 


Turning and Boring—The practical lathe set-up for turning and boring is the 
same as for mild steel. The only specific instruction is that the cutting edge of the 
tool be set so that when cutting it is on the center of the work. Fig. 3. Best results 
are obtained with deep cuts and light feeds. 

Roughing tools for turning are shown in Fig. 4, 5 and 6. Fig. 7 and 8 show fin¬ 
ishing tools for turning. Lathe tools for machining high nickel-copper (67-30%) 
castings are shown in Fig, 9, 10 and 11. 

Table I gives recommended speeds and feeds for automatic screw machine turn¬ 
ing for free machining high nickel-copper alloys.t 

*Development and Reiearch Dlv., International Nickel Co.. Ine., New York. 

Monel. 
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Pig. 1—Turning tool for hard, high N1 alloys. Fig. 7—-Finishing tool for light work. 

Fig. 9—(a) Broad nose planer tool for hard. Fig. S—Flnlshing tool for heavy work, 

high N1 alloys, (b) Tool for small land. Fig. 9—Roughing tool for $7% nlckel-30% 

Pig. 3^Method of setting tool on center of copper castings, 
work. For lathe work only. Pig. 10—Finishing tool for 67% nickel-80 % 

Fig. 4—Turning tool for light work. copper castings. ^ , . 

Fig. 6—Turning tool for medium work Fig. 11—Lathe threading tool for 67% nlckw 

Fig. S—Turning tool for heavy roughing. 80% copper castings. 
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DrilUnff->-Stimdar<l twist drills, as furnished by drill manufacturers, have proper 
angles for drilling high nickel-copper alloys and nickeL See Fig. 12 for recommended 
drills for drilling these wrought alloys and Fig. 13 for cast high Sl-Cu-Ni alloys. Only 
high speed steel drills should be used, and polished flutes are preferable. For maii- 
mum cutting speeds use heavy duty drills for under ^ in. holes, and cobalt high 
speed drills for the larger sizes. Sulphurized cutting oils give best results. The 
recommended speeds for nickel and 67% nickel-30 % copper alloy are between 40-60 
ft. per min. with the same feeds commonly recommended for mild steel. 



Fif. la-Klfh ipMd stMl drlU with tUndara 
anglM. 

FIf. 13—High i p ted itael drill for tpeoial 
nickol ftUoy eMtlBgt. 

Fit. li-JSSh s paed steal eheser for thread 
tur^g, showing It* back rake. 

Fig. it-Lathe threading tool. 


Fig. It—High speed steel tap. showing desir¬ 
able 18* rake back from ettttlnff edge. 

Fig. 17—Roughing planer tool. 

Fig. It—Finishing planer tool. 

FUr. It—Roughing diaper tod for depth of 
eut up to % In. * 

Fig. Sf—Finishing shaper tod for depth of out 

up to A la- 
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Reaming—Spiral fluted, high speed steel reamers with narrow lands and well 
polished flutes, are recommended. Reamers must be kept sharp at all times. Speeds 
for reaming are approximately 25>35 ft. per min. for nickel and the 67% nickel-30 % 
copper alloy, and lower sipeeds for some of the special nickel alloys. Reaming feeds 
are approximately twice the recommended drill feed for the same size hole. 

Thread Chasing--Thread chasing should be done with self-opening dies. The 
dies should have a 15** back rake, as shown in Fig. 14, instead of the usual 
7-8** used on dies for steel. A speed of 20-25 ft. per min. is suggested for thread 
chasing nickel-copper alloy. For free machining nickel-copper alloys, speeds of 26-35 
ft. may be employed. 

Lathe Threading—Lathe threading is done the same as with any other metal. 
In cutting 67% nickel-30 % copper alloys, the tool should have a back rake angle of 
6-9** and a side rake angle of 9-12**, as in Fig. 15. V-threads may be machined in 
this alloy and nickel at speeds of 25 ft. per min. with light cuts, and Acme or straight 
threads at approximately 10-15 ft. per min. For other harder nickel alloys it may be 
necessary to reduce these speeds to 15 ft. per min. for V-threads, and 5-10 ft. per min. 
for straight or Acme threads. 

Tapping—^National standard, four-huted high speed ste^ plug taps, with ground 
threads and 7° spiral flutes, or four-fluted, spiral pointed plug taps, are recom¬ 
mended for machine tapping. The plug taps have a four or five thread chamfer. If 
more chamfer may be tolerated, it is advantageous to extend the taper. The flutes 
should be ground to give approximately a 15** lip, and the tap should also be “backed 
off,*’ Fig. 16. On 1% in. and larger sizes, the skip thread tap gives excellent results. 

The 67% nickel-30 % copper alloy and nickel may be tapped at a speed of 20-25 
ft. per min. Free machining nickel-copper alloys may be tapped in automatic ma¬ 
chines at 25-35 ft. per min. 

Planing—The set-up for planing or shaping is no different than for mild steel. 
Roughing is usually done dry, but for improved surface it is advisable to use a cut¬ 
ting oil for finishing cuts and for parting. 

Correct designs of planer tools are shown in Fig. 17 and 18, and for shaper tools 
in Fig. 19 and 20. Table II lists some feeds, cuts and speeds used on production 
jobs and will serve as a guide in setting up for planing. 

Table II 

Feeds and Speeds for Planing 
(Heavy Work) 


,-Roughing Tool-. ,—Finishing Tool—. Parting Tool 

Fig. 17 Fig 18 Pig. 2a 


Depth of cut, in. 

1*6 

».i 


3/'8 

.020 

.015 

.010 

.005-.010 

Peed, in. 

'h 

* 

A 

A 

w 

'i2 

% 


Speed, ft. per min. 

Forged, nickel-copper alloy and nickel 

25 

25 

25 

25 

25 

35 

30 

30 

Forged, unhardened special nickel- 

copper alloys . 

15 

15 

15 

15 

15 

25 

20 

20 


Milling—Milling chips from these materials do not break up into fine shreds or 
powder but tend to curl. To facilitate the removal of this type of chip, the cutter 
should be ground with a 10-15** back rake from the cutting edge. Coarse tooth cut¬ 
ters are preferred. Plain or barrel milling cutters should be of the heavy-duty, spiral 
fluted type. Alternating tooth or interlocking sjde millers are best for deep holes 
or for slitting. If only straight tooth milling cutters are available, the sides of the 
teeth should be cut on a slight taper, widest at the cutting edge. For narrow slot¬ 
ting, high speed steel slitting saws with alternate teeth chamfered, are most satis¬ 
factory. This type of circular saw, which is used for cutting copper, is ground 
concave on the side for clearance. 

The surface speed and feed of milling depend a great deal on the strength and 
rigidity of the milling machine. For general practice, in milling 67% nickel-30% 
copper alloy and nickel, an average cutting speed of 50-65 ft. per min., with a feed 
of 0.005-0.010 in. per tooth, depending on the depth of cut, is usually satisfactory. 
With other harder nickel alloys that have not been heat treated, the surface speed 
of the cutter must be reduced to around 40 ft. per min. with a feed of from 0.003-0.006 
in. per tooth. 
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Grinding, Polishing and Buffing the High Nickel Alloys 

By W. F. Burchfield* 

Grinding:--—^To grind down welds on heavy work on which the finish is 
unimportant, use either a No. 14 grit or No. 24 grit rubber bond wheel. When fin¬ 
ishing light gage work for appearance, a finer wheel, such as No. 36 grit, rubber 
bond, is preferred. 

Rubber or artificial resin bond wheels are desirable for grinding the high nickel 
alloys. 

Avoid overheating the welds in grinding. Excessive grinding wheel heat has 
been known to cause cracking of welds on thin sheets. 

Precision Grinding—Rubber or resinoid bond wheels are superior to vitrified 
bonded wheels for fine grinding. Silicon carbide abrasive yields the best cutting 
action and produces the best quality of finish without scratches. The wheels should 
be soft enough and the grinding conditions suflaciently severe to cause the wheel to 
yield a slight breaking down action. Always apply an abundance of good lubricant 
while grinding. 

Following are general recommendations for precision grinding: Wheel speed, 
4,800-6,000 surface f.p.m.; work speed, 25-50 f.p.m.; table traverse speed for roughing, 
80-90, and for finishing, 60-75 in. per min.; feed per pass for roughing, .001-.005, and 
for finishing, .0025-.001 in. 

Polishing (Roll Head Wheels)—This series of operations includes **roughing,*' 
“dry fining," “greasing” and “grease coloring”—all accomplished with roll head 
wheels. Economy is obtained in polishing only by the correct selection of wheels, 
abrasives, operating speed, and above all, the correct preparation of the wheels. 

Artificial abrasives should be used for grits up to No. 150 grit because of their 
superior cutting characteristics. Turkish emery is preferable for the finer grease 
wheel finishes and for polishing preparatory to buffing. 

In general, there should be from 40-60 grit numbers between successive polishing 
operations. When preparing a surface for a buff finish, cross the scratches of the 
preceding coarser wheel, to be assmed that the coarser marks are removed. 

Buffing (Loose Disc Buff)—^Buffing operations performed with loose disc buffs 
include the “cutting-down” from the polishing scratches preparatory to obtaining 
a mirror finish by color buffing. The selection of wheels is highly Important for 
buffing. The pocket type buffs, made from high count sheeting, hold the buffing 
compounds well and are also stiff enough to result in good cutting action. For the 
highest mirror finish Canton flannel buffs charged with chromic oxide compound, 
are used. 

Tripoli compounds are used for cutting-down operations, and unfused alumina 
(white) or chromic oxide (green) compounds are used for color buffing. Lime 
compounds, such as are used for buffing nickel plate, or rouge used for coloring 
brass, do hot have sufficient cutting or coloring characteristics for high nickel alloys 
and should not be used. 

Satin Finish—One method of obtaining a satin finish is to polish with a grease 
wheel, usually No. 150 or No. 180 grit, and then grease color using a pocket type 
buff charged with fine emery grease. A second method is to polish first with a grease 
wheel or rub down the part by hand with No. 180-220 production paper, then brush 
with a Tampico wheel charged with fine emery grease, or if the area is large and 
fiat, spread a combination of emery flour and oil over the surface and brush with 
a Tampico wheel. 

Another method is by buffing with a pocket type buff charged with a greaseless 
compound. This compound is a moist mixture of glue and abrasive in stick form, 
which is charged to a loose disc buff. It is obtainable in several grades. The com¬ 
pounds produce a very pleasing satin finish. 

Cleaning—The final operation on all finishing Jobs where polishing and buffing 
compounds have been used, is to sprinkle Venetian lime, “Whiting,” over the article, 
and rub clean with a soft rag. A Canton fiannel rag should be used on a mirror 
finish. 


'Development Research Dlv., International Nickel Co.. New York. 
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The Physical Constants of Platinum and the Platinum 

Group Metals 

By F. E. Carter* and H. E. Stauss* 

Platinum 


Atomic weight.195.23 

Crystal structure.face-centered cubic, ao = 3.9158A 

Density, 20* O.. g. per ..21.45 

lieiting point, *0.1773.6 

Boiling point, *0.about 4500 

Specific heat, 20*0., cal. per g. per *0.0.0324 

XiEtent heat of fusion, cal. per g.26.9 

Latent heat of vaporization, cal. per g.630 

Linear coefficient of expansion, 0*C., per *C.8.8 x 10** 

Young's modulus, hard. 2.41 x 10 ^ 

annealed.2.14 x 10’ 

Electrical resistivity, 0"O., microhms (cm).9.83 

Temperature coefficient of electrical resistance, 0 to lOCC., per ‘’C.0.003923 

0-1200“0., per “C.0.00318 

Thermal conductivity, 18*0., cal./cm.Vcm./sec./“0.0.166 

Specific magnetic susceptibility, 18“0.1.10 X 10-« 


The physical constants of the platinum metals given in the different sections of 
this article have drawn freely from earlier compilations.** ** * Where later data have 
become available, they have been taken into account in selecting the best values for 
the constants and are discussed below. The atomic weights are from the 1938 value 
of International Atomic Weights published by the American Chemical Society. 

Crystal Structure—The best value for ao is that of Owen and Yates^ and has 
been given above. The value given by the International Critical Tables is 3.913 A. 

Density—The density of platinum is given in different places in the Inter¬ 
national Critical Tables as 21.45, 21.44, 21.46 and 21.5. Owen and Yates* calculated 
the value of 21.447 at 20*0. The figure of 21.45 consequently represents a good value 
for the density of platinum. 

Melting Point—The melting point is based upon the values of Roeser, Caldwell, 
and Wensel,* 1773.5*0., Hoffmann and Tingwaldt,** 1773.8*0., and Schofield," 1773.3*0. 
A value of 1762*0. was obtained by Ribaud and Mohr.* 

Boiling Point—This value is based upon the work of Jones, Langmuir, and 
MacKay.* Mott* obtained the much lower value of 4050* C. The International 
Critical Tables give 4901*0. and 4300*0. 

Specific Heat—A value of 0.0318 at 20*0. was obtained by Jaeger, Rosenbohm, 
and Bottema." 

linear Coefficient of Expansion—The value of 7.908 x 10"* is reported by Owen 
and Yates,* while Shinoda" obtained 9.9 x 10-* from 0-1000*0. 

Young’s Modulus—These are the values of Griineisen." Jacquerod and MUgeli 
have fotmd the much higher value of 2.82 X 10-* for annealed platimmi. Purity and 
physical state may Infiuence this property so much that no decision between the 
values can be made. 

General—^Platinum is probably the metal that suffers most from experimenters 
working with only small quantities. Thus, determinations of the physical constants 
of platinum are not only few in number, but show a wide variation from observer 
to observer. Some of the latter trouble probably has been increased further by the 
use of commercial metal, without consideration of the purity. 

Palladium 


Atomic weight. 

Crystal structure... 

Density, 20*0., g. per cc. 

Melting point, *C... 

Boiling point, *0. 

Specific heat, 20*0., cal. per g. per *c. 

Latent heat of fusion, cal. per g. 

Linear coefficient of expansion, 0*0., per *c.. 

Young’s modulus, hard. 

annealed. 

(Continued) 


.106.7 

iacc-centercd cubic, ao = 3.8824A 

.12.0 

.1554 

.about 3800 

.0.0687 

.36 

.11.60 X 10-« 

.1.70 X 10’ 

.1.38 X 10’ 


*Phy8lcal Department, Baker U Co., Inc., 54 Austin Bt., Newark, N. J. 
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Electrical resletlvity, 0*0.. microhms (cm.)...10.00 

Temperature coefficient of electrical resistance. 0-100*0.. per *0.0.00377 

Thermal conductivity. 18*0.. cal./cm.Vcm./sec./'*0...0.168 

Specific magnetic susceptibility, 18*0.5.4 x lO-^ 


Crystal Structure-^The value given above is that of Owen and Yates.^ An 
earlier value by Owen and Iball** was given as 3.8850 A. The best value of earlier 
work as given by the International Critical Tables is 3.859. 

Density*-~The density of palladium is one of the elusive physical constants. 
The International Critical Tables list values of‘12.0 at 20'*C., 12.1 at O^C., and 
12..25. A value of 12.16 has found wide acceptance.’* but is probably too high. Tlie 
different fabricators give various values, mostly below 12.0. Swanger’’ adopted the 
value of 12.0. Routine determinations of the specific gravity of commercial palladium 
have been made at Baker and Co. on 33 cast bars of several hundred ounces each. 
The average for the seventeen most dense bars was found to be 11.99. Owen and 
Yates* calculated the density from their results as 12.027. Owen and Iball** obtained 
12.011. Consequently a value of 12.0 seems to be the best value at present. 

Melting Point—^This constant has been determined by Fairchild. Hoover and 
Peters'* as 1553.6"C. ± .5. and this combined with earlier results led them to adopt 
a value of 1553.1®C. ±0.7. Schofield”* “ made two measurements, obtaining 1555*C. 
± 2, and 1554.4"C. ± 1. The value of 1554 has been adopted as a good average. 

Boiling Point—Two independent determinations have been made by Mott* and 
by Richardson,'* using arc methods. The figure quoted above is the average of their 
results. The International Critical Tables give the much lower value of 2200®C. 

Specific Heat—^The value given by the International Critical Tables is 26.2 
joules per g. atom, or 0.0587 cal. per g. at 18®C. Jaeger and Rosenbohm* obtained 
the dependence of the specific heat upon temperature. At 20®C. their results show 
a value of 0.0543 cal. per g. Later Jaeger and Veenstra” found 0.0586 at 20''C. Holz- 
man” obtained results showing that the specific heat at 20''C. is 0.0587. Poppema 
and Jaeger” obtained a formula connecting temperature and specific heat whidi leads 
to a value of 0.0586 at 20^*0. Consequently the value of 0.0587 continues to be 
satisfactory. 

Coefficient of Linear Expansion—This is the value of the International Critical 
Tables. A later value of 10.637 x 10~* per °C. at 20*’C. was obtained by Holzman, but 
this is low compared with most of the other determinations. 

General—The affinity of palladium for the gases oxygen and hydrogen makes 
determinations of the physical properties of palladium itself very difficult. Oxygen 
tends to cause blistered metal of low density, while hydrogen alloys with the metal, 
forming the interstitial type of solid solution. 


Rhodium 


Atomic weight.102.91 

Orystal structure.face-centered cubic, ao = 3.7957A 

Density, 20*0.. g. per cc.12.44 

Melting point, "O.1966 

Boiling point, *0.about 4300 

Specific heat, 20*0., cal. per g. per *0.0.0604 

Linear coefficient of expansion. 0*0, per *0.8.19 x 10~* 

Young‘8 modulus, hard.4.25 x 10’ 

Electrical resistivity. 0*0., microhms (cm.).4.51 

Temperature coefficient of electrical resistance, 0-100*0., per *C .0.00436 

Thermal conductivity 18*0., cal./cm.Vcm./sec./*0.0.210 

Specific magnetic susceptibility. 18*0.....l.ll x 10-^ 


Crystal Structure—This is the value of Owen and Yates.* That of Owen and 
Iball'* is in close agreement with it. 3.7954 A. The figure given in the International 
Critical Tables is 3.820. 

Density—The density is an average of various determinations. Swanger** ob¬ 
tained an average of 12.41 at O^'C. for vacuum melted rhodium. Rose** found a 
value of 12.47 for melted, forged metal. The International Critical Tables give 12.2 
and 12.5. In his tabulation of data of rare metals. Swanger” listed the density of 
rhodium at 20'’C. as 12.46. From X-ray data, Owen and Iball” calculated 12.428; and 
Owen and Yates,* 12.414. In view of the X-ray data, a density of 12.41 would seem 
a fair value, but higher values have been found, and the figure of 12.44 used by 
Carter* has been continued. 
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Melting Point—This Is the value of Roeser and Wensel.* The earlier deter¬ 
mination of Wensel, Roeser and Caldwell, as reported by Swanger “ led to the value 
1985**C. ± 10*’. The International Critical Tables give IQSS^’C. 

Boiling Point—This is the average of the results of Mott* and Richardson ” 
4000''G. and iSOO^'C., respectively. The value given by the International Critical Tables 
is > 2500*^0. 

Specific Heat—This is the average of the figures of Holzman and of Jaeger and 
Rosenbohm. The International Critical Tables give 0.059 cal. per g. per ^C. 

Linear Coefficient of Expansion—This value is from the International Critical 
Tables. It is in only fair accord with the later determinations. Swanger,** 
obtained 8.3 x 10-* in the temperature interval, 2Q->100*'C., while the International 
Critical Tables give 8.59 x 10 * between 0®C. and lOO^C. The results of Holzman 
seem to be low, being 7.628 x 10-* at 20° C. A very recent determination by Ebert” 
gives the figure 8.5 x 10“* between 0°C. and 100°C. 

Electrical Resistivity—This is Swanger’s” figure. The International Critical 
Tables give 5.1 in v. I., p. 103 and 4.70 at 0°C. in v. VI., p. 136. Nemilow and 
Woronow” give a value 6.02, which seems too high. 

Temperature Coefficient of Electrical Resistance—This value is from Swanger.” 

Iridium 


Atomic weight.193.1 

Crystal structure.face*centered cubic, a« s 3.8312A 

DexLSlty, 20*0., g. per cc.22.4 

Melting point, *0.2464 

Bolling point *0.about 4900 

Specific heat, 20*C., cal. per g.0.0309 

Linear eoefflclent of expansion, 0*C., per *C.§.41 x 10-* 

Young's modulus, hard.7.47 x 10^ 

Electrical resistivity, 0*C., microhms (cm.).6.08 

Temperature coefficient of electrical resistance, 0>100*C., per *C.0.00392 

Thermal conductivity, 18*C., cal./cm.Vcm./sec./*C. 0.141 

Specific magnetic susceptibility, 18*0.0.14 x 10-« 


Crystal Structure—The value of ao is from Owen and Yates.* Owen and IbalP* 
give 3.8314. The figure given in the International Critical Tables is 3.823 A. 

Density—The experimental values are divergent, and the figure above is open 
to question. Owen and Yates* calculate the density at 22.650, and Owen and Iball** 
obtain 22.661. 

Melting Point—This is the value of Henning and Wensel,”' who determined 
it carefully in order to use freezing iridium as a light standard. Their result is 
2454°C. A value of 2440°O. was obtained by v. Wartenburg, Werth, and Reusch.** 

Boiling Point—This is the average of the results of Mott* and Richardson.'* The 
International Critical Tables give > 4800°C. 

Specific Heat—^This is the value of Jaeger and Rosenbohm.** 

Ruthenium 


Atomic weight. 

Crystal structure. 

Density, 20*0., g. per cc. 

Melting point, *C. 

Bolling point, "O. 

Specific heat, 20*0., cal. per g. 

Electrical resistivity, 0*C., microhms (cm.). 
Linear coefficient of expansion, 0*C., per *0 
Specific magnetic susceptibility, 18*0. 


.101.7 

hexagonal close-packed, a = 2.6987A 
c = 4.2728A 

. 12.2 

.2450 

.about 4500 

.0.057 

.14 

.8.51 X 10-« 

.0.60 X 10"« 


Crystal Stmoture—Ttie lattice constants are from Owen, Pickup, and Roberts.** 
The International Critical Tables give 2.686 A and 4i272 A. 

Density—The value calculated by Owen, Pickup, and Roberts is 12.45 at 18*C. 
Boiling Point—This is the average of the results of Mott* and Richardson.** The 
International Critical Tables give > 2700°C. 

Specific Heat—This value is based on the results of Holzman. 
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Osmium 


Atomic weight.190^ 

Oryetsl ctructure.hexagonal close-packed* a= 2.7304A 

c s 4.3099A 

Density* g* per cc.22.5 

Melting point* *0.2700 

Boiling point* *0.about 6000 

Bpeciflc heat* 20*0.* cal. per g. 0.031 

Linear eoefScient of expansion* 0^*0.* per *0...5.70 x 10^ 

Electrical resistivity, 0*0.* microhms (cm.).!. 9 

Temperature coefflcient of electrical resistance 0-100*0.* per *0.0.0042 

Speoinc magnetic susceptibility* 18*0.0.05 x 10** 


Crystal Structure—The figures are from Owen, Pickup, and Roberts. The 
International Critical Tables give a = 2.714 and c = 4.32. 

Density—Owen, Pickup, and Roberts calculated the density at 18*’C. as 22.61 g. 
per cc. Osmium is traditionally the most dense element; but densities calculated 
from lattice constants, which are probably more correct for these particular 
elements, indicate that this distinction should belong to iridium. 

Bolling Point—^The value is the average of the determinations of Mott* and 
Richardson.'* The International Critical Tables give >5300*C. 

Specific Heat—This is the value of Jaeger and Rosenbohm. 
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Properties of Platinum and Platinum Group Metals and 

Their Alloys 

By F. E. Carter* and H. E. Stauss* 

Platinnm—Four grades of platinum are in common use» although in the United 
States there is no formal recognition of the fact.* 

In addition the 5 and 10% iridio-platinum alloys are frequently called **medium 
hard” and ”hard” platinum respectively. The grades are shown in Table I. Usually 
the impurities consist of the other platinum metals, for example, iridium or 
rhodium, although the commercial metal may contain small quantities of base 
metals. 

Table I 

Grades of Platinum 


Designation Platinum, % Use 


Physically pure. 09.99 Thermocouples, resistance thermometers 

Chemically pure . 99.90 Catalysts 

Crucible . 99.6 Laboratory Ware 

Commercial. 90.0 General 


The properties of platinum vary with the grade, and for scientific purposes 
only chemically pure platinum should be used, although, in the literature, for the 
determination of physical properties of alloys, commercial platinum of uncertain 
purity has frequently been used. The physical properties of chemically pure platinum 
are c^ven in Table II.* 

Table II 

Properties of Platinum 


Brinell Hardness 

Ultimate Tensile 
Strength, psi. 

Erlchsen Number 

Resistivity, Temp. Coeff. 
ohm/mil. ft. of Resist., 

Hard 

Annld. 

Hard 

Annld. 

Hard 

Annld. 

0®C. 

O-IOO^C. 

97 

42 

34,000 

17,000 

78 

12.2 

60 

.0039 


In the use of platinum at elevated temperatures, reduction of the melting point 
by inadvertent alloying must be guarded against. Platinum should never come in 
contact with low fusing elements at a high temperature nor with oxides of low 
fusing elements under reducing conditions. It should preferably be used under 
oxidizing conditions. 

For many purposes pure platinum itself is too soft, and it is used in alloyed 
form. The additions are usually iridiiun or rhodium, but in Europe alloys with 
copper are common. All the other metals of the platinum group as well as a number 
of base metals are used for hardeners of platinum for special purposes. The hard¬ 
ening effect of various metals on platinum is shown in Fig. 1. 

Platinum finds use in many and diverse fields and is absolutely essential in 
some of them. Mention may be made of its use for catalysts and noncorrosive and 
high temperature equipment in the chemical industry, spinnerettes for glass fibers 
and rayon, electrodes, thermocouples, and resistance thermometer elements, furnace 
windings, general laboratory ware, electrical contact points, dental foil, and, of 
course. Jewelry. 

Palladinm—This is the only member of the group, other than platinum, which 
is easily workable and which is used to any extent commercially, in unalloyed form. 
The physical properties are not greatly different from those of platinum, as shown 
in Table HI.* 


Table III 

Properties of Palladium 




Ultimate Tensile 

Erichsen 

Resistivity. 

Temp. Coeff. 

Brinell Hardness 

Strength, psi. 

Number 

ohm/mil. ft. 

of Resistance. 

Hard 

Annld. 

Hard 

Annld. 

Hard 

Annld. 

0*C. 

O-IOO^C. 

109 

46 

47,000 

20.000 

7.6 

1? 0 

61 

.0038 


^Phytlcal Department, Baker A Oo., Ine., 54 Austin St., Newark, N. J. 
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Like platinum* palladium is soft 
and is frequently hardened by addi¬ 
tions of other elements. In 1^. 2 is 
shown the influence of several elements 
on the hardness of palladium. 

Palladium is used in dentistry, in 
jewelry, and in electrical contact 
points; also as a catalyst, as foil for 
various decorative effects, and for 
photographic printing paper. 

Rhodium—Rhodium can be fabri¬ 
cated only with difficulty, requiring hot 
working for large sizes, although small 
sizes can be cold rolled or drawn. The 
uses of the metal in its pure state are 
limited, being confined to the produc¬ 
tion of a nontamishing electroplate. 
The physical properties have not been 
thoroughly studied, but what are 
known are shown in Table IV.* 

Table lY 

Properties of Rhodium 




Resistivity, 
ohms/mll. ft. 

Temp. 
Coeff. of 

Brlnell Hardness 

Resistance. 

Hard 

Annld. 

0»C. 

0-100"C. 

390 

139 

30 

.0044 


IQQ _ L _ jF uo Iridium, Ruthenium, and Osmium-— 

/ / y these three metals, only the first 

/ y ''tQL has been worked so far and even iridi um 

/ is extremely brittle. Iridium and osmium 

o/r / Dh occur together naturally as the very 

7 hard osmiridium. Artificial alloys among 

/ y —>377 ^^cse three elements, with or without 

/platinum, are used when extremely 

hard noble metals are desired, such as 

-PenPoints and some electrical contact 

points; they are, however, too brittle 
p p to be worked. 

9\ ^ Platinum-Iridium Alloys—The trid- 

ne: _ __I _ alloys with platinum are the most 

^ bnportant with respect to volume of 

(J fU efU consumption, because they are standard 

JcwelTy. Those most commonly used 
WQignt Hen Lont are the 5 and 10% alloys, the **medium 
FIs. 1—Bardneu of platinum alloyg. Influence hard” and *liard” platinum of COm- 
other metaia upon the baby Bri- merce, but alloys containing up to 80% 
neu hardnoM of platinum (2 mm. ball, 120 kf. indium are in regulaTule for tu$e 

Pis. 2>~BardaeM of palladium auoyg. Influence 

ef additions of other metals upon the baby tncal contacts. The important qualities 
Brineii hardneie of palladium (2 mm. ball. 120 Of the alloys are their hardness, their 

high electrical resistance, and their re¬ 
sistance to corrosion. In Table V are 
listed the properties of the alloys as compiled from published*- • and unpublished 
work. The properties vary with the purity of the components of the alloys as well 
as with the m a nn e r of preparation. Therefore this table, and the foUowing ones for 
alloys, should be considered as giving good average values of the properties of the 
alloys rather than as giving exact physical constants. In the case of hardness, not 
all published figures for BrineU hardness have been made with the same ratio of 
load to penetrator diameter, and consequently are not comparable. In the of 


Weight Pen Cent 

Fig. 1—^BSrdneu of platinum alloys. Influence 
of additions of other metals upon the baby Brl- 
nell hardness of platinum (2 mm. ball, 120 kg. 
load). 

Fig. 2>~Bardaes8 of palladium alloys. Influence 
of additions of other metals upon the baby 
Brlnell hardness of palladium (2 mm. ball. 120 
kg. load). 
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this article only baby Brinell hardnesses are given, using a two millimeter ball and 
a load of 120 kilograms. 

Table V 

Properties of Platinum-Iridium Alloys 


Ult. Tensile Brichsen Resistivity, Temp Coeff. 

Brinell Hardness Strength, psi. Number ohms/mU. ft. Resistance, 


% Ir 

Hard 

Annld. 

Hard 

Annld. 

Hard 

Annld. 

20®O. 

10-160'='C. 

6 

140 

90 

70,000 


7.1 

10.7 

115 

.0020 

10 

185 

130 

90.000 


• 7.1 

10.4 

IM 

.0013 

15 

330 

160 

120.000 

75,000 

7.0 

10.2 

170 

.0010 

20 

265 

200 

145,000 

100,000 

7.0 

9.7 

190 

.0008 

25 

310 

240 

170.000 

125,000 

4.1 

7.8 

200 

.0006 

30 

360 

280 

200,000 

160.000 


2.0 

210 

.0006 


Platinum-Rhodium Alloys—Of recent years these alloys have been asr'nning 
Importance because of their usefulness at high temperatures. While they are not 
as hard as the corresponding iridium alloys, they resist to a far greater extent 
oxidation and the development of intercrystalline weakness at elevated temperatures 
In laboratory ware they show greater stability of weight than do iridium alloys* 
and the alloy containing 3%% rhodium is widely used for such articles. The 10% 
alloy is the most common in technical and chemical applications. The alloy con¬ 
taining 20% rhodium is used to some extent for furnace windings, and other alloys 
have been employed for special purposes. The properties of the alloys as gathered 
from the available material** •• ’• • are given in Table VI. 

Table VI 

Properties of Platinum-Rhodium Alloys 


% Rh 

Brinell Hardness 
Hard Annld. 

Ultimate Tensile 
Strength, psi. 

Hard Annld. 

Erlchsen 

Number 

Annealed 

Resistivity, 
ohms/mll. ft. 
20*0. 

Temp. Copfl 
Resistance. 
25-100“C. 

3.5 

IHBSSHii 

60 

60.000 

25,000 

11.8 

100 

.0022 

5 

130 

70 

70,000 

30,000 

11.7 

105 

.0020 

10 

165 

90 

90.000 

45,000 

11 2 

115 

.0018 

20 

210 

120 

130,000 

70,000 

10.4 

125 

.0014 

40 

290 

150 




105 

.0014 


Because of the importance of the 10% alloy, Table VII is inserted to show its 
resistivity at elevated temperature and its tensile strength at temperature as com¬ 
pared with that at room temperature, as determined on 0.050 inch wire* and on 
smaller wires (unpublished data). 

Table VII 

Resistivity and Tensile Strength of Platinum-Rhodium (90-10) at Elevated 

Temperatures 



Resistivity, 

,-Ratio of U.T.S. at temperature to-- 

Temperature, 

ohms/mil. ft. 

that at 20®C. 


“C. 

20*0 

Wire dla. 0.050 in. 

Wire dla. 0.010 in. & 0.003 in. 

20 

114 

1 


1 

500 

203 

0.66 


0 71 

700 

236 

0.54 


0 57 

900 

267 

0.38 


0.43 

1100 

296 

0.83 


0.29 

1300 

924 

... 


0.15 

1500 

950 

... 


0.08 


Platinum-Palladium Alloys—Palladium is sometimes added to platiniun, usually 
to reduce the cost, the density and price of pallad ium b eing the lowest of the group. 
The properties of the system are shown in Table VIII.*' * 

Table Vin 

Properties of Platinum-Palladium Alloys 


% Pd 

Brinell Hardness 
Hard Annld. 

Ultimate Tensile 
Strength, psi. 
Annealed 

Erlchsen 

Number 

Annealed 

Resistivity, 
ohms/mil. ft. 
20*C. 

Temp. Goes. 
Resistance, 

0-160*0. 

10 

146 

80 

45,000 

11.5 

120 

.0014 

20 

175 

95 

50.000 

11.0 

150 

.0012 

JO 

180 

100 

52,000 

11.0 

170 

.0010 

50 

175 

100 

60.000 

11.0 

165 

.0010 

76 

150 

80 

43.000 

11.5 

130 

.0014 
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Other Platinum Alloys with Noble Metals--Other alloy systems which have 
been used or studied, although they are not in common commercial use, are given 
below, with such physical properties as are available.*'Ruthenium and 
osmiiun harden platinum at a very rapid rate. Gold and silver behave the same 
way. The last two elements, and probably the first two, have only limited solubility 
in platinum at room temperature. Gold and platinum form continuous solid solu> 
tions at high temperatures, but at low temperatures form conjugate solid solutions, 
consequently the platinum-gold alloys in the middle of the series are age-hardenable. 
In commercial use, it has been gold hardened by platinum, rather than platinum 
hardened by gold, that has been foimd serviceable. 

Table IX 


Physical Properties of Alloys of Platinum with Other Precious Metals 


Alloy 

Brinell Hardness 
Hard Annld. 

Ultimate Tensile 
Strength, psi. 

Hard Annld. 

Erichsen 

Number 

Annld. 

Resistivity, Temp. Coeff 
ohms/mll. ft. Resistance, 
20“C. 25-100®C. 

5% Ru 

210 

130 

115.000 

60.000 


190 

.00085 

10% Ru 

280 

190 

150.000 

85.000 


260 

.00083 

5% 08 


120 






10% Os 


175 






5% Au 

175 

100 




iis 


10% Au 

220 

150 




145 

(0-100*0.) 

60% Au 

225 

175 


77,000 

6.9 

155 

.00037 

70% Au 

195 

135 


65,000 

9.7 

155 

.00059 

80% Au 

160 

105 


58,000 

11.3 

120 

.00054 

90% Au 

105 

60 


36.000 

12.2 

70 

.00098 

5% Ag 

.. 

80 


52.000 


180 

.00065 

10% Ag 


125 


78.000 


290 

OOOSS 

20% Ag 


172 


128.000 


320 

.00050 


Platinum Alloys with Base Metals—Alloys of platinum with base metals are of 
interest because of the special properties that may be obtained. When the base 
metal addition is low, nobility at room temperature is frequently little impaired. 
The platinum-copper series has long been of interest because of the age hardening 
property of the alloys.* Platinum-nickel alloys form a continuous series of solid 
solutions, one of which, the 5% nickel alloy, has been used as the filament in ampli¬ 
fying tubes. The platiniun-iron alloys are of interest because of their magnetic 
properties, alloys containing more than 17% iron being strongly magnetic. The 
properties of the alloys are shown in Table X.** *• *- **’ ”• ** 


Table X 

Physical Properties of Platinum Alloys with Base Metals 


AUoy 

Brinell Hardness 
Annealed 

.-^Ultimate Tensile-- 

Strength, psi. 

Hard annealed 

Resistance, 
onnia^inU. ft. 
20*C. 

Temp. Coeff. 
Resistance. 
25-100*C. 

5% Ni 

140 

103.000 

65,000 

140 

.0020 

10% Ni 

200 


..... 

180 

.0013 

20% Ni 

270 



... 

.0009 

0% Cu 

110 

9'2.o66 

o'3.66b 

227 


10% Cu 

135 



335 

.bboio 

20% Cu 

145 



540 

.00016 

5% Pe 

70 



... 

.0011 

10% Fe 

95 




.0005 

20% Fe 

140 




.0009 


Palladium Alloya—Palladium is used alloyed with gold, silver, or platinum, and 
of late, alloys using small percentages of ruthenium and rhodium have been de¬ 
veloped for use in Jewelry. Alloys with the base metals copper or nickel also find 
use. The silver alloys form a continuous series of ductile alloys, as do the gold 
alloys; the former are used for electrical contact points, the latter for spinnerettes 
in the rayon indtistry. Both ruthenium and rhodium harden palladium rapidly, but 
the ternary alloys including both are preferred by the Jewelry trade as having a 
better color. Nickel hardens palladium rapidly, apparently forming solid solutions. 
Ck>pper pnd palladium are also solid solutions, but show intermetallic compoimds 
and transformations in the solid state at low temperatures, and so are age-harden¬ 
able. Unquestionably the most important of all palladimn alloys'** ** are those used 
In dentistry, but these are too complex to be discussed here. 

The Use and Care of Platinum Ware—It is Important to remember that, although 
platinum is not oxidized in the air at any temperature, nor attacked by any single 
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acid, yet there are many substances that attack and combine with it at compara¬ 
tively low temperature. 

The caustic alkalies, the alkaline earths, nitrates and cyanides, and especially 
the hydrdxides of barium and lithium attack platinum at a red heat, although the 
alkaline carbonates have no effect at the highest temperatures. Phosphorus and 
arsenic attack platinum when heated with it; therefore phosphates and arsenates 
should not be Ignited in their filter paper in the crucible. Silicon, which may be 
formed by the reducing action of carbon on silica, causes brittleness. Contact with 
compounds of easily reducible metals like lead .is dangerous at high temperatures, 
because low fusing platinum alloys are readily formed. 

Do not put platinum in the inner cone of the Bunsen flame; the carbon in 
this cone reacts with the platinum to form a carbide which causes brittleness and 
general deterioration. 

Every careful analyst of necessity uses clean utensils. The habit of cleaning and 
polishing platinum ware immediately after using is easily formed, and repays the 
user with increased confidence in his work as well as with the prolonged life of 
the article. 

The loosening effect of the Bunsen flame upon the surface of platinum exposed 
to its action produces the familiar gray appearance which cannot be removed except 
by burnishing. Rubbing the surface of platinum with moist sea sand (round grains 
only), applied with the finger, serves to remove most impurities and to polish the 
metal, without material loss in weight. 

Fusing bisulphate of potash or borax in the vessel and then boiling in water 
and polishing as above with sand is recommended by Gmelin. When it is desired 
to clean the outer surface of vessels in this manner, they must be placed in dishes 
of sufficient size to allow the fused flux to envelop completely the article to be 
cleaned. 

Sodium amalgam possesses the property of wetting platiniun without amalga¬ 
mating with it, even when other metals are purposely added to the amalgam. This 
substance is, therefore, useful for effecting a quick and thorough cleansing of 
platinum. The amalgam is gently rubbed upon the metal with a cloth and then 
moistened with water, which oxidizes the sodium and leaves the merciuy free to 
alloy with foreign metals. The mercury is then wiped off and the article cleaned 
and polished with sand, as above described. 

If the existence of a base metal alloyed with the platinum Is suspected, immerse 
the article in question first in boiling hydrochloric acid for a few minutes; then, 
after thoroughly rinsing with clean water, in boiling nitric acid free from chlorine. 
If the article is unaffected in weight or appearance, and the acid baths fail to 
give reaction for base metals, the absence of such is assured. 
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The Tin Industry 

By R. L. HaDett^ 


Introduction—^Tin is almost unique among the important common metals in that 
nearly the entire production of the world comes from countries in which practically 
no tin is consumed. This is of particular importance with reference to the United 
States, which consumes approximately half of all the tin produced in the world 
but does not recover any appreciable amount from domestic ores. This economic 
situation is not due to any lack of perspective, technical knowledge, or aggressiveness 
on the part of American industrialists, but is solely due to the fact that as yet 
no commercial tin deposits have been found in the United States. This makes the 
United States dependent on other coimtries for its tin requirements. 

HIstory—Tin was known to the ancients as early as 3000 B. O. and was used 
by the Phoenicians, Greeks, and Romans long before the Christian era. 

The principal use for tin in ancient times was for making bronzes in which 
tin was added to copper for hardening purposes. The Bronze Age could not have 
existed without tin and the ability of various peoples to obtain and use tin for 
making bronze weapons and agricultural implements was a major factor in the 
progress and dominance of ancient nations. 

Tin continues to be an important metal with many Important uses and Is 
Indispensable in many industries today. 

Sources of Tin—The primary source of tin is the natural mineral cassiterite 
which is the oxide SnO^. This mineral, sometimes called “tin stone,” is found in 
many parts of the world but deposits of commercial importance are relatively rare 
and occur in comparatively few localities. The pure mineral contains about 78.6% 
tin, but even in the richest commercial deposits the tin mineral is more or less 
Intimately mixed with large amounts of other minerals from which it must be 
separated. 

The valuable tin deposits are of two distinctly different kinds which may be 
classified, according to their method of formation, as vein or lode deposits and 
alluvial or placer deposits. In both formations the tin mineral is cassiterite but in 
the vein deposits the cassiterite occurs as a primary mineral deposited in solid 
fissure veins, while in the placer deposits the cassiterite is found in separated 
particles mixed with other minerals in secondary sands and gravels. 

The large and important tin mines are located in Malaya, Bolivia. Dutch East 
Indies, Siam, China, and Nigeria which together account for about 90% of the 
entire virgin tin annually produced in the world. 

In addition to the virgin tin produced from natural mineral deposits a large 
amount of secondary tin recovered from waste and scrap metal materials comes into 
the market. 

Mining and Metallurgy—The large operating mines of Bolivia are almost entirely 
vein formations, whereas the mines of Malaya, Dutch East Indies, Slam, China, and 
Nigeria are largely placer deposits, although formations of both types are foimd in 
all of the large production areas. 

A great part of the world’s tin production comes from vein ores containing 
from 2-4% of tin and from placer gravels yielding from 1-2 lb. of tin per cu. yd. 
The tin ore is removed from the vein deposits by usual deep mining methods while 
.the placer gravels are mined by dredging, hydraulic sluicing or more primitive hand 
methods. 

The crude ore from the vein deposits is crushed to liberate the tin mineral from 
the waste and the crushed ore or placer gravel is treated at the mines by various 
mechanical methods to remove the waste minerals and concentrate the tin mineral. 
The crude tin concentrate contains approximately 70% of tin and is shipped to 
the smelters. 

For economic reasons the smelting of the tin ores is largely done in a few large 
modem smelting plants to which the tin concentrates are shipped from the various 
mining districts. 

*Chlef Chemist, National Lead Co., Brooklyn. 
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The principal tin smelting and refining plants are as follows: 


Consolidated Tin Smelters, Ltd. 

Consolidated Tin Smelters. Ltd. 

Straits Trading Co., Ltd.. 

Straits Trading Co., Ltd. 

N. V. Hollandsche Metallurgische Bedrijven 

Netherlands East Indian Government. 

Soclete Oenerale Metallurgique de Hoboken 
Yunan Tin Corporation. 


Bootle, England 
Penang. Straits Settlements 
Singapore, Straights Settlements 
Penang, Straits Settlements 
Arnhem, Holland 
Banka, Netherlands East Indies 
Hoboken, Belgium 
.Kochlu, Yunan, China 


Brands and Markets—The different tin smelting and refining companies produce 
and market tin under various proprietary brand names. A number of the important 
brands with their composition are given in Table I. 

The crude tin from the Yunan Tin Corp. and many smaller Chinese smelters 
is refined in several refining plants in Hong Kong. The Chinese refined tin is 
known as Chinese No. 1 and is sold with the guarantee that it contains not less 
than 99% tin. 

The price per pound of Straits tin at New York has varied from a low of 18.35 
cents to a high of 71 cents during the ten year period from 1927 to 1937. 

Consumption and Uses—The tin consumption of the world has varied from a 
low of 107,400 long tons to a high of 182,249 long tons during the ten year period 
from 1927 to 1937, and the consumption of the United States has varied between 
40,600 long tons and 87,000 long tons during the same years. 

The Minerals Year Book of the United States Bureau of Mines publishes some 
statistics showing the classification of the various uses of virgin tin consumed in 
the United States. For the years 1927, 1928 and 1930 the classification was as follows: 

Virgin Tin Consumed in the United States 


Average for 
1937,1938 and 1930, 


Uses % of Total 


Tin Plate and Terneplate. 38.35 

Solder . 18.68 

Bearing Metal . 10.14 

Bronze . 6.00 

Poll . 6.88 

Collapsible Tubes . 4.55 

Chemicals . 4.85 

Tin Oxide . 1.51 

Tinning (Other than Tin Plate). 3.91 

White Metal. 1.35 

Type Metal. 0.53 

Castings . 0.86 

Other Alloys . 0.71 

Miscellaneous . 3.79 


100.00 


While the consumption of virgin tin in the different industries varies somewhat 
from year to year, the above three year average figures are fairly representative and 
indicate the relative importance of tin for various industrial purposes. 
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Constitution of Tin-Antimony Alloys 

By W. A. Cowan* and G. O. Hierst 

The tin-antimony alloys are of commercial importance in type metals, Britannia 
metal, and Babbitt for lining bearings. Another element is generally added and 
the tin in such a material is capable of Infinite variation, whUe the antimony seems 
to be confined to a maximum content of about 25% because of the increased brittle¬ 
ness which it confers. 

The tin-antimony system was constitutionally examined 20 years ago and the 
liquidus and solidus curves fixed with fair accuracy. The transformations in the 
solid state have not received much experimental attention and the solid solubility 
lines plotted in Fig. 1 are mostly hypothetical as conceived by Guertler. 

The liquidus 
curve, represented by 
Joining the points 
EDCBA, irregularly 
descends from 630^C., 
the melting point of 
pure antimony, to 
232°C., the melting 
point of pure tin. 

Four solid solutions 
form the constituents 
that freeze out first 
in their respective 
ranges; namely; the 
delta solid solution, 
between the composi¬ 
tions of 100 and 50% 
antimony; the gam¬ 
ma, between 50 and 
21% antimony; the 
beta, between 21 and 
9% antimony; and 
the alpha, between 9 
and 0% antimony. 

The line F N has been determined by Hanson and Pell-Walpole. The solubility of 
antimony drops from 10.3% at the peritectic point 246^C. to 4% at 190*^0. and then 
gradually to 3.5% at 0®O. 

The solidus curve made by joining the points ELKJHGFA is somewhat complex, 
due to 3 peritectic reactions at K, H, and F, which are responsible for the temper¬ 
ature horizontals of the solidus at 427, 319, and 246*0. The completely solid alloys 
consist of either a single solid solution or a mixture of 2 solid solutions, and the 
solid solubility curves in each case show that the solubilities decrease as the temper¬ 
ature falls. 

An explanation of 1 peritectic reaction will serve for all three observed in this 
system. For instance, alloys between the compositions of 88 and 62% antimony form 
a mixture of solid solutions gamma plus delta on freezing at 427*C. At the Invariant 
point K there are 3 phases in equilibrium with each other. The liquid metal, 
however, has an excess of tin over that indicated by K and so the liquidus con¬ 
tinues to slope from D to C. The delta solid solution, previously in equilibrium with 
the liquid metal, changes to the gamma solid solution which is also in equilibrium 
with liquid metal in the composition range of 62-50% antimony and at 427*0. 

At 49% antimony the compound SbSn probably exists and may be considered 
responsible for the characteristic cubic structure observed in the beta solid solution. 
Hie ejni. composition measurements made by Puschin show an abrupt change at 
this point on the cmre. He has also suggested the possibility of a second com¬ 
pound, SbaSns, but such a view is not generally maintained. 

According to van Klooster and Debacher single crystals of SbSn have a simple 



•Asst. Ohltf Ohsmlst and tMetaUurglsI, National Load Oo., Now Tork. 
Thit article not revised for this edition. 
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cubic lattice of the NaCl type, with 4 antimony and 4 tin atoms at the comers of 
the unit celL The atomic distance was found to be 3.06^ A. 
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Coustilution of Tin-Bismuth Alloys 

By W. A. Cowan* and G. O. Hierst 

Binary alloys of tin and bismuth are seldom, if ever, used industrially. These 
metals are, however, of considerable importance in fusible alloys, which contain in 
addition either or both lead and cadmium. 

The system is essentially of the simple eutectiferous type with the 2 branches 
of the liquidus AB and CB meeting at the eutectic point, 57% bismuth, and at 
ISS^C. (See Pig. 1.) 

Prom 0-57% bismuth the primary constituent is the alpha solid solution of 
bismuth in tin and from 57-100% bismuth the primary constituent is the beta 
solution of tin in bismuth. 

The solidus passes through the points ADBEC. Immediately after solidification 
alloys between 0-6% bismuth consist of the single solid solution alpha, those between 

6 and 07% bismuth of 
a mixture of alpha plus 
beta solid solutions, and 
finally those between 97 
and 100% bismjuth of 
the single phase beta. 
The exact shape of the 
solidus curve AD and 
CE has not been exper¬ 
imentally defined. 

Below the eutectic 
temperature the tin is 
less able to keep bis¬ 
muth in solution and a 
eutectoid inversion takes 
place at 95®C. The ap¬ 
proximate limits of solid 
solubility are given by 
the dotted lines PH and 
DH. In alloys covering 
a wide range, this transformation can be detected by sensitive cooling curve 
methods, as shown by the transformation horizontal GHJ. Below 95®C alloys 
from 0-98% bismuth are duplex in structure and contain pure tin and beta solid 
solution. 

The solubility limit of the beta solution is approximately indicated by the 
line EJL, although this feature of the diagram has not received much experi¬ 
mental attention. 

No phsise change is shown in the diagram at 18®C. because bismuth has been 
shown to be very effective as an inhibitor in the change of beta to alpha tin. 
(Tin disease-gray tin.) According to G. Tammann and K. L. Dreyer, tin disease is 
completely suppressed by 0.5% bismuth. In a later investigation. Mason & Porgeng 
find 0.0035% bismuth is a preventative, provided the bismuth is in homogeneous 
solid solution. They state that 0.001% bismuth in imiform solution does not Inhibit 
the transformation. 
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Constitution of Tin>Cadmium Alloys 

py W. A. Cowan* and G. O. Hierst 

These metals form a eutectic at 33% cadmium and at 176*’C. There are three 
primary constituents which solidify first in the following ranges: From 0.0-3.8% 
cadmium, alpha; from 3.8-33% cadmium, beta; and from 33-100% cadmium, gamma. 

The liquidus is designated by the line A B C D, while the solidus is obtained 
by Joining the points A E F Q H D. 

Cadmium in the amount of 1.2% is soluble in tin over a considerable range In 
temperature, as shown in the area indicated by A E J K, representing the alpha 
, . . . , . . solid solution. At 2% 

cadmium, F, there is a 

soo -peritectic reaction at 

223®C. The peritectic 
^ ^ . SQQ change is from the al- 

eso -- 5 ^- pha to beta solid solu- 

occurs at 

y^l/Q the horizontal E F B, 

POO -- - ——/->= representing 1.2-3.8% 

/fS cadmium. The area A 

E F B represents solid 

/so -i—> 5 v ^7 - joo solution alpha, plus 

j\l ' 1300 M liquid. The field F G 

C B denotes the solid 

_ solution beta, plus li- 

cci-y ^00 quid, and the field C H 

I ^ D denotes solid solution 

^1 I 1^1 gamma plus liquid. 

0 20 40 60 SO too Area J L F E has a 

Pen Cent Cadmium duplex structure con- 

Fig. 1—Tln-Oadmlum Constitution Diagram. sisttog Of SOlld SOluti^ 

alpha and beta. Area 

L Q F denotes the uniphase solid solution beta. The field L M H C G represents 
the existence of the two solid solutions beta and gamma, while the area indicated by 
D H M N denotes the solid solution gamma. 

The field indicated by K J L M N represents a mixture of the two solid solutions, 
alpha plus gamma. There is a eutectoid point at 5% cadmium and at 130*’C. The 
eutectoid horizontal J L M exists between 1.3-99.5% cadmium. The transformation 
of the beta solid solution to the alpha solid solution occurs at this horizontal. Here 
structural transformation may be associated with the allotropic gamma to beta 
phase change in pure tin. 

At this time, there are no positive data pertaining to the influence of cadmium 
in respect to the phase change which occurs in pure tin with the allotropic change 
from the beta to the alpha state. 

The data used in plotting this diagram have been principally taken from the 
investigations of D. Hanson and W. T. Pell-Walpole. 
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The Constitution of Tin-Copper Alloys 

By W. A. Cowan** and G. O. Hiersf 

The tin-copper alloys are of such great practical importance in the nonferrous 
industry and are of such a complex nature that it occasions no surprise to find an 
extensive record of careful investigation in this held. Heycock and NeviUe's early 
work on these alloys has been accepted as one of the classical researches in metal¬ 
lography and it is remarkable how closely their results agree with work performed 
with modem refinement of apparatus. 

The alloys described herewith, containing from 0-50% copper, have been studied 
thoroughly by J. L. Haughton, who not only reviewed all previous investigations, but 
in his own work made use of long period annealings which are necessary in order 
to insure true equilibrium conditions. His diagram has been adopted by the Inter¬ 
national Critical Tables and ia 
made the basis of this article. 

Description of Fields Shown 
on Diagram—The area D K E 
represents a mixture of the solid 
phase gamma, and liquid. 

The field C H J K D repre¬ 
sents a mixture of crystals of 
solid solution eta and liquid. 

The area B G H C repre¬ 
sents the solid phase epsilon and 
liquid. 

The region P B A represents 
the solid solution zeta and liquid. 

The area O P J H represents 
a heterogeneous mixture of the 

Fig. 1—Tin-rich portion of the tin-copper conetitu- solid solutions eta and epsllon. 
tion diagram. N O H G represents 

a Uniphase solid solution, epsilon. The field M N G F consists of the epsilon solid 
solution and tin containing 0.2% copper in solution called zeta. The area L M F A 
represents the solid solution zeta. 

The Liquidus Curve—The liquidus drops from the melting point of tin 232^0., 
to the eutectic point at 0.94% copper and at 227®C., and then rises rapidly upon fur¬ 
ther increase of copper content. 

From 50-47% copper the primary constituent is the gamma solid solution. At 
D, 625*0., this phase reacts with liquid to form the solid solution eta. From D-C 
(alloys of 47-8% copper) the primary constituent is eta. At C this phase reacts 
with the liquid to form the epsilon solid solution which is the primary constituent 
separating from the liquid along the curve from C-B (8-0.94% copper). The solidus 
curve is formed by Joining the points A F B G H J; the complicated form is due 
to peritectic reactions of the solid phases with this liquid. 

The existence of the solid solution of 0J2% copper in tin, zeta, was found by the 
painstaking investigations of Haughton. According to Hanson. Sandford, and 
Stevens, there is no zeta solid solution. 

There has been considerable dispute about the percentage of copper in the 
eutectic, although its location at 227*0. appears well established. 



fcutectie Composition, 

% Copper Investigators 


Date of Report 


0.9 Heycock and Neville . 1903 

1.0 Ourevlch and Hromatko. 1921 

i.6 Bauer and Vollenbruck. 1922-1923 

1.0 Zsihara . 1028 

0.94 Hiers and deForest. 1930 

0.7-0.75 Hanson, Sandford and Stevens. 1934 


*W. A. Cowan, Asst. Chief Chemist, and fli^tallurglst. National Lead Co.. New York. 
Thii article not revised for this edition. 
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Transformations in the Solid State—In the diagrams of several Investigators a 
hypothetical transformation of the epsilon constituent to epsilon prime, has been 
given at 186 and 189®C. This was based largely on determinations of thermal resist¬ 
ance but microscopic examinations show no difference between the two solid solution 
structures. These horizontals are not included in Pig. 1 because of Insufficient 
evidence and also due to the X-ray investigations of Westgren and Phragmen, who 
find no evidence of such transformation. Horizontals at 160 and IS^'C. are also 
removed from the present diagram because of insufficient evidence to support in¬ 
clusion. According to some investigators they are alleged to be associated with 
the transformations of tin in the allotropic changes: Gamma to beta and beta to 
alpha respectively. It is felt that a small amount of copper in tin is effective in 
inhibiting such transformations. 

Prom 40-41% copper the solidus rises rapidly from 227-415'*C. In this narrow 
field the solidified metal consists of the homogeneous phase epsilon. Long anneal¬ 
ing at suitably high temperatures are essential to attain the equilibrium single 
phase structure of this epsilon solid solution. 

Prom 41-50% copper the solidus J H at 415'*0. is also part of the peritectic hori¬ 
zontal; H is the peritectic point. 
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Comtitution of Tin<Phosphorus Alloys 

By W. A. Cowan^ and G. O. Hient 


The tin-phosphorus system has only been partially investigated. The alloys 
containing from 0-50% phosphorus were examined by thermal and microscopic 
methods by A. 0. Vivian, who drafted a provisional diagram. The work was at¬ 
tended by great experimental difficulty, as it w£^ found that for the formation of 
alloys above 2.5% phosphorus the vapor phase was necessary. For alloys containing 
more than 8.5% phosphorus, pressiure above atmospheric was required. Since the 
pressure is usually considered invariant in metallurgical thermal concentration dia¬ 
grams, the tin-phosphorus system is noteworthy and represents pioneer effort. 

It has been suggested that the diagram as shown may be regarded as a sloping 
section cut through a three dimensional model having three variables: Concen¬ 
tration, temperature, and pressure. However, as the pressures used were not 
measured and necessarily varied in the different experiments, no definite section 
or plane can be considered. The investigator felt It advisable to reject the view 
of a three-dimensional model since the pressure fimctioned solely in determining 
the phosphorus concentration. 

With this explanation and also the mode of experimentation, the diagram to 
be described must not In any way be regarded as final. Haughton's nomenclature 
has been adopted in discussing this work, as his diagram attempts a provisional 
representation of equilibrium conditions which is in keeping with phase rule 
requirements. 

Alloys from the tin end of the diagram begin to solidify along the liquidus AB 
which mounts almost vertically up to 400°C. and then slopes to 550*C. for a phos¬ 
phorus content of 8.5%, shown at the point B. From theoretical considerations 
Haughton shows the eutectic containing a minute quantity of phosphorus, but 

as this quantity is unknown 
and so small, it is difficult 
to show on a diagram of 
the size plotted. Further 
work may establish the ex¬ 
istence of the eutectic, but 
the cooling curves of 
Vivian certainly did not 
show it and for practical 
purposes its consideration 
can be rejected. 

Alloys between B and C, 
from 8.5 to about 15.5% 
phosphorus, form two im¬ 
miscible liquids at about 
550*0. Dotted lines BB' 
and CC' illustrate In a lim¬ 
ited way the concentra¬ 
tions and temperatures at 
which the conjugate solu¬ 
tions may exist. Some¬ 
where just above 600*0. it 
is probable that the lines 
BB' and OO' join and the 
liquids of these compositions are mutually soluble, one liquid phase only being 
present. The line BO is the liquidus for alloys of the above concentrations. Tliere- 
fore the area bounded by the liquidus curve ABO and the solidus AD, which Is the 
horizontal at 232*0. and the almost vertical solidus DC, contains the alpha solid 
solution plus liquid. Below the solidus AD the alloy consists of pure tin and alpha 
solid solution. 

The area EDCHO denotes the limits of the alpha solid solution, E Indicates 14.7 
and Q 16.3% phosphorus. The nomenclature adopted in this area is Haughton's Inter- 



Fig. 


20 10 40 

Percent Phosphoroi '5vj Weight 

1—^Tln-PhOBphorus Oonstltutlon Diagram. 
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pretation of the experimental results obtained by Vivian and the line HO shows 
the maximum solubility of tin in the compound SniPa. Vivian’s notation in this 
area is confusing and does not fulfill phase rule conditions. 

The area CHJ represents two phases, alpha solid solution and liquid metal. 
The liquidus line CJ meets the solidus CHJ at the first definite eutectic point J at 
20% phosphorus. Alloys of increasing phosphorus content begin to freeze along an 
ascending liquidus JL to the maximum temperature at L, the point of total freez¬ 
ing for a single concentration of the beta solid solution. The point L may Justifiably 
be regarded as the compound SmP* from its mode of freezing, but more experi¬ 
mental data will prove or disprove such a hypothesis. The solidus of alloys of con¬ 
centrations between C and L is shown by the line CH, eutectic horizontal HJK, and 
line KL. The area JKL represents the existence of two phases: Beta solid solution, 
which is a probable solid solution of tin in SmPi, and liquid metal. 

The beta solid solution is bounded on the one side by the solidus KL and the 
line of solid solubility KM, and on the other side by the solidus LO and line of 
solid solubility ON. Vivian’s results show a possible jimction of solid solubility lines 
KM and ON at about 440°C., but for theoretical requirements it is necessary to 
show a solid solution as an area and not as a line of invariant concentration. 

Alloys in the area OHJKM consist of the alpha solid solution plus beta solid 
solution. 

The area LOP denotes mixtures of beta solid solution plus liquid. The liquidus 
LP Intersects the solidus LOP at the second eutectic P. 

Proceeding to higher compositions of phosphorus the liquidus rises to the point 
Q at 580°C. and then supposedly proceeds along the horizontal QRV. 

Alloys of composition Q and of increasing phosphorus content are believed to 
form conjugate solutions above 580'’C. The line of liquid miscibility QQ' is drawn 
dotted to indicate this probability. 

At about 43% prosphorus and at 580^0., a compound which would have a form¬ 
ula SnPt appears and the line RST denotes its concentration. Alloys in the area 
ONTSP consist of two phases: The beta solid solution plus the compound SnP». . 

Concentrations of phosphorus greater than 43% indicate the existence in the 
solid state of the compound SnP* and elemental red phosphorus, but such mixtures 
have received little study. 
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Constitution of the Tin-Antimony-Copper Alloys Used As 

Bearing Metals 

By O. W. Ellis* 

The tln-antimony-copper system has been the subject of considerable inves¬ 
tigation* but no work on the constitution of these alloys has yet been published. 
The following discussion, which is mainly concerned with the industrial alloys of 
this system, would therefore require some alteration to bring it into strict line 
with equilibrium requirements. 

The constituents 

present in these high tin at r j a 

ternary alloys, os cast, / 7 7 

are four In number, as / /N..di..Sbop.d / 

follows: / / ConsHfucnf /. 

1. The alpha solid // /i 

solution, containing tin f/ / snSb 

and copper. In these al- ciy „ ^ 

loys, as cast, this con- ^ a Solid Solution /^ 

stituent is characterized ^f/ Eutectic / / C7 

by a cored structure, a / / Pseudo / ^ 

which, however, can be f / / f ^ 

removed by annealing / In ^ ^ / 

the alloys for sufficient /c --- ys^gsoias cas^ 

time at, for example, q /ttSoMSoiutton»P^udohitetrio><S!ku^ 

100«C. A B G 

2. A constituent Per Cent Antimony 

present in these alloys 

in the form of needle- l-Tln-Antlmony-Oopper Constitution Diagram, 

shaped crystallites 

which vary in size according to the rate at which the alloy is cooled. It seems likely 
that in these alloys, as cast, the needle-shaped constituent, if not the intermetallic 
compound, CuSn, approaches it closely in composition. If these alloys are suf¬ 
ficiently annealed, equilibrium is reached as a result of the formation of the epsilon 
solid solution (see ^^Constitution of Tin-Copper Alloys,'' in this Handbook). 

3. A constituent present in these alloys in the form of needle-shaped crystallites 
of a solid solution, eta, containing approximately 61.5% copper. These crystallites 

are not present in alloys 
containing less than 8% 
copper, and will not be 
referred to in the subse¬ 
quent discussion of this 
system. 


y Q Solid Solution 
P&ftudo Eutectic 


aSoUdSolutlon^ftgudoEutettic 


/a Solid Solution/ 


Eutectic 


Per Cent Antlmonij 

Fig. 1—^Tln-Antlmony-Copper Constitution Diagram. 



Wfmssmm 


4. The intermetallic 
compound of tin and 
antimony, SnSb, con¬ 
taining approximately 
50.4% antimony, which 
appears in the micro¬ 
structure of these alloys, 
as cast, in the form of 
very sharply defined 
cubes and sections of 
a MM lA 17 > cubes. Whether, under 

Per Cer.® Antimony conditions Of equUlb- 

^ rium, this compound 

Fig. 2 —Contours of liquldus surface of space model for tin WOUld be replaced by 
comer of system. solution Of 

the tin-antimony system is uncertain. The constitution of the latter system deserves 
much fuller investigation. 


‘Director of Metallurgical Research, Ontario Research Foundation, Toronto, Canada. 
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It Is convenient to arrange the alloys In four groups in accordance with their 
microstructure, as shown in Pig. 1. 

1. The first group of alloys, as cast, are characterized by a hypoeutectlc struc¬ 
ture, comprising alpha solid solution and a eutectic, or pseudo-eutectic. 

2. The alloys in the second group, as cast, contain three micro-constituents: 
The needle-shaped constituent; the alpha solid solution; and the pseudo-eutectic 
already described. 

3. The third group of alloys, as cast, comprise three micro-constituents; The 
intermetallic compound, SnSb; the alpha solid solution; and pseudo-eutectic. The 
proportion of pseudo-eutectic in these alloys is very small. 

4. The fourth group of alloys, as cast, comprise four micro-constituents: The 
needle-shaped constituent; the intermetallic compound, SnSb; alpha solid solution; 
and pseudo-eutectic, of which the proportion is very small. 

These four groups lie within the areas outlined in Fig. 1. Group 1 occupies the 
area ABDC; group 2, the area GDFE; group 3, the area BOHD; and group 4, the 
area DHJF. 

The contours of the liquidus surface of the tin comer of the space model for 
this system* are shown in Fig. 2. The solidus for all the alloys covered by this dia¬ 
gram is 225*C. which is the eutectic temperature of the tin-copper system. In alloys 
which contain SnSb as a separate microconstituent, SnSb begins to crystallize on 
slow cooling at a temperature of 248*C. Rapid cooling has the effect of suppressing 
the crystallization of SnSb at 248*C. in antimony-rich alloys in the neighborhood of 
the boundaries BD and DF. It is possible that this effect might be of some impor¬ 
tance in its bearing upon the antifrictional behaviour of the alloys lying near the 
boimdaries BD and DF, and it may be well to emphasize the fact that the further 
removed an alloy is from these boundaries, the less likely is the normal crystalliza¬ 
tion of SnSb to be prevented. 

Ref fences 

K3. A If. Smith and R. J. Humphriaa, Some Testi on White Antifriction Bearing Metals. 
J. Xntt. Metala, 1911, r. 6, p. 194. 

*W. CamphaU, Lead-Ttn-Antlmony and Tln-Antimony-Copper AUoya, Proo., A.S.T.M., 1913, 
▼. 13, p. 639. 

*H. B. Fry and W. Roaenhain, Observations on a Typical Bearing Metal, J. Inst. Metals, 1919, 
V. 22. p. 217. 

*¥. O. Thompson and F. Orme, Some Notes on the Constitution and Metallurgy of Britanna- 
Metal, J. Inst. Metals, 1919, ▼. 12, p. 202. 

■Mahin and Broeker, Indiana Academy of Science Pro., 1919, p. 91. 

•O. F. Hudson and J. B. Oarley, Constitution and Structure of Certain Tin-Antlmony-Copper 
Alloys, J. Inst. Metals, 1920, v. 24, p. 161. 

^W. Bonsaok, Uber das System Zinn-Kupfer-Antimon, Z. Metallkunde, 1927, v. 19. p. 107. 

K>, W. BUS and Q. B. KareUta, Study of Tin-Base Bearing Metals, Trans., Am. Soc. Mech 
Bngrs., 1928, MSP 90-11, p. 12. 

•T. Islhara, On the XqulUbrium Diagram of the Copper-Tin System, J. Inst. Metals, 

V. 21, p. 216. 


1924, 




1709 


Sn 2402 STRUCITIRES OP BEARING METALS 


Structure of Im-Antimony-Copper Alloys Used As Bearing 

Metals 

By O. W. ElUs* 

By referring to the data sheet dealing with the constitution of the tin-antimony- 
copper alloys it will be seen that the alloys of this system, which are of industrial 
Importance, may be divided into 4 groups as follows: 

1. The first group of alloys, as cast, are characterized by a structure, comprising 
alpha solid solution and a eutectic, or pseudo-eutectic. 

2. The alloys in the second group, as cast, contain 3 microconstituents: The 
needle shaped constituent, the alpha solid solution, and the pseudo-eutectic. 

3. The third group of alloys, as cast, comprise 3 microconstituents: The inter- 
metallic compound, SnSb; the alpha solid solution; and pseudo-eutectic. The 
proportion of pseudo-eutectic in these alloys is very small. 

4. The fourth group of alloys, as cast, comprise 4 microconstituents. The 
needle shaped constituent, Intermetallic compound, SnSb; alpha solid solution; and 
pseudo-eutectic, of which the proportion is very small. 

These 4 groups lie 
witliin the area outlined in 
Pig. 1. Group 1 occupies the 
area ABDC; group 2, the 
area CDPE; group 3, the 
area BGHD; and group 4 
the area DHJP. 

The microstnicture of 
typical members of each of 
these groups is shown in 
Pigs. 2 to 7. In all cases the 
alloys were poured at a 
temperature of 400‘’C. into 
a vertical mold approxi¬ 
mately IH in. in dia. and 

7H in. deep, which was '^a b G 

heated to a temperature Per Ar\'t\rnQn<^ 

of 100®C. prior to casting. 

The samples for micro- l--Tin-Antimony-Copper Constitution Diagram, 

examination were cut from 

the castings at a point about Vi in. from the bottom. The section photographed 
was near the center of the casting. 

Pig, 2 is the structure of an alloy containing approximately 95.5% tin, 4% 
antimony, and 0.5% copper. It may be taken as representative of the structure of 
the alloys of group 1, which lie within the area ABDC of Fig. 1. The lighter areas 
are sections of primary alpha solid solution of the ternary system; the darker areas 
are sections of pseudo-eutectic. The small white crystallites noticeable within the 
darker areas are of the needle shaped constituent, which is itself a constituent of 
the pseudo-eutectic. 

Fig. 3 is the structure of an alloy containing approximately 94% tin, 2% anti¬ 
mony, and 4% copper. This may be considered as a representative structure of 
the alloys of group 2, which lie within the area CDPE of Pig. 1 (see also Pig. 4). 
In this photomicrograph the needle shaped constituent is clearly visible. It was 
the first constituent of this alloy to freeze on cooling. The gray areas are sections 
of the alpha solid solution of the ternary system; the black areas, containing here 
and there minute crystallites of the needle shaped constituent, are sections of 
pseudo-eutectic. 

Fig. 4 is the structure of an alloy containing approximately 86% tin, 6% anti¬ 
mony, and 8% copper. The structure of this alloy is similar to that shown in Pig. 3. 
The proportion of pseudo-eutectic in this alloy Is, however, so small as to make it 
dlfiflcult to see it at the magnification used in this photomicrograph. The proportion 
of pseudo-eutectic in these alloys decreases as their antimony and copper contents 
increase. 

Pig. 5 is the structure of an alloy containing approximately 91.5% tin, 8% antl- 
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mony, and 0.5% copper. This may be considered as a representative structure of 
the alloys of group 3, which lie within the area BQHD of Fig. 1. The outstanding 

feature of this structure 
is the constituent SnSb» 
which is present in the 
alloy in the form of 
cubes, sections of which 
SSSSS are clearly seen in the 
^ ^ ^ .H piT^otomicrograph. This 
X X X X X constituent was the first 
M M M h to separate from the 
mil melt on cooling. It is 
SSSSo imbedded in a matrix 
^ consisting almost en- 

tirely of alpha solid so- 
lution. The proportion 

5 S § S S of pseudo-eutectic pres- 
^ ttie alloy is so 

ooogo small that it is impos- 
sible to detect at the 
c g fl ^ S magnification used. 

a CO d 3 a 

® ^ struc- 
ture of an alloy contain- 
55555 ing approximately 89.5% 
antimony, and 
0.5% copper. This pho- 
aaSaS tomicrograph is a com- 
panion to Fig. 5 and is 
rtSrtSI introduced for the pur- 

6 a III pose of emphasizing the 
88OOP apparent effect of the 
aaaga needle shaped constit- 
rtS’S’S’S’ uent on the size of the 
8*5cubes of the tin-anti- 

mony compound, SnSb. 

35553 

§111 § the struc- 

o o o o o Qf an alloy contain- 

00005 Ing approximately 82% 
tin, 10% antimony, and 
SSSSS 0^ copper. This may 
00000 considered as a rep- 
SS8&& resentative structure of 
55525 alloys of group 4, 
§§§§§ which lie within the 
area DHJP of Pig. 1. 
Here sections of the 

. needle shaped constit- 

E E E E E which was the first 

to freeze on cooling, 
* and of cubes of the in- 
termetallic compound, 
SnSb, which was the 
second constituent to 
freeze on cooling, are 
found in a matrix of alpha solid solution. Some pseudo-eutectic is present in the 
structure but in such small amounts that it is difficult to detect at a magnification 
of 150 diameters. 

It will be noted that the size of the cubes in Fig. 7 is consider8,bly greater than 
that of the cubes in Fig. 6. This greater cube size is characteristic of the alloys 
of high copper content, other things apparently being equal. Ellis and Karelitz^ 

ao W. Baui ants Q. B. Karelltz, Study of Tin-Base Bearing Metals, Trans., Am. Soe. Meob. 
n^rs., 1038. M8P-S0-11, p. IS. 
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are of the opinion that “the difference in crystal size may be accounted for by 
assuming that the presence of primary CuSn* facilitates the precipitation of SnSb 
and, as a result, a few large cubes are formed where, in the absence of the 
inoculating medium 
CuSn, a greater num¬ 
ber of small cubes 
would be precipitated. 

The presence of 
needles of GuSn 
within the cubes of 
SnSb is a common 
occurrence in the al¬ 
loys of high copper 
content.*' 

Rapid cooling has 
the effect of sup¬ 
pressing the crystal¬ 
lization of SnSb in 
antimony-rich alloys 
in the neighborhood 
of the boundaries BD 
and DP of Pig. 1. It 
is therefore possible 
to obtain structures 
free from cubes of 
SnSb in certain al¬ 
loys, if the same be 
cooled from the liquid 
state at a sufficient 
rate. This effect, in 
an alloy containing 
approximately 90% 
tin, 8% antimony, 
and 2% copper, is 
brought out in Pig. 

8 and 9, the former 
representing the 
average structure 
toward the center of 
an ingot of this alloy, 
the latter the aver¬ 
age structure near 
the edge. It is pos¬ 
sible that this effect 
might be of some im¬ 
portance in its bear¬ 
ing upon the antifric- 
tlonal behavior of the 
alloys lying near the 
boundaries BD and 
DP, and it may be 
well to emphasize the 
fact that the further 
removed an alloy is 
from these bounda¬ 
ries, the less likely is 
the normal crystal¬ 
lization of SnSb to 
be prevented. 

In the case of alloys further removed from these boundaries the rate of cooling 


the rtmsrke on the needle-ibaped eonetituent in the article on the oonatitution ot thee* 

aliore. 
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has an important effect on the dimensions of the cubes of SnSb, these decreasing 
In size as the rate of cooling is increased. The pouring temperature, except in so far 
as it affects the rate of cooling, is insignificant in its action in this regard. 

In certain cases, how¬ 
ever, the pouring tem¬ 
perature has quite an 
important effect upon the 
manner in which the 
needle-idiaped constituent 
distributes itself. Ifudson 
and Darley* have shown 
in the case of an alloy 
containing 89.0% tin, 8.7% 
antimony, and 2.3% cop¬ 
per, poured at known tem- 
peratures into an iron 
ingot mold 1% in. long by 
% in. wide by % in. deep, 
previously heated to vary¬ 
ing degrees, that (a) in pjg^ 12—^Macrostructure ol 3 Mi% antlmony-3Mt% copper alloy, as 
those cases where the cast. Fig. 13—same as Fig. 12, but annealed, 
pouring temperature was 

above about 300*0., the primary needles separate from solution in the form of long, 
feathery or chain-llke crystallites, generally arranged in a very distinct angular 
fashion and frequently in clearly defined triangular groups (Pig. 10); and (b) in 

those cases where the pouring 
temperature was about 300*C. or 
below, the needle-shaped constit¬ 
uent occurs chiefly as shorter 
and often much thicker needle 
shaped crystals or in star-shaped 
forms. Well marked triangular 
groups were rarely seen and the 
general “grain size” was much 
smaller (Pig. 11). 

Hudson and Darley suggest 
that for each alloy of this system 
there will exist a critical temper¬ 
ature below which pouring should 
always be conducted if the tri¬ 
angular groupings of the crystal¬ 
lites of the needle shaped 
constituent are to be avoided, it 
being assumed that triangular 
groupings are objectionable on 
account of their effect on the 
properties of the alloy. To what 
extent, however, the results of 
experiments on relatively heavy 
sections can be applied to the 
thin linings (A-^ in.) of white 
metal so widely used in engineer¬ 
ing work is open to question. In 
general, pouring temperatures of 
from 400-450*0. do not appear to 
have a deleterious effect on the 




Fig. U and 15 «une u Pig. 12 «,d 13 at 250X. ^ 

Pig. 15 and 17 lame as Pig. 12 and 13 at 260X. form Of thin linings. 

Since bearing metals are used 
at relatively hlg^i temperatures, the effect of prolonged annealing at such temperatures 
iqmn their structures has been deemed worthy of consideration. In this connection 
Homer and Plammer* have studied two representative tin-antlmony-copper aUoys, 


*0. P. MdsM and £. B. OMtoy, OonsUtatlea and Btrmtare of Certain Tia-Sotimonr-Copper 
Alloys, J, Tnat. IMO, V. 34 , Pe 3 Sie 

H). B. HoBMr and R. PlmaiMr, Tteh. Puba. of International Tin Raaearch and Dev. Council, 
•■r. A, Mb. i, Ang., 1317. 
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samples of which Were cut from cast rods % in. in dia. The structures of these allosrs 
(after polishing and etching) were photographed both before and after annealing at 
165 ** C. for 1 week in a thermostatically controlled oven. 

Fig. 12 and 13 show the macrostructure typical of the 3Mi% antimony-3%% 
copper alloy as cast and as annealed, respectively. These photographs support the 
view that any change in mechanical properties undergone by these alloys as a result 
of annealing is not due to a change in grain size. 

Typical microstructures of this same alloy, as cast and as annealed, are shown in 
Fig. 14 and 15 at a magnification of 250 dia. Thp principal effects of annealhig have 
been the coalescence of the particles of needle-shaped constituents and t^e efface- 
ment from the solid solution of the vague dark patches which are evidence of its 
inhomogeneity in the **as cast'* state. 

Photomicrographs, at a magnification of 500 dia., of typical sections of the 10% 
antimony-3copper alloy, as cast and as annealed, are shown in Fig. 16 and 17. 
Annealing this alloy causes the cubes of SnSb to spheroidize and numerous small 
particles of what appears to be SnSb to precipitate from the solid solution. 

The effects of annealing upon the mechanical properties of these alloys are dealt 
with in the article on ^'Properties of Tin-Base Bearing Alloys." 




1714 


PHYSICAL CONSTANTS OP TIN 


SnSlOl 


Physical Constants of Tin 

By Dr. C« L. Mantell* 

A 

Introduction—Tin metal having a purity as high as 99.9+% has long been 
available in the form of **Straits Tin/' particularly those under the designations of 
Banka, Billiton, and Penang. Most of the properties of the metal have been 
determined on these grades of metal, a typical analysis of which is; Tin 99.950%, 
antimony 0.007, arsenic nil, lead trace, bismuth nil, copper 0.018, iron 0.045, silver 
nil, sulphur Ixace. Some of the recent work has been done on 99.99+ metal, par¬ 
ticularly Chempur tin, a typical analysis of which is: Tin 99.9918%, antimony 
0.0031, arsenic nil, lead 0.0025, bismuth 0.0004, copper 0.0004, iron 0.0016, silver nil, 
sulphur 0.0002, cobalt nil. 

amoimts of copper appreciably harden tin, while even traces of iron 
affect the color. With increasing purity the metal becomes appreciably more 
corrosion resistant to a niimber of electrolytes. 

Allotropy of Tin- 
Tin exists in a number 
of allotropic forms, 
shown diagrammatically 
in Pig. 1. At low tem¬ 
peratures the stable 
form is gray cubic or 
alpha tin, which 
changes at 18^C. to or¬ 
dinary white tetragonal 
or beta tin. This suffers 
transposition at 161^C. 
to the so-called rhombic 
brittle or gamma tin, 
which at 232‘‘C. passes 
into the molten state. 

Simson^ states that ac¬ 
cording to his X-ray 
studies, gamma tin is 
hexagonal. 

Ordinary tin changes 
into a gray powder 
when exposed to ex¬ 
tremes of cold. Medal¬ 
lions, coins, and antiques in museums acquire a surface crust of powdery gray tin 
which gradually grows, seemingly self catalyzed, until disintegration results. This 
is the so-called *‘tin pest" or “disease” of the museums. 



Fig. 1—Constitution of the allotropic forms of tin. 


Table I 

Atomic Properties 


Atomic entropy 

WhiU tin at 25*0. 

Qrcy tin at 25*0. 

Atomio heat 

White tin at 

22.4*K. . 

. 1 97 

Lewie, Gibson 
Lewis, Gibson 

Lange^ 

and 

and 

Latimer* 

Latimer* 

5S.7*K. 

>.... 4 06 



101.1*K.. 

6 40 




280.t*K.. 

S 27 




Gray tin st 

16.5*K. . 

S1.5*K. 

. 0.599 

1.075 

Lange* 

Lange* 

Lange* 

Lange* 

Richards* 

Pease* 

Gladstone* 



. 

9g8.V«K. . 

Atomio heel of fusion. 

Atomic radius. 

Atomic refraction. 

. 4.42 

. 6.13 

. 1.40 A 

.18.6-27.0 




*Con8uUing Chemical ggo Furman St., Brooklyn. 
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Atomic Weiirht—The element tin has the atomic No. 50. Its atomic weight is 
118.70 according to the most recently determined and accepted values. According 
to Aston* there are 11 Isotopes, which, arranged in order of relative abundance, 
have the following values: 120, 118, 116, 119, 117, 124, 122, 121, 112, 114, 115. Other 
atomic properties are given in Table I. 

Crystal Form—Bijl and Kolkmeijer* show from their X-ray studies of gray 
tin that it crystallizes in the cubic system. Its space lattice is body-centered tetrag¬ 
onal with an edge of unit cube a = 6.46 A units. 

According to Polanyl and Schmid white tin crystallizes in a modified tetragonal 
lattice, containing in the unit cell four atoms of coordinates 000, OU, JO}, and 

Color—The color of tin is white, with a slightly bluish tinge. Compared with 
tin, nickel is brown and chromium is definitely blue. Tin is whiter than silv^ or 
zinc. Exceedingly thin films of tin transmit various shades of brown when light is 
caused to pass through the film. The metal has a brilliant luster and when 
highly polished has high light reflectivity. The luster depends to a great extent 
upon the temperature at which the metal is poured when cast. If the temperature 
should be too high, iridescent colors may show on the siurface as the result of oxide 
films. If the pouring temperature should be too low, the surface is dull. Small 
amounts of foreign metals such as lead, arsenic, antimony, and iron decrease the 
luster of tin and impart a yellowish tinge to the metal. 

Density—Tin (purity 99.992%) has a density of 7.2984 g. per cc. at 15*’C. in the 
cast condition. Values for the density (in g. per cc., or sp.gr.) for the different allo- 
tropic forms as well as in the molten condition are given in Table II. 


Table U 
Density Values 


Speelfle frtTity— 

White tin . 7.2904 

Rhombic tin . O.53-0.B6 

Gray tin . 5.8406 

Molten at 280*C. 6.98S Day, Bosman, Hostetter* 

300*C. 6.943 Day, Sosman, Boatetter* 

500*C. 6.814 Day, Bosman, Hostetter* 

700*0. 6.695 Day, Bosman, Hostettei* 

900*C. 6.578 Day, Bosman, Hostettex* 

1000*C. 6.518 Day, Bosman, Hostetter* 

1200*C. 6.399 Day, Bosman, Hostettei* 

1400*0. 6.280 Day, Sosman, Hostettei^ 

1600*0. 6.162 Day, Bosman, Hostettex* 


Compressibility—The compressibility or percentage change in volume with unit 
change in pressure of 1 megabar (0.987 atmospheres; 14.504 psi.) of refined tin 
(99.99+) is given by Adams, Williamson and Johnston"* as 1A9 x lO'* at 20*C. at 
atmospheric pressure, and 1.64 x 10~* at 10,000 megabars pressure. Richards^* gives a 
figure of 1.9 X 10'* per megabar at 300 megabars pressure. 

Thermal Expansivity—Data for the thermal expansion of tin is given in Table 
III for linear and cubic expansion coefficients. 

Table HI 

Thermal Expansion 


Linear expansion— 

—163-18*0. 

White tin, 20-232*0. 

Gray tin, -163-18*0. 

Parallel to rotational axis of a single 

crystal at 20*0 . 

Perpendicular to rotational axis of a 

single crystal at 20*0 . 

cubic expansion at— 

232- 396*0. 

409-700*0. . 

232-1600*0. . 


0.000016 Cohen and OUe» 

0.000023-0.000024 Cohen and Olleu 
0.0000053 Cohen and Olieu 


0.0000305 Brldgmanu 

0.00001545 Brldgmanu 

0.0il06 Rognessu 

0.0tl05 Bomemann and SIbbeu 

O. 6 I 1 IOO X>ay, Boaman and Bostetteru 
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Fneiiiif Point—The freezing point of pure tin (99^+) Is a pyrometric stand¬ 
ardization point, the value of which is given for a Bureau of Standards **melting 
point" sample as 231^*’C. The melting point is raised by increase of pressure as 
shown in Table IV. ^ 


Table IV 
Melting Points 


Melting point . 

Under 500 atmospheres 
under 760 atmospheres 
Under 1000 atmospheres 
under 1490 atmospheres 
Under 2000 atmospheres 


231.9*0. National Bureau of Standards, 1919 
232.26*0. Adams and Johnston^* 

233.09*0. Adams and Johnston^^ 

233.89*0. Adams and Johnston^^ 

238.47*0. Adams and Johnston” 

237.18*0. Adams and Johnston” 


Specific and Latent Heat—Specific Heat and latent heat of fusion are given in 
Table V. 




Table V 

Specific and Latent Heat 


Speoilie heat — 

0-100i*C. 


. 0.055 

Regnault*^ 

White tin at —193*c. . 


. 0.0390 

BrOnsted* 

Gray tin at —193*C. .. 


. 0.0319 

BrOnsted* 

20*-188*C. 


0.0502 

Richards and Jackson” 

—196*- ^253*0 . 


. 0.0286 

Dewar* 

Molten tin at . 


. 0.0637 

Spring* 

250*-350*C. 


. . 0.0637 

Person* 

Heat of fusion. 



International Critical Tables 



6.67 kilojoules per g 

atom Glaser* 


Boiling Point—Greenwood* and Mott* give the boiling point of tin as 2270*C., 
but the mtemational Critical Tables place the value at 2260°C. The metal is non¬ 
volatile at ordinary melting, casting, and alloying temperatures. At temperatures 
around 1000*C. the vapor pressure is only 10** mm. mercury. According to the 
International Critical Tables, the latent heat of vaporization is 325 kilojoules per 
g, atom at the boiling point 2260®C. This is approximately 88,600 calories per mol 
(118.70 g.). The vapor pressure and related data are given in Table VI. 

Table VI 

Boiling Point and Vapor Pressure 


Boiling point . 

Vspor pressure, at: 

2005*0. 

2045*0. 

2100*0. 

2190*0. 

2195*0. 

2270*0. 

1970*0. 

2100*0. 

2270*0. . 

1010*0 . 


Thermal eonductivity— 

Ag ss 100. 

—170*0. 

15*0. . 

0*0 . 

100 * 0 . . 

200 * 0 . . 

202*0. 

417*0. . 


2270*0. 

120 mm. Hg 
178 mm. Hg 
372 mm. Hg 
485 mm. Hg 
602 mm. Hg 
765 mm. Hg 
101 mm. Hg 
262 mm. Hg 
760 mm. Hg 
lO-amm. Hg 


Table Vn 

Thermal Conductivity 


.31.2 

. 0.105 absolute units 
. 0.1628 absolute units 
. 0.1628 absolute units 
. 0.1423 absolute units 
. 0.145 absolute units 
. 0.081 absolute units 
. 0.079 absolute units 
. 0.078 absolute units 


Greenwood* and Mott* 

Huff and Mugdan” 
Ruff and Mugdan” 
Ruff and Mugdan* 
Ruff and Mugdan” 
Ruff and Mugdan” 
Ruff and Mugdan” 
Greenwood* 
Greenwood* 
Greenwood* 

Johnston* 


Despreti^ 

Lees* 

Kirohhoff and Hansemaun** 
Loren#* 

Loren#* 

Jakob* 

Konno* 

Konno* 

Konno* 
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Thermul Conduotivity-—The thermal conductivity of tin is low as compared to 
silver. Table VII gives absolute units (cal. per sec. per sq.cm. per cm. thickness per 
^C.) at various temperatures. A value of 0.15 absolute imits is equivalent to 432 
B.t.u. per hr. per sqit. per in. thickness per 

Fluidity—Fluidity is the reciprocal of viscosity which Sauerwald and Tdpler^ 
studied for tin and obtained the figures in Table vm. 

Table VIII 
Fluidity Data 


Vlieotlty— 

At 301*C. 
At 320«C. 
At 351*0. 


VUcoBity— 

0.01680 At 460*0. 0 01270 

0.01693 At 604*0. 0.01045 

0.01518 At 750*0. 0.00905 


Optical Properties—^The optical properties of tin have attracted attention from 
various workers. For the infra-red (10-12M) region, the reflecting power is high 
The important optical properties are tabulated in Table IX. 

Table IX 
Optical Properties 


Absorption coefficient for /f-rmyi (M). 

Absorption coefficient for ^-rays (M) from 

Radium . 

Uranium . 

Tborium-D . 

Mesotborium . 

Emlssivlty— 

Radiating capacity, tinned sheet iron (50*C.) 
Tin, bright (60*C.). 

Reflecting power-- 

X = 1,0/1 . 

2.0 ft . 

4,0/1 . 

7.0 /* . 

10.0 ft . 

12.0 ft . 

Refractive index for X = 589 (sodium light). 

Stopping power for a-rays. 


M/D = 

9.46 

Orowther** 

M/D = 

0.281 

Russell and Soddy*' 

M/D = 

0.341 

Russell and Soddy*’ 

M/D = 

0.236 

Russell and Soddy*^ 

M/D = 

0.305 

Russell and Soddy*^ 

0.04 



0.04 



54% 


Coblentz** 

61% 



72% 



81% 


Coblents*^ 

84% 



85% 


Coblents** 

1.48 


Drude» 

3.37 


Bragg** 


Electrical Resistivity—In comparison with silver, copper, and aluminum, tin Ls 
a poor conductor of electricity. The resistance increases with temperature, in ref¬ 
erence to the solid and molten metal. Values are given in Table X. 

Table X 

Electrical Properties 


Electrical conductivity 

Ag = 100 . 14.01 

At — 183*C. 394,000 mhos 

— 78*C. 114,000 mhos 

0*C. 76,600 mhos 

20*C. 86,900 mhos 

91.45*0. 54,800 mhos 

176*0. 42,300 mhos 

Solid at melting point. 44,900 mhos 

Liquid at melting point. 21,100 mhos 

858*0. 19,800 mhos 

860*0. 15,400 mhos 

Electrical resistance (micro-ohms per cc.) 

20*0. 11.5 

226*0. 22.00 

Just before fusion. 22.00 

Just after fusion. 47.40 

300*0. 49.44 

400»0. 53.00 

500*0. 54.62 

600*0. 57.32 

700*0. 59.88 

750*0. 61.22 

Solid at melting point. 21.7 

Liquid at melting point... 47.8 


Beequerel*^ 

Diekaon** 

DiekBon«> 

XMekson^* 

mtemational Oritical Tables 
Dlekson«> 

Dickson** 

Vassura** 

Vassura** 

MOUer** 

MOUer** 

International Oritical Tables 
Northrup and Suydam** 


Northrup and Suydam** 


Northrup and Suydam** 
Sehulse** 

SehttlseM 
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Electrochemical Equivalent—Tin occurs as a bivalent and a tetravalent Ion in 
the stannous and stannic forms. The values in various units for the electro¬ 
chemical equivalent (defined as the number of g. deposited per sec. by a current of 
1 ampere) are given i» Table XI. 


Table XI 

Electrochemical Equivalents 

Electrochemical Equivalents Stannous 11 Stannic IV 

Roush<7 
Roush^^ 

Roush«T 
Roush^T 
Roush^v 
Roush^v 


Mg. per coulomb. 

Coulomb per mg. 

O., per ampere*hr. 

Ampere-hr. per g. 

Lb. per 1000 ampere-hr. 
Ampere-hr. per lb. 


0.61505 

0.30752 

1.62589 

3.25178 

2.21417 

1.10709 

0.45164 

0.90S27 

4.88141 

2.44070 

204.86 

409.72 



Table XII 




Mechanical Properties 



Elastic limit . 


mm. 

Coe«* 

Observed value . 

Calculated value . 


mm. 

mm. 

StuartM 

StuartKi 

Hardness on 

. 1.8 


Rydbergw 

Coe« 

Coe*» 

Traube» 

Brineil scale at 20*C. for: 

Oast (10 mm. ball, 1000 kg.). 

Annealed at 100*0. 

Internal pressure . 

. 5.0 


Plasticity number 

Copper — 40.8. 

. 3.5 


Edwards and Herbert*^ 

Pols8(in*fi ratio ..... 

. 0.33 


Pressure for critical plasticity, 

Cast tin . 

Annealed at 100*0. 

Tensile strength . 



Ooe« 

Coe«* 


Table XIII 
Physical Properties 


Capillary constant 

a47*C. 

846-C. 

398-C. 

Critical pressure . 

Critical temperature . 

Diffusion coefficient (k) per sq.cm./day 

Sn into Hg at 10.7«C. 

8n into Au at 500*C. 

Pb in Sn at 800*0. 

Heat of recrystalllzatlon 

For 50% deformation. 

For 100% deformation. 

Specific volume 

20*0. 

409*0. 

474*C. 

523*C. 

674*C. 

«02*O. 

648*0. 

Surface tension in hydrogen 

800*0. 

360*0. 

400*0. 

480*0. 

600*0. 

In vacuo at 247*C. 

Trouton’s constani . 

Valency attraction . 

Vdoelty of crystaUlzatlon. 

Veloci^ of sound through tin. 

Volume change on fusion and solidification 
Per cent at 232*0. 


15.74 sq. mm. 


15.77 sq. mm. 


15.83 sq. mm. 


650 atmospheres 

Van Laar»« 

3730*0. 

Van Laarw 

1.53 

Von Wogau»» 

4.65 

Roberts-AustenM 

3 18 

Roberts-Austenw 

6.5 cal. 

Van Llempt*<’ 

13.0 cal. 

Van Liempt*® 

0.1395 

Hess«® 

0 1462 

Bomemann and Slebe^* 

0.1473 

Bomemann and Siebe» 

0.1479 

Bomemann and Slebe» 

0.1486 

Bomemann and Siebe'* 

0.1490 

Bomemann and Slebe» 

0.1499 

Bomemann and Slebe^® 

526 dynes per cm. 

Hogness^® 

522 dynes per cm. 

Hogness>® 

518 dynes per cm. 

Hogness'® 

514 dynes per cm. 

Hognessw 

510 dynes per cm. 

Hognessi® 

539.8 dynes per cm 


34.34 

Van Liempt® 

VA = 38 

Van Laar® 

90 mm. per min. 

Czochralski® 

2640.4 m. per sec. 

Masson® 

2.7 

Bomemann and Siebei® 


Sndo*> 

Toepler* 
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Eleotroljtio Solution Potcntiai>-According to the usual terminology, tin is elec¬ 
tronegative to elements it replaces in solution and electropositive to those which 
displace it from solution. In simple solutions of sulphates, tin is electronegative 
to the precious elements, copper, hydrogen, and electropositive to elements like 
iron, aluminum, magnesium, zinc, and cadmium. In other than simple solutions, 
the position of tin may change, and it may be foimd to be electropositive to metals 
to which in sulphate solutions it acted in an electronegative manner. As to the 
corrosion of tin in coatings, no valid reasoning can be based on the electrochem¬ 
ical position of the metal in simple sulphate solutions. Reference should be made 
to extensive papers on this subject.^ 

Mechanical Properties—The tensile strength of tin is low and the pressure for 
critical plasticity is slightly above this value. Tin is readily extruded, drawn, 
stamped, and spun. It does not work harden appreciably. The elastic limit is 
low. Its hardness is low. decreasing with increase of temperature. High purity tin 
is extremely ductile and plastic. Small amounts of Impurities, particularly lead, 
antimony, copper, iron, bismuth, and silver, harden the metal, increase its tensile 
strength and reduce ductility. Table XII contains values for a number of im¬ 
portant properties. 

Other Properties—Many major uses of tin as a coating or alloying metal depend 
on the wetting power, surface tension, contraction and expansion on freezing, dif¬ 
fusion and o^er physical properties which are listed in Table XIII. 
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Properties of Tin-Base Bearing AUoys 

By O. W. Ellis* 

Introduction—The tin-base bearing metals, known commercially as ^^babbitt 
metals” or ''babbitts” are essentially alloys of tin, antimony, and copper, to whidh 
as much as 30% of lead may be added—^largely for the purpose of rklucing their 
cost. Of the elements which materially improve these alloys cadmium is perhaps 
the most important; nickel is stated to be of value, but little definite informatiOD 
regarding its effects has so far been published.' Of elements to be avoided entirely, 
zinc and aluminum are the most important. Arsenic, bismuth, and iron should be 
limited in amount. The specifications of the AB.T3L (endorsed by the A.FA.) and 
of the S.A.E. for white bearing metal alloys may be referred to in this connection. 

In the former (AB.T.M. Designation; B 23-26), paragraphs 4 and 5 read as 
follows: 

4. The alloys shall conform to the following requirements as to chemical composition, within 
the limits specified In Section 6: 


Alloy 

Grade* 

•ON 

Tin, 

% 

Antimony. 

% 

Lead. 

% 

Copper, 

% 

Iron. 

max.. 

% 

Arsenic, 

max., 

% 

zinc, 

% 

Aluminum. 

% 

1 

91 

4V& 

0.35 max. 

4% 

0.08 

0.10 

none 

none 

2 

89 

m 

0.35 max. 

3% 

0.08 

0.10 

none 

none 

3 

•3^ 

8Mi 

0.35 max. 

8V^ 

0.08 

0.10 

none 

none 

4 

75 

12 

10 

3 

0.08 

0.15 

none 

none 

5 

65 

16 

18 

2 

0.08 

0.15 

none 

none 

^Grades Nos. 

6-13, which 

represent 

lead-base bearing metals. 

have been 

omitted 

from this 


table to save space. 


5. The following permissible variations in the percentages of the desired elements specified In 
Section 4 will be allowed, but shall not apply to the maximum percentages of Impurities specified- 


Permissible Variations Over or 
Under the Specified Value. 


Percentage of Element Specified Units of Per Cent 

Not over 2% . 0.25 

Over 2-6%, Incl. 0.50 

Over 5-10%, Incl. 0.75 

Over 10% . 1.00 


In the latter, the limits for the chemical compositions specified for metal in 
ingot form are closer than the limits specified for cast product^ as allowances have 
been made for variations in the chemical content due to casting. The three S.AE. 
specifications are as follows; 


Specification No. 10, Babbitt 


Cast Products Ingots 


Tin, % min. 

Copper, %. 

Antimony, %. 

Lead, % max. 

Iron. % max. 

Arsenic, % max. 

Bismuth, % max.... 
Zinc and aluminum 


90 

90.75 

4-5 

4.25-4.75 

4-5 

4.25-4.75 

0.35 

0.35 

0.08 

0.08 

0.10 

0.10 

0.08 

0.08 

none 

none 


When finished bronze-backed bearings are purchased, a maximum of 0.6% lead is permissible 
in scraped samples provided a lead-tin solder has been used in bonding the bronze and the 
babbitt. 

Oewroi /n/ofmatiofi—This babbitt is fluid and may be used for bronze-backed bearings, par¬ 
ticularly for thin Unlngs such as are used in aircraft engines. It Is also suitable for die castings. 


*Dlreetor of Ifetallurgical Research, Ontario Research Foundation, Toronto, Canada. 



















1722 


PROPERTIES OF TIN-BASE BEARING ALLOYS 



$peelileaU«ti N«. 11, Babbitt 


4 

Cast Products 

Ingota 


Tin. % min. 86.00 87.26 

Coppar. % . 5.00*6.60 5.60-6.00 

Antimony. %. 6.00-7.60 6.60-7.00 


Iron. % max.... 

. 0.08 

0.08 

Araenlo. % max..... 

. 0.10 

0.10 

Bismuth, % max. 

. 0.08 

0.08 

Zlno and aluminum. 


none 


When flnifhed bronse-backed bearings are purchased a maximum of 0.6% lead is permissible 
in scraped samples provided a lead-tin solder has been used in bonding the bronze and the 
babbitt. 

General Jn/ormation—-Thia la a rather hard babbitt which may be used for lining connecting 
rod and shaft bearings which are subjected to heavy pressures; its “wiping*' tendency is slight. 
It is also suitable for die castings. 


Speoiflcatlon No. 12. Babbitt 



Cast Products 

Ingots 

Antimony, %. 

Copper. %... 

. 2.25- 3.76 

10.26-10.75 

2.75- 3.25 

25.25 

CO. 00 

0 08 

0.08 

Lead, % max. 

. 26.00 

Tin, % min.. 

Iron, % max.... 

. 59.60 

. 0.08 

BlamutJb, % max.. 

. 0.08 

Zinc and aluminum. 


none 


General Information —^This is a relatively cheap babbitt and is intended for bearings sub¬ 
jected to moderate pressures. It is also suitable for die castings. 

Effects of Varioiis Elements on Microstructure of Bearing^ Alloys—The presence 
of zinc and arsenic in bearing metals is looked upon with disfavor. According 
to Freeman and Brandt* and Roast and Pascoe.* arsenic Increases the resistance 
of these alloys to deformation at all temperatures, while zinc has a similar effect 
at 100*’F. but causes little or no change in their properties at room temperature.* 
Zinc has been found to have a marked effect upon the microstructure of certain 
of these alloys.* the cubes of SnSb tending to coalesce and form star-shaped groups. 
At the same time, though normally of a reddish hue. the alloys become white when 
as little as 0.032% of zinc is added. 

Small quantities of aluminum (1%) modify the microstructure of these alloys, 
causing the cubes to disappear. Alloys containing aluminum have a ffne, globular 
structure when rapidly solidified; but liquation occurs on slow freezing, the alumi¬ 
num (in combination with a little copper and some antimony) tending to rise to 
the tops of castings during freezing.* 

Bismuth is objectionable because it forms with tin a eutectic which melts at 
137<*C.. so that at temperatures in excess of this its fusibility appreciably lowers 
the strength of alloys containing it. 

In high tin alloys (such as A.S.T.M. Grades No. 1-3 and S.AB. Specifications 
No. 10 and 11) lead is limited to 0.35%. This is because of the deleterious effect 
of lead upon the strength of these alloys at high temperatures (150°C. or more). 
Lead forms with tin a eutectic which melts at 183*C. Bearings which exceed this 
temperature naturally become fragile because of the formation within them of a 
liquid phase. 

Cadmium is without appreciable effect on the structures of these alloys if lead 
be absent. In alloys free from lead a constituent, probably a eutectic, appears when 
the cadmium content reaches about 3% in a bearing metal containing 7% antimony 
and 3A% copper. Increase in the antimony content appears to admit of more cad¬ 
mium being retained in solid solution; on this account the fusible constituent, which 
melts at about 170‘’C.. is prevented from appearing. Conversely, a reduction in anti¬ 
mony causes the eutectic to appear at a lower cadmium content.* When lead is 
present, it forms with cadmium and tin a ternary eutectic which melts at 145*C. 
Bearings, therefore, cannot be operated at temperatures in excess of this point with¬ 
out danger of ^'wiping’* and serious loss of strength. 
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Mechanical Properties at Boom Temperature—Grades No. 1-5 of the above 
A.S.TM. Designation: B 23-26 have been intensively investigated by Freeman and 
Woodward/ The main results of their work are given in Table I. 

Table I 

Composition and Physical Properties' of White Metal Bearing Alloys 


Speeifled Compoiltion---k ^-Compoiltiona of Alloyi-^ --^Yldd- 

Alloy of Alloyt, % • Totted, % Point, ptl.* 

Ko. Cu an Sb Pb Sp.sr. Cu 8n 8b Pb 30«C. 100«C. 

1 4.8 91.0 4.8 .... 7.34 4.88 90.0 4.83 none 4,400 3,690 

3 3.8 89.0 7.8 .... 7.30 3.1 89.3 7.4 0.03 6.100 3,000 

3 .8^ 83^ 8^ .... 7.48 8.3 83.4 8.3 0.03 6.600 3,190 

4 .3.0 79.0 13.0 10.0 7.83 3.0 79.0 11.8 10.3 8.950 3.150 

8 .3.0 89.0 19.0 18.0 7.79 3.0 89.9 14.1 18.3 9,090 3,150 


Johnson's 

Apparent Ultimate Temp, of Proper 

Elastic Strength. Brlnell Melting Complete Pouring 

Alloy Limit, psl.s P8i.« Hardness* Point Liquefaction Temp. 

No. 30*C. 100*C. 30*C. 100*C. 20*C. 100»C. •P. 'C. ‘P. *0. •P. *0. 


1 .3.450 1.050 12.850 6,950 17 0 8 0 433 223 . 825 441 

2 .3,350 1,100 14.900 8,700 24.5 12.0 466 241 669 354 795 424 

3 .5.350 1,300 17.600 9,900 27.0 14.5 464 240 792 422 915 491 

4 .3.200 1,550 16.150 6,900 24.5 12.0 363 184 583 308 710 377 

5 . 3,750 1.600 15,050 6,760 22.5 10.0 358 181 665 298 890 368 


^The compression test specimens were cylinders 1V4 in. in length and H in. dla., machined 
from chill castings 2 in. in length and % In. In dla. The Brlnell tests were made on the bottom 
face of parallel machined specimens cast In a 2 in. dia. by % in. deep steel mold at room 
temperature. 

*The values for yield point were taken from stress-strain curves at a deformation of 0.125% 
reduction of gage length. 

•Johnson's apparent elastic limit is taken as the unit stress at the point where the slope of the 
tangent to the curve is 1% times Its slope at the origin. 

*The ultimate strength values were taken as the unit load necessary to produce a deformation 
of 29% of the length of the specimen. 

•These values are the average Brlnell number of three impressions on each alloy, using a 10 
mm. ball and a 500 kg. load applied for 30 sec. 


Table II 

Brlnell Hardness Numbers, Ultimate Strength, Limits of Proportionality, and 
Yield Points of Tin-Base Bearing Metals 


Antimony, % 



Hardness . 

Ultimate strength, psl. 
Proportional limit, psl. 
Yield point, psl. 

Hardness . 

Ultimate strength, psl. 
Proportional limit, psi. 
Yield point, psi. 

Hardness . 

Ultimate strength, psl. 
Proportional limit, psl. 
Yield point, psl. 

Hardness . 

Ultimate strength, psi. 
Proportional limit, psl. 
Yield point, psi. 


Hardness . 

Ultimate strength, psi. 
Proportional limit, psl. 
Yield point, psi....... 



10 
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Values for Brinell hardness numbers, limits of proportionality, and yield points 
in compression, and compressive strengths (loads per unit initial area required to 
compress test pieces 0^ in. per in. length) of representative alloys of the tln- 
antimony-copper system are given In Table n taken from Ellis and Karelltz,* to 
whose paper reference should be made for details. 

A most Important point brought out by Freeman and his collaborators was 
that the total deformation of the sample in the compression testing of babbitts is a 
fimction of the time of application of the load~a point sometimes overlooked by 
those reporting and studying results of tests on materials as plastic as are these 
alloys. What is true of the compression test is true also of other types of static 
tests.* However, the known limitations of static tests do not discount their value. 
A Brinell test, for example, wherein the load is applied for a standard time (say, 
30 sec.) is of considerable value for purposes of manufacturing control. 

The properties in tension at room temperature of a number of tin-base bearing 
metals have been investigated by Mundey. Bissett, and Cartland,'* Boegehold and 
Johnson,” Arrowsmith,” von G51er and Sachs,” and others. The curves (Pig. la 
and lb) are from Arrowsmith, whose tests were conducted on unmachined gravity 
die cast samples 0226 in. in dia. with a gage length of 0.884 in. The samples were 
broken approximately 1 hr. after being cast. The rate of straining in these tests 
was about 0.017 in. per min. 


Casting Tempenatune 

550^0. 400^C. 450^C. 



a 60 ^20 mo o 60 j2o mo o eo j2o mo 

Mould Ternpenetune t 

Pig. Ifl—Ellect of cadmium on the properties of tin>base bearing metals. 

(See TSble XZA for meaning of .symbols on curves). 

The relationship between the properties of the tin-base bearing metals in 
compression and their Brinell hardness nmnbers is close enough to permit a fair 
estimate to be made of their properties in compression. Further, a relationship 
seems to exist between the endurance limits, tensile strengths, and Brinell hardness 
numbers of these alloys. Idacnaughtan” believes **that for exploratory purposes the 
Brinbll h a r dness and tensile tests may prove to be a useful guide to the fatigue- 
resisting properties” of such materials. 

Repeated blow drop tests” and single blow drop tests” on bearing metals have 
been the subject of considerable investigation. In the writer’s opinion such tests, 
while of Interest, serve no better than do Brinell hardness and tensile tests 
to assess the relative usefulness of these alloys in service. Reference should be 
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made to the original papers for information regarding the malleabiUty of individual 
mixtures. 

The endurance limit (20,000,000 cycles) of a 3^±% copper-tin-base bearing 
metal (0.25% lead, 0.03% arsenic, trace of iron) poured at 350*^0. into a mold at 
150^0. increases from about 3,400 psi. with 3% antimony tO' about 4,400 psi. with 6% 
antimony, and to about 4,800 psi. with 9% antimony. (>)ncurrently, the tensile 
strength (straining rate, 1.2 in. per sec.) increases from about 7,800 psi. to about 
11,200 psi. and about 13,500 psi., respectively, while the Brinell hardness number 
(125 kg. load; 10 mm. ball; 30 sec.) rises from l5 to about 21 and about 26, respec¬ 
tively.** 

C&sting Jempemtune 

J50^C. 400^0. 450°C. 



Fig. lb—Effect of cadmium on the properties of tin-base bearing metals 
(See Table ZZA for meaning of symbols on curves). 


The impact resistance of tin-base bearing metals closely resembling A.S.T.M. 
Grades No. 1 and 3 has been measured by Herschman and Basil*^ with the follow¬ 
ing results: 


/-Izod Impact Numbers (ft-lb.)-- 

Alloy Grade No. 30*0. 60*0. 100*0. 150*0. 900*0. 


1 2^ N. O. 3 3V4 VU 

3 % 1 I m IV 4 


The results of experiments by EUtfelitz and Ellis** on the rolling of Un-base 
babbitts show the extent to which these alloys can resist plasUo deformaUon without 
rupture. Carefully machined samples, in. long, 1 in. wide, and % in. thick, were 
given 13 passes through highly polished, 6 in. dia. rolls, the reduction in thickness 
per pass being 0.025 in. The final thickness of the samples was therefore 0.176 In. 
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No attempt was made to trim the samples, when signs of cracking were observed. 
The results of the experiments are shown in' the following table: 


Sample 

Ko. 

CU 

(%) 

Sb 

(%) 

Condition 

After Rolling 

Sample 

No. 

Cu 

(%) 

Sb 

(%) 

Condition 

After Rolling 

1 

0.8 

2 

No craeki 

14 

2 

8 

Few large cracks 

2 

0.5 

4 

No cracks 

15 

2 

10 

Xiarge deep cracks 

3 

0.5 

0 

No cracks 

10 

4 

2 

No cracks 

4 

0.5 

8 

Small cracks 

17 

4 

4 

No cracks 

0 

0.5 

10 

Few large cracks 

18 

4 

6 

Small cracks 

6 

1 

2 

No cracks 

10 

4 

8 

Large cracks 

7 

1 

4 

No cracks 

20 

4 

10 

Large cracks 

8 

1 

6 

No cracks 

21 

8 

2 

Verj few cracks 

8 

1 

8 

Few large cracks 

22 

8 

4 

Very few cracks 

10 

1 

10 

Few large cracks 

23 

8 

0 

Few large cracks 

21 

2 

2 

No cracks 

24 

8 

8 

Large deep cracks 

12 

2 

4 

No cracks 

25 

8 

10 

Broken 

13 

2 

6 

No cracks 






Sample 25 showed definite signs of cracking after the second pass, samples 10, 
14. 15, 19, and 20 after the fourth pass. Sample 25 failed completely during the 
twelfth pass. 

Herschman and Basil” also conducted wear tests on these alloys, using a modi¬ 
fied Amsler test in which a steel wheel (Brinell hardness number, about 240) rolled 
in circumferential contact with a bronze wheel fitted with a babbitt tire. A load 
of 5 lb. was placed on the steel wheel during test. A stream of kerosene was directed 
onto the babbitt near its area of contact with the steel. The losses of weight per 
1,000 revolutions of Grades No. 1 and 3 were about the same and were definitely 
lower than those of Grades No. 6, 7, 8,10. and 11. an alkaline earth metal '^hardened 
lead,*’ an 82/18 cadmium-zinc alloy, and a modified Grade No. 8 alloy containing 
1 .0% copper, 0.6% arsenic, 0.2% cadmium, and 0.2% nickel in place of part of the 
tin. The last alloy was the best of the latter group (that is. No. 6, 7, 8, 10 and 11 
and the others noted); it had lost 0.6 g. after 50,000 revolutions as compared with 
0J2 g. for Grades No. 1 and 3. Service tests on crankshaft bearings made of Grade 
No. 1 alloy, "hardened lead," Grade No. 10 alloy, and a 90/10 tin-copper alloy fre¬ 
quently used in U. S. Army truck motors showed that "the tin-base alloys were 
superior in their resistance to both the liardened lead,* and lead-antimony-tin 
alloy containing about 3% tin.** 

The results may here be noted of tests made by Jakeman and Barr” on behalf 
of the Tin Research Subcommittee of the British Nonferrous Metals Research Asso¬ 
ciation with the primary object of ascertaining the comparative chemical action of 
lubricants upon tin-base and lead-base bearing metals. They found that under their 
conditions of test (using a Journal friction testing machine with bearings fully 
lubricated by continuous circulation of oil) there was no marked chemical reaction 
between lubricants and alloys except where oils containing free fatty acid were used 
with alloys containing high percentages of lead. The tests also showed that, gen¬ 
erally speaking, bearings made of high lead alloys showed greater frictional losses 
and wear than those made of high tin alloys. 

Effects of Cadmium on Mechanical Properties of Tin-Base Bearing Metals—^In 
Fig. la and lb reference is made to alloys containing 1% of cadmium. These 
aUoys merit attention. By interpolation of curves published by Macnaughtan” the 
informatton g^ven in Table III has been obtained. 

Table UA 


Ref. No. 

Tin 

Antimony 

' Lead 

Copper 

Iron 

Arsenle 

I. 


3.78 

0.30 

3.55 

0.04 

0.03 

wre. 

ICd. 


. 7.14 

0.25 3.74 

No. Z plus 1% cadmium 

trace 

0.03 

SA . 


10.78 

0.30 

3.00 

0.04 

trace 

nod*. 


9J8 

023 

4J1 

0.05 

0.03 

npbf. 


fJ8 

0.33 

4J1 

0.05 

0.03 

81.7 

10.10 

4.10 

3.00 

0.07 

0.06 

rv. 


lOJO 

40.00 

1.03 

0.04 

0.00 

VA .. 


14.00 

70.10 

0.04 

trace 

0.00 


1.0% eadmtiuii. fFttn 4% lead. 
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Table m 

Ellecte of Cadmium (1%) on Hardness and Strenfth of Tin-Base Bearlnf Bleials 


(Copper, 3H%; Lead, 0J)4%) 

Antimony, % 

Cadmium, % 

Tensile Strength, psl. 

Brlnell Hardness No. 

4 

i Nil . 

.9.300 

17% 


( 1 . 

.10,000 

35 

6 

1 Nil . 

.11,000 

.13.000 

21 


\ > . 

39 

• 

i NU . 

.13,400 

34 


\ 1 . 


30% 

10 

f Nil . 

.13,500 

39 


\ 1 . 

.16,000 

32 

13 

J Nil . 

.14.400 

27 


\ 1 . 


33 


The results of work by Haigh on an alloy containing 3^4 copper and 7% 
antimony indicate that 1% cadmium Increases its endurance limit at room tempera¬ 
ture from about 4,600 psi. to about 5^00 psi. on the basis of 20,000,000 revexsals of 
stress. Von Gdler and Sachs'* state that the hot strength of these alloys is 
''markedly increased at temperature up to ISO** . . . The running properties are 
favorably Influenced by the addition of cadmium. From the aspect of foundry 
technique these alloys ... do not exhibit any peculiarities as compared with the 
usual high tin white metals." 

Behavior of Alloys at High Temperatures—The behavior of tin-base bearing 
metals at high temperatures is considerably affected by small changes in com¬ 
position. Bismuth and lead are objectionable on account of the fusibility of the 
eutectics which these metals form with tin. Opinions differ, though unimportantly, 
as to the effect of lead upon the mechanical properties of these alloys at high 
temperatures. Without doubt lead somewhat increases the strength and hardness of 
tin-base bearing metals at room temperature.* This effect, however, is almost 
entirely lost in A.S.T.M. Grades No. 1, 2 and 3 at temperatures between 90*C. and 
125*C. Boegehold and Johnson" quote the following values for the compressive 
flow points, the tensile strengths, and the percentage elongations at 204*0. of a 
series of tin-base bearing metals containing about 7^% antimony and 7%% copper. 



Sn 

% 

8b 

% 

Cu 

% 

Pb 

% 

B1 

% 

Compressive 
Flow Point, 
psl. 

Tensile 

Strength. 

psl. 

Blongatlon 
In 2 In., 

% 

No. 1... 

...82.87 

7.51 

7.55 

1.97 

... 

260 



No. 2... 

.. .84.26 

7.80 

7.94 

trace 

... 

500 



No. 3... 

.. .82.50 

7.50 

7.60 

2.00 

0.5 

190 



No. 4... 

...85.0 

7.50 

7.50 

0 



1570-1630 

116.0 

No. 5... 

...83.0 

7.60 

7.60 

2.0 



470- 510 

1.0 


These results indicate that little is to be gained by introducing lead into high 
tin alloys for the mere purpose of increasing their resistance to deformation, save 
where the temperatures of the bearings will not exceed about 00*0. 

The importance of cadmiiun as a strengthener of tin-base bearing metals cannot 
be lightly dismissed. *rhe behavior of a number of such alloys at elevated tempera¬ 
tures has been the subject of work by Greenwood” and by Homer and Plummer. 

Of these workers, the first Investigated the tensile properties of cast strips of 
white metal, 6 In. long, H in. wide, and % in. thick, with a reduced section M, in. 
wide and 0.7 in. long in the center. The percentage elongation of these pieces was 
determined on a gage length of 0.7 in. (equivalent to iyfX where A equals the 
original area of the test sample). The results of Greenwood's tests are quoted in 
Table IV: 


*arant> has remarked: **No failures that could be attributed to lead hare been ohsenrad. 
although as much as 6 or 7% lead has not Infrequently been found In bearings subleeted to 
severe usage.’* This Is a point of some ImporUnce. The fact that alloys such as AJLTJC. Orndes 
No. 4 and 5 and BA.S. Speelfleatlon No. 13, Babbitt, find extensive use fully eonflrms Qraafs 
observation. Bowever, to use sueh alloys la the form of thin lintngs for automotive and alroiaft 
beartngs Is quite Impraetleable, not only on account of dificultles of aisi mb lage, but also beeaiss 
of their known failure to meet service regulrenents. 
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The yield points in the tables below were calculated from the loads at which 
measurable flow first occurred in the time interval (about 8 sec.) which elapsed 

between successive read¬ 
ings of strain. 

Greenwood’s results 
show that as the tem¬ 
perature of test rises, 
the yield points and ten¬ 
sile strengths of most 
bearing metals fall fairly 
uniformly, while the per¬ 
centage elongations and 
reductions of area in¬ 
crease. However, the 
ductility temperature 
curves are less regular 
than the stress tempera¬ 
ture curves. In all the 
cases examined by Green¬ 
wood the temperature 
coefficient of ductility 
was greater from 100- 
175‘’C. than from room 
temperature to 100*’C. 

Homer and Plum¬ 
mer* considered the ef- 
2(r4cnoo*!40* Pcr4Q ‘feet of temperature upon 
Tempenatune mechanical proper¬ 

ties of test samples most 

Pig. 2—strength temperature curves tor tin-base bearing alloys. Which had been an¬ 

nealed at 165*0. for one 

week. Some of the alloys containing large amounts of cadmium were treated at 
158*0. for 10 days, or at 150*0. for 2 weeks, because they tended to soften and bend 
at the highest annealing temperature. The object of annealing was to alter the 
mechanical properties of the alloys from those of the materials as cast to those 

Table IV 

Tensile Properties of White Metal Bearing Alloys at Elevated Temperatures 



Test Maximum Yield Elongation Reduction 

Temp., ®C. Stress, psl. Point, psi. (% on 4\/X) Area, % 


allot 1.^ 18 8.500 6.800 20.5 24 

Cast. Temp., 460**C. 60 7,200 6,700 26 34 

Mold Temp., 20**C. 100 4.760 3.900 25 35 

160 3,400 2.320 32 38 


ALLOY 1 NC.«- 20 10,040 7,300 18.5 

Cast. Temp., 400«C. 50 8,200 6,900 24 

Mold Temp., SO^’C. 100 6,800 4,300 23 


AUV o.ouv 

160 3,600 


176_2,600 1,400 38 


ALLOT 1 Cd.* 18 

Cast. Temp., 550*^0. 50 

Mold Temp., 20«C. 100 

160 


176_2,640_ 1,740 


ALLOT 2,* IS 11,800 9,400 13 17 

Cast. Temp., . 60 9,040 7,700 17 26 

Mold Temp., 20**C . 100 7,200 5,500 23 80 

160 4,360 3,480 33 43 


ALLOT 3 Pb.^* 20 12,400 8,800 10 12 

Cast. Temp.* 460*C. 50 O.IOO 6,300 13 17 

Mold Temp., 20*C.. 100 5,800 4,500 18 23 

160 3,100 2.000 21 36 

175 1.980 1,100 33 46 


rContinuedJ 
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Test 

Maximum 

Yield 


Elongation 

Reduction 


Temp., ®c. 

Stress, psl. 

Point, psi. 


(% on 4VXJ 

Area, % 

alloy 2 Cd.+ 

18 

14,600 

11,600 


8 


10 

Cast. Temp., 550"C. 

... 50 

11,800 

8,000 


13 


14 

Mold Temp., 20‘'C . 

... IOC 

7,100 

5,700 


23 


28 

160 

4,500 

2,300 


29 


30 


176 

3,600 

1,740 


45 


42 

^Compositions 

Alloy No. 

8b 8b 

Pb 

Cu 

Pe 

As 


of the Above 

1 

02.3 3.78 

0.30 

3.55 

0.04 

0.03 


Alloys 

1 NC 

88.8 7.14 

0.47 

3.21 

0.03 

trace 



1 Cd 

No. 1 + 1% Cd 






2 

86.5 9.88 

0.33 

4.21 

0.06 

0.03 



2 Pb 

No. 2 -f 4% Pb 






2 Cd 

No. 2 + 1% Cd 






which the alloys might be expected to possess after they had been in service for a 
time sufficient to bring them to structural equilibrium. 

The test pieces used were cast to shape, 0.226 in. dia. and 0A84 in. long between 
the shoulders. Results of the more important tests are shown graphically in Fig. 2. 
Each graph gives the strength temperature curves obtained from a group of alloys 
of similar composition. Since frequently two or more alloys in a group have similar 
properties and the curves are on this account liable to become confused, a different 
zero on the temperature axis has been used for each curve in each group. In this 
way the various curves plotted in each figure are spaced out laterally from one 
another, although they are all drawn to the same scale. 

The values for percentage elongation were determined in all cases but, not being 
concordant, are unsuitable for graphical representation. A general increase in duc¬ 
tility with temperature occurred in all cases, though the increase was slight in some. 
Above 120*C. some of the high cadmium alloys showed relatively high ductility, 
while their percentage elongation was small at lower temperatures. Up to 120*0., 
however, the increase in elongation with temperature was gradual and normal in 
all cases. The original paper should be consulted for information regarding the 
Brinell hardness numbers of these alloys at various temperatures and the range of 
percentage elongation. 

Homer and Plummer conclude that the addition of cadmium increases the 
strength and hardness of the tin-antimony-copper alloys. On the whole, there is 
a continuous increase of strength with increasing cadmium content, but the extent 
of the increase becomes progressively less. In most instances there is not much 
advantage to be gained by adding more than 3% cadmium, particularly as the 
ductility of the alloys diminishes as their strength increases. It is of particular 
interest to note that nearly all the alloys lose about the same proportion of their 
tensile strength on heating through the same range of temperature. 

Work must still be done on the effect of copper on the strength of tin-base 
bearing metals at high temperatures. A concensus of opinion supports the view that 
Increase in copper beyond about lowers their resistance to certain types of 
severe service, even though copper does increase both hardness and stren^ in 
these alloys. The remarkable behavior, for example, of AJS.TJyf. Grade No. 1 In 
the form of linings (0.02-0.03 in. thick) for connecting rod and crankshaft bearings 
of automobile and aircraft engines has yet to be logically explained. In this con¬ 
nection it may be noted that **the compressive stress required to cause . . . plastic 
flow is raised as the ratio of the initial area under compression to the thickness 
of the metal is increased,”” an effect that is nicely shown in the following table: 


Area and Form of Cross 

Section of Test Sample, in. 

Apparent Limit of Proportionality 
Under Compression, psi. 

V4Z% 

1,800 


3,000 

1x1 

3,800 


While these results refer to lead, their importance in explaining the increase in 
strength due to reducing the thickness of babbitt in bearings should not be under¬ 
estimated. 
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Preparation and Etching of Tin and Tin Alloys for 
Metallographic Examination 

By C. H. Hack* 

The preparation of tin and its alloys for metallographic examination requires 
good technique and care because of the softness and ease of formation of flowed 
metal on the surface of the specimens. In general, the procedure in preparaticm is 
identical to that outlined on page 1556 for lead and lead alloys. The harder alloys 
are more easily prepared than the softer ones. 

The initial surfacing of the specimens may be done by filing or machining on 
a lathe, using a sharp tool having a sharp rake, followed by grinding on emery 
papers of decreasing fineness. If a microtome is available, it may be used advan¬ 
tageously in minimizing the amount of subsequent polishing. However, if a micro¬ 
tome is used, a check should be made to see that it possesses three requisite prop¬ 
erties as outlined by Vilella, namely: Sufficient rigidity, a properly sharpened knife 
and such adjustments that cuts of 2 microns in thickness may be made. If a 
microtome is not available, good success may be had by attaching a microtome 
knife to the front end of the supporting arm of a milling machine. The specimen 
is clamped in a vise attached to a slide rest (similar to the type used for a lathe) 

Etching Reagents for Tin and Its Alloys 


Etching Reagent Composition Remarks Use 


No. 1 

NiUl I 

[HNOt 

2- 5 ml. 

Swab or immerse for 

Tln-eadmium or 


1 

[C8H60H 

95-98 ml. 

several minutes 

tin-iron alloys 

No. 2 

Potassium i Acidified dilute 



Tin-cadmium alloys 


dlchromate (solution 




No 3 

Mixed acids A. 

HNOa 

1 part 

Immerse %-10 min. A. 

Tin-lead alloys 


in glyceroP 

HCaHaOi 

1 part 

at 38-42*0. 




Glycerol 

8 parts 




B. 

HNOa 

1 part 

Same as for A, above B. 

Pure tin 



HOaHaOa 

3 parts 




Glycerol 

5 parts 



No. 4 

Hydrochloric A. 

HCKconc ) 


Immerse for several 

To remove surface 


acid 



seconds 

flow 


B. j 

[HCl 

10-20 ml. 

Immerse %-5 min. 

Follow A 


i 

[HaO 

90-80 ml. 

following A. 




fHCl 

10 ml. 

Electrolytic etch at low 

Tin-iron alloys 


C. j 

[HaO 

90 ml. 

current density 


No. 6 

Ferric chloride 

PeCla 

10 g. 

Immerse t^-5 min. at 

Microetching tln- 


j 

HCl 

2 ml. 

room temperature 

‘ rich Babbitt metal 



HaO 

95 ml. 



No. 6 

Nitric acid* ; 

[HNOa 

6 ml. 


Pure tin 


1 

[CaHaOHlabs) 

95 ml. 



No 7 

Picric acid and 

Alcoholic 



Tin-iron alloys 


nitric acid* 

solution 



No. 8 

Ammonium poly- 

Concentrated 


Immerse 20-30 mlu. at 

Macroetching of tin- 


sulphide* 

solutions 


room temperature 
Blackens out the tin or 

rich babbitt metals 

No. 9 

Ammonium Per- ] 

f(NH,)2S,OH 

5 ml. 

tin alloy, leaving the 

Tin coatings on 


sulphate 1 

[H,0 

95 ml. 

compound as a bright 
contrasting layer 

steel 

No. 10 Acetic Acid 

1 IICjHaOa 

50 ml. 


soldered 



HaO 

50 nil. 


Joint 



HaO, 

1 drop 




Note->6olutlona of silver nitrate or 10% nitric acid plus $% chromic acid are also occasionally 
used. 


mounted to the moving bed plate at a slightly Inclined angle. Settings for thin 
outs as small as 1 micron may then be made by turning the screw of the slide 
rest. A final microtoming with cuts from 1-2 microns is preferable for tin and its 
alloys. 

When preparing thin sections, such as tin coatings on metals or thin sections 
of babbitt linings for metallographic examination, it is generally necessary to moimt 
the section in some molding medium. Wavy materials sometimes used, have a dis- 


•National Lead Oo., Brooklyn. 
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adirantage, in that they clog the polishing papers and soften in alcoholic etching 
agents or by solvents used for drying. Likewise, fusible alloys used for mounting, 
clog the polishhig papers, and are usually attacked more readily than the specimen 
by the etching reagent.'Acid-hardened bakellte has recently been used for mounting 
with good success.* The procedure for using this is to add 10 cc. of a bakellte acid- 
hardening solution to 100 cc. of the bakellte resin, mixing thoroughly. The mixture 
is then poured into the mold containing the specimen and heated to 40-45*0. when 
the bakellte begins to harden. It is then further heated at 60*0. for 1-1^ hr. when 
it sets hard. Bubbling and too rapid hardening may take place if too high a tem¬ 
perature is applied, therefore, it is desirable to use the lower temperature (40*0.) 
for setting the resin, followed by the application of a higher temperature (60*0.) 
for hardening. Only sufficient material should be mixed for the immediate work, as 
the mixture hardens on aging at room temperature. One of the advantages of the 
acid hardened bakelite is that it does not require high temperatures and pressures. 

Polishing—If the specimen has only been given a lathe cut finish, the polishing 
should start with No. “O’* emery paper, followed by successive polishing on No. “00”, 
Na “000” emery paper, all lubricated with paraffin dissolved in kerosene (100 g. 
of paraffin in 200 ml. kerosene). After polishing on each paper, the specimen should 
be washed in warm kerosene to remove the grit and paraffin, followed by washing 
with soap and water to remove the kerosene.* The specimen may then be etched 
with HCl (10-20%) or any other suitable etching reagent to remove any metal 
that may have flowed on the polished surface.* If the specimen has been finished 
by microtoming, the specimen may be polished on No. “000” emery paper to remove 
any scratches left by the microtome blade. 

In either case, the specimen is then polished on a rotating wheel covered with 
broadcloth, using a soap solution of levigated alundum grain* (size 600 grain). The 
solution of soap and levigated alundum grain may be prepared as follows: 5 g. of 
alundum grain is added to 300 ml. of water. This mixture is thoroughly agitated 
and allowed to stand for 15 min., when the supernatant suspension is decanted. 
To this decanted suspension 40 g. of soap are added and the mixture heated until 
the soap dissolves. As this mixture is nearly solid at room temperature, it is neces¬ 
sary to use it warm. When this polishing medium is poured on to the polishing 
wheel it forms a gelatinous mass, viscous enough so that it is not thrown off the 
wheel when driven at 120 r.p.m.* The final steps of preparation consist in polishing 
on a good grade of silk velvet, using the above polishing medium followed by etching, 
with subsequent alternate polishings and etchings until the true structure is revealed.^ 

Success has been obtained by microtoming, followed by etching rather deeply and 
then polishing on a polishing wheel covered with silk velvet, using magnesium 
oxide and water without addition of soap. Tlie specimen is then washed thoroughly 
in running water, etched and dried. Further light polishings and etchings may be 
made if necessary. This method ha.s been found to be satisfactory and saves a 
good deal of time in polishing. 
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*Plner abrasiyes such as alumina or magnesium oxide may be used, although these have been 
reported as giving too much burnishing action, and relief polishing.* 
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Manufacture and Properties of Tin and Tin Alloy 

Die Castings 

By Bruce W. Gonser* 

Complete statistics on the production of tin die castings are not available, but 
in 1937 one company produced over 180,000 lb. for a variety of uses which Indicates 
that there is a fair volume of production. 

Manufacturing Characteristics—Tin and alloys of tin used in die casting have a 
relatively low melting range and are not difficult to handle. They cast easily and 
rapidly without die injury. The heat to be absorbed is relatively small and severe 
temperature extremes are not encountered, even though the die may be water 
cooled, hence 0.20-0.50% carbon steel or cold rolled steel can be used in making 
dies. For information on dies for die castings see the article in this Handbook, 
'‘Composition and Heat Treatment of Dies for Die Castings”. 

A new die should have some lubrication during the first few days of use. Lard 
oil is often used, sometimes being sprayed into the die cavity by means of an air 
hose. Since an oxide him forms over the die with use, lubrication is soon unneces¬ 
sary. There seems to be no appreciable attack or alloying of the tin with the dies. 

In preparing the usual tin-base alloy, the tin is hrst melted then any required 
lead, antimony, and copper added, the temperature being kept around 800-900'^F. 
for rapid action. As shown in Table I, the melting ranges vary widely with the 
composition. The inhuence of copper is particularly important in this respect, hence 
particular attention must be given in the case of the high copper alloys to assure 
a temperature sufficiently high to give a reasonably rapid melting and even distribu¬ 
tion of the copper. Such an alloy must be kept well stirred to prevent segregation 
and, if poured into ingots for later use, cooling should be rapid. Ordinary cast iron 
pots have been found to be satisfactory for making the tin alloys and for the die 
casting pot. Fluxes are used in alloying and remelting, such as equal parts of 
charcoal, powdered rosin and ammonium chloride, but not in the die casting 
machine. The alloys are invariably made in a separate pot and usually charged to 
the die casting pot while molten. Finely powdered talc has been used satisfactorily 
as a mechanical covering over the bath in the machine. It not only prevents 
excessive oxidation but helps insulate the bath. 

When die casting, the temperature is kept safely above the melting range, 
a compromise being effected between the tendency toward segregation at a com¬ 
paratively low temperature and the greater dross formation, and cooling necessary 
at a higher temperature. From 50-100®P. above the liquidus is a fair ^de. Even 
with a safe temperature margin, however, the metal in the casting pot must be 
kept well stirred to prevent segregation. Low temperature segregation may result 
in uneven shrinkage and even cracks in the casting. 

Pressures used vary widely with the type of machine in operation, as from 
200-1,500 psi. with 350 psi. as a fair average. The limit on size of tin-base die 
castings is usually set at 10 lb., but by far the greatest nxunber weigh less than 1 lb. 

Because of the low solidus point, shrinkage of tin-base die castings is slight 
and dimensional specifications may be closely held. Thus United States Army specifi¬ 
cations permit only ±0.0005 in. per linear in. variation for tin-base die castings 
compared to double this amount for lead or zinc and ± 0.0025 for aluminum-base 
die castings. A number of products are consequently die cast from tin alloys where 
close tolerances are essential. Some speedometer and odometer parts are die cast 
from a tin alloy with a maximum dimensional variation of ± 0.0002 in. per linear in. 
Cast threads up to 32 to the in. may be made. Small castings havlrig walls only 
in. in thickness can be cast. 

Tin-base die castings seldom require finishing but they may be easily buffed and 
coated. Fins and risers are readily clipped since the metal is relatively soft. Self 
threading screws are frequently used. These alloys machine somewhat like copper 
in that the tool tends to dig in. Cutting lubricants are unnecessary. 

Un-Base Die Casting Alloys—A great many tin-base alloys have been die cast 
in the past and, although there has been some tendency to simplify the list, at least 
a dozen different alloys were specified and made during 1937. Table I ^ves the 
compositions and approximate melting ranges of the most important of these 
alloys, including the 3 AJS.TJd. and 3 SAJI, standard specifications that fall within 


*MetaUurtlit, Battelle Memorial X&stituto, Colambua, Ohio. 
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this field. These standards apply to compositions used because of their bearing 
properties. It is significant that the 2 most important alloys from the standpoint 
of recent volume of production (No. 1 and No. 3) do not fall within these standards. 

Table 1 

Tin Alloys Used in Die Casting 


Alloy 

.No. 

Tin 

Lead 

Antimony 

Copper 

Solid 

Liquid 

1 

92 


5Mt 

2Mi 

430 

590 

21 

91 


4V4 

4ya 

433 

680 

3 

90V& 


8 

1V4 

435 

480 

4» 

86 


m 

6V2 

460 

670 

5 

83V& 

,, 


8V6 

464 

792 

6> 

82 


13 

5 

460 

650 

7 

79 

*5 

9 

7 

440 

610 

9* 

65 

18 

15 

2 

358 

565 

9 

61 Vi 

25 

10 Ml 

3 

397 

540 

10 

61 

30 

6 

3 

368 

450 

11 

60 

35 

5 


355 

380 

12® 

5914 

26 

9.5-11.5 

3.25 




>A.S.T.M. B-36 T (Tentative Speclllcation) Alloy Grade No. 1; similar to A S.T.M. B-23 (White 
Metal Alloys) Grade No. 1; and to S.A.E. No. 10 standard specification. '^Similar to S A.E. No. 11. 
«A.a.T.M. B-35 T Alloy Grade No. 2. <A.S.T.M. B-35 T Alloy Grade No. 3; similar to A.S.T.M. B-23, 
Grade No. 5. >S.A.B. No. 12. 


Permissible Impurities according to the A.S.T.M. tentative standards are a maximum of 0.35 Pb. 
C.08 Fe, 0.08 As, 0.01 Zn. and 0.01 A1 with a maximum of 0.15 As In the case of Alloy Grade No 3 
(No. 8 In Table I). S.A.E. maximum impurities are 0.35 Pb, 0.08 Fe, 0.10 As, 0 08 Bi, no A1 or Zn. 
Permissible variation from the composition of the specified standard, as proposed in the A S.T.M. 
specifications. Is not over 0.25% for an element present to the amount of 2% or under, 0.50% for 
elements between 2 and 5%, 0.75% for elements between 5 and 10% and 1% variation for element.s 
over 10%, 


Physical Properties—Tests are now in progress under the supeiwision of the 
A.S.T.M. to determine the physical properties of the A.S.T.M. standard alloys (No. 2, 
6, and 8, Table I). Physical properties of the S.A.E. tin-base Babbitts (No. 2, 4, and 
5, Table I) are given under the Handbook Section on Properties of Tin-Base Bearing 
Alloys. 

As a class the tin-base die casting alloys are similar in composition and prop¬ 
erties to babbitt metals, although they are not necessarily used as bearings. The 
tensile strength, hardness, and proportional limit increase, as a general rule, with 
increasing copper and antimony additions. The tensile strength may vary in this 
respect from about 10,000-18,000 psi. in the absence of lead. Addition of lead softens 
the alloy, lowers the melting range. Strength and hardness decrease rather rapidly 
with Increases in temperature, particularly in the case of the alloys containing con¬ 
siderable lead. These alloys are all used to best advantage where strength and 
impact resistance are not important. 

Applications—Most of these die castings are used because of their bearing 
properties, because of the accurate dimensions to which they can be cast, and in 
connection with certain types of food handling equipment. In former years most 
of the production was in casting bearing shells which were inserted in a proper 
backing; later the babbitt linings were cast directly in a strong metal backing. 
The wide spread use of centrifugally cast bearings and of other casting means 
has greatly reduced this field for die casting but many bearings are still made 
satisfactorily and economically in this way. Quick cooling under pressure in die 
casting results in a desirable fine-grained structure. 
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The Zinc Industry 
By R. K. Warinff* 

Zinc Oresi—The principal ores are the sulphide, blende; the silicate, wlUemite; 
and the oxides, frankllnite and zincite. The sulphide is the most widely distributed 
and is today the principal source of zinc. Sulphide deposits of commercial impor¬ 
tance occur in many parts of the world. The only known large deposits of wUlemite 
and franklinlte are in New Jersey. 

Manufacture'—The sulphide ore is first concentrated usually by fiotation. The 
concentrate is roasted in the presence of air, yielding zinc oxide and sulphur diox¬ 
ide which is usually converted to sulphuric acid. 

Several processes are in use for producing metallic zinc from the roasted ore. 
The oldest is the horizontal retort process, developed in Belgium about 1806 and 
first used in the United States in 1859, at Bethlehem, Pa. In this process, ore mixed 
with coal is charged by hand into small externally fired horizontal retorts. The 
temperature necessary to reduce the zinc oxide to metallic zinc is above the boiling 
point of zinc thus producing zinc vapor. Each retort has a condenser attached to it 
in which the vapor condenses. The molten zinc is tapped at intervals. When the 
zinc has been largely reduced, the charge is removed. A complete cycle usually takes 
24 hr. 

In recent years a new process has been developed in which the ore and coal are 
briquetted and charged into large vertical retorts externally gas fired and built of 
refractories with good heat conductivity. The charge moves continuously down 
through the retort and the zinc vapor passes in a continuous stream into a con¬ 
denser. 

The third commercially important method of producing zinc is by the elec¬ 
trolytic process. In this process the roasted ore is dissolved in sulphuric acid. The 
resulting zinc sulphate solution is purified and the zinc plated out by electrolysis. 
Very careful control of the purity of the solution is essential to successful operation. 

In the retort process the purity of the product depends largely on the Impurities 
in the ore. To a limited extent, the purity of the product can be controlled by ini¬ 
tially removing objectionable impurities from the ore. In order to produce zinc of the 
high purity required for some purposes, however, a refining process has recently 
been developed in which the impure zinc is subjected to fractional distillation in a 
rectifying column. A large tonnage of metal containing 99.99-f% zinc is now pro¬ 
duced by this process. Zinc of similar purity is also produced by an electrolytic 
process. In this case the high purity is attained by chemical purification of the zinc 
sulphate electrolyte. 

Grades—The recognized commercial grades of zinc in the United States have 
been specified by the AB.TJd.» and are as follows: 




Lead 

Iron 

Cad¬ 

mium 

Alumi¬ 

num 

Sum of 
Lead, Iron, 
Cadmium 

(la) Special High Grade, max., per cent.... 

.0.007 

0.005 

0.005 

None 

0.010 

(1) 

High Grade, max., per cent. 

.0.07 

0.02 

0.07 

None 

0.10 

(3) 

Intermediate, max., per cent. 


0.03 

0.60 

None 

0.50 

(3) 

Braes Special, max., per cent. 


0.03 

0.60 

None 

1.0 

(4) 

Selected, max., per cent. 

.0.80 

0.04 

0.75 

None 

1.25 

(6) 

Prime Western, max., per cent. 

.1.80 

0.08 

... 

.... 

... 


The amount and kind of impurities in the metal have an Important influence on 
the ph 3 r 8 lcal and chemical properties of zinc and its alloys. 

Uee»—The consumption of zinc by uses in the United States for 1936 is given in 
Table F. 


*Heaeftreh Division, The New Jeriey Zinc Oo.. Palmerton, Pa. 
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Table I 


Purpose 


Tonf 


OalvanlzinK (total) 

Sheetf. 

Tubes . 

Wire . 

Wire Cloth ... 

Shapes . 

Brass making . 

Rolled zinc. 

Die castings . 

Other purposes . . 


243,000 

133,000 

30,000 

30,000 

0,000 

38,000 

108,000 

55,000 

72,000 

48,000 


Total 


827.000 


Galvanizing, which constitutes the largest use of zinc, is done either by dipping 
the iron in molten zinc or by electroplating. Hot dip galvanizing is done largely 
with the less pure grades of zinc. In some cases, such as wire, which must stand 
bending without flaking of the coating. High Grade or Special High Grade zinc is 
used. In electrogalvanizing, the zinc may be obtained either from zinc anodes or by 
direct solution from ore and subsequent purification of the electrolyte. High Grade 
and Special High Grade zinc are used to a large extent for anodes in the former 
method. The life of galvanized material is proportional to the thickness of the 
coating and recent developments in both electrogalvanizing and hot dip galvanizing 
have been in the direction of applying heavy coatings which will withstand deforma¬ 
tion without peeling. 

All grades of zinc are used to some extent in brass. The grade used has consid¬ 
erable Influence on the properties of the brass. The manufacture and use of brass 
are discussed elsewhere in this volume. 

All grades of zinc from Prime Western to Intermediate are used for rolling. In 
general, the presence of natural impurities or added metals increase the hardness 
and stiffness of rolled zinc. Special combinations of lead, iron, and cadmitun are 
used to control the chemical characteristics of zinc for dry batteries and photo¬ 
engraving. Rolled zinc is discussed in greater detail in the article on “Wrought Zinc 
and Zinc Alloys'*. 

The use of zinc-base alloys for die casting has become Important in recent years 
and is increasing rapidly. It is essential for best results to use Special High Grade 
zinc for this purpose. Zinc die castings are described in a separate article in this 
volume. 

Other forms of zinc include zinc oxide and zinc sulphide, widely used in paint 
and rubber, and zinc dust, used as a pigment in priming paints for metal. 

References 
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Constitution of Zinc*AIuminuni Alloys 

i 

E. A. Anderson,* M. L. Fuller,! and G. Edmunds! 

The phase equilibrium diagram of the zinc-aluminum system has been studied 
intensively. Several excellent papers have recently appeared that offer additional 
and more accurate data on the location of phase boundaries and one of the papers 
suggests a modification of the form of the existing diagram. Because of the gen¬ 
erally admitted uncertainty of portions of the diagram, it has been considered 
advisable to reproduce first the diagram based on the work of Hanson and Qayler* 
and of Peirce* and then to report the results of the more recent investigations. 
This diagram is shown in Fig. 1. The essential form of this diagram agrees with 
those reported by Tanabe,* Isihara,* and Owen and Pickup.® 

The structure of the beta constituent and the mechanism of its decomposition 
have been extensively investigated. It is generally agreed that the structure of this 
phase is crystallographically the same as gamma, that is, a substitutional solid solu¬ 
tion of zinc in aluminum. This has been shown by X-ray diffraction studies® of 
Schwarz and Summa,* Schmid and Wasserman,®* •• Owen and Iball,** Kennedy,” 
Puller and Wilcox,” Kossolapow and Trapesnikow,” and Owen and Pickup.® These 
papers and others” (Meyer,” Bugakow,” Praenkel and Scheuer,” Praenkel and 
Wachsmuth,” Imal and Hagiya,” and Broniewski, Kucharski, and Winawer") also 
report upon various phenomena accompanying the transformation and upon the 
mechanism of the decomposition. Owen and Iball,” Owen and Pickup,® and Kossola¬ 
pow and Trapesnlkow” show by X-ray methods that the beta plus gamma region 
of the diagram is indeed a two-phase region, the two phases having face-centered 
cubic structures of slightly different lattice dimensions. 

Schmid and Wasserman” were imable to determine the solid phase relationships 
In the region from 0-80% zinc at temperatures above 350®C. They suggest that the 
peritectic at 443*C. does not exist and that beta and gamma are one phase. 

Pink and Willey” have 
made a careful investigation 
of the solid alloys from 0-80% 
zinc at temperatures up to 
about 400®C. This work was 
performed by the electrical 
conductivity and microscopical 
methods. Fig. 2 reproduces” 
the experimental results of 
Fink and Willey and also the 
results of Owen and Pickup® 
and of Schmid and Wasser¬ 
man.” The several boundaries 
associated with the peritectic 
reaction, as shown in Pig. 1, 
are reproduced in Fig. 2 as 
dotted lines. The novel feature 
of the Fink and Willey dia¬ 
gram is the closed field -f /3, 
above which the beta and 
gamma phases are one phase. 

This renders unnecessary the concept of a perijtectic at 443®C. 

Rosenhain and Archbutt,” Bauer and Vogel,” Tanabe,® and Isihara® have pre¬ 
sented evidence definitely indicating the existence of a peritectic reaction. The 
work of Owen and Pickup® is In agreement with the existence of a peritectic and 
‘ suggests that the beta plus gamma region above 360®C. becomes very narrow. This 
is in good agreement with the work of Tanabe.® Gayler,” in discussing the paper 
of Pink and Willey,” states that she has recently conducted experiments with zinc- 
aluminum alloys of the highest purity to retest the existence of a peritectic. Thermal 
analysis by heating and cooling ciirves demonstrated that a reaction of some kind 
takes place at 443'’0. Gayler’s discussion considers several hypothetical diagrams 
to account for the observed data and states that additional experiments are being 

•Chirt and flnvestlgators, Metal Section, Research Division, The New Jersey Zinc Co., Pal- 
merteii. Pa. 
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Fig. 1—Zinc-aluminum constitution diagram (Hanson and 
Qayler-Pelrce). 
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conducted to redetermine the nature of the diagram in the region of the peritectic. 
Unfortunately, the results of Gaylcr’s new experiments have not been published up 
to the present writing. Pink and Willey^** in replying to Gayler’s discussion proposed 
another hypothetical diagram which would be compatible wi^b their experimental 
results and also with the exist¬ 
ence of the peritectic reaction. 

Although the central portion 
of the diagram is in an unsettled 
state, the terminal solid solution 
phases have been charted quite 
carefully. The combined work of 
Owen and Pickup,® Schmid and 
Wasserman “ and Pink and Wil¬ 
ley,” as represented in Pig. 2, 
yields data on the solid solubility 
of zinc in aluminum which are 
doubtlessly more accurate than 
the earlier data.** “• ” Until 

the last few years the only care¬ 
ful study on the solid solubility 
of aluminum in zinc had been 
that of Peirce.* The recent papers 
are those of Puller and Wilcox,” 

Burkhardt,” and Auer and 
Mann.** The data from these 

sources are given in Table. I. Fig 2 —Beta-gamma relationship. 



Table 1 

Solid Solubility of Aluminum in Zinc 


Temperature, “C. 

Peirce* 

Puller and 
WllCOXb 

Burkhardt^* 

Auer and 
Mann*: 

Room . 


0.04% 

0.057o 


96 . 


0.08 



100 . 



0.12 

0.12% 

150 . 


0 18 

0.23 

0.23 

175 . 


0 28 



200 . 


0 35 

0 38 

0.38 

230 . 

..0.50% 




250 . 



0 45 

0 57 

300 . 



06 

0.78 

3.35 

0 «fi 




370 . 




1.08 

375 . 


0.78 



380 . 



0.8 


“Electrical conductivity method 

‘•X-ray 

diffraction method. 

^Magnetic susceptibility method 


The eutectic temperature of 380'’C. and the eutectic composition of 5% aluminum 
remain unchanged from the original work of Rosenhain and Archbutt.” 

The eutectoid composition is placed at about 21% aluminum by the work of 
Hanson and Gayler’ and that of Tanabe.* The work of Pink and Willey” indicates 
a composition of 22% aluminum for this point. It is Interesting to note that the 
hypothetical compound Al^Zn, has an aluminum content of 21.6%. 

The eutectoid temperature has been determined by many investigators. The 
original determination of Rosenhain and Archbutt*^ of 256'’C. has been shown to be 
too low for the reason that too rapid rates of cooling were used in determining the 
cooling curve through the eutectoid transformation. This was demonstrated in the 
paper by Puller and Wilcox” who worked with heating and cooling curves of various 
rates and determined that 277®0. was a more probable value for the eutectoid 
temperature. Pink and Willey” by electrical conductivity analysis place the tem¬ 
perature at 275'’C. The X-ray measurements of Owen and Pickup* indicate a 
eutectoid temperature of 272®C. Tanabe* reported 270®C., and Isihara* and Jares** 
each reported 280'’C. 

The crystal structure of the alpha phase is hexagonal close-packed. The lattice 
dimensions differ from those of pure zinc by reason of the substitution of aluminum 
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for zinc, the lattice being expanded in a direction parallel to the trigonal axis and 
contracted in directions perpendicular to this axis.** » The gamma phase 
has the face-centered 4 cubic structme of aluminum, the substituting zhic atoms 
causing a general lattice contraction. This contraction amounts to 0.00083A per 
unit cell length per atomic per cent zinc according to Schmid and Wasserman.'® 
The beta phase is crystallographically the same as gamma and for a composition 
of 20.0% aluminum has a unit cell size of 3.991A at room temperature.^^ 
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The Constitution of ZinoCadinium Alloys 

E. A. Andersont and J. L. Roddatt 

The zinc-cadmium system is of the simple eutectic type showing solid solubility 
on both the zinc and cadmium sides. 

The liquidus has been determined by numerous investigators, most of the values 
falling well within 10® variation. The agreement on the eutectic concentration 
(17.4% Zn) is good, but the temperature values .vary between about 260 and 270®C.: 
265®C. is probably a fair average. 

There is need of a thorough and careful study of the solid solubilities on both 
sides of the diagram. The divergence of values is shown in Table I for some recent 
determinations at or near the eutectic temperature. 

Table I 

Solid Solubilities of Cadmium in Zinc 

Zinc. % Cadmium. % Method 

. 1.0-2.0 (250*’C.) Electrical conductivity and 

micro.scopic 

2 0-2.25 (250‘‘C ) 1.75-2 0 (250’C.) Microscopic 

4.3 3.7 Electrical resUtlvlty 

2.05 2.15 Microscopic 

. 1 8 (250'C) X-ray 

3.0-4.2 3.4-6.0 Electrical resistivity and mi¬ 

croscopic 

Since values as low as 
0 .1% have been reported at 
100®C. and room temperature, 
it is apparent that the solid 
solubility in zinc drops sharply 
with temperature. This cou¬ 
pled with insufficient anneal¬ 
ing or inadequate quenching 
may account for the diver- 
gence. 

With rising temperature 
above the eutectic, Jenkins 
and Stockdale agree in show- 
ing on the zinc side an in¬ 
crease in .solid solubility fol¬ 
lowed by the normal decrease 
(a solidus curve reversing with /oo 
temperature). Their explana¬ 
tion based on an alleged 
allotropy of zinc is not ten¬ 
able, however, in view of the ^ 

abundant evidence against the o po 40 60 so too 

existence of such allotropes. p^p cent Cadmium 

Pig. 1 shows our present l—Zmc-cadmium constitution diagram 

knowledge of the system. 

Recent studies of the 

eutectic by Zagorodskikh** and by Straumanis and Brakss** show the two phases to 
have a definite orientation relationship with a strong probability that the basal 
planes of zinc and cadmium are parallel and that the close packed directions 
coincide. 
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The Zinc-Rich Portion of the ZinoCopper Constitution Diagram 

E* A. Anderson* and J. L. Rodda** 

The zinc-rich portion of the zinc-copper diagram is shown in Pig. 1. Three 
recent investigations of the solid solubility of copper in zinc are in substantial 
agreement. The data of Anderson, Puller, Wilcox, and Rodda” either fall between 
the values of Hansen and Stenzel” and of Burkhardt^* or close to one or the other. 

Tlie -peritectic temperature ( epsilon + 
liquid = eta) has been determined by numer¬ 
ous investigators ,*• •• •• •• "• " all but a few 

placing it between 423 and 425^C. The agree¬ 
ment in the location of the peritectic point 
(solid solubility at the peritectic temperature) 
is not so good. The best agreement is between 
the work of Shepherd’ (2.5%), Hansen and 
StenzeP (2.66%), and Anderson, Puller, Wil¬ 
cox, and Rodda” (2.68%). 

Determinations below the peritectic point 
of the liquidus** ” and solidus** ” are not nu¬ 
merous. The range between the two curves 
is but a few degrees at the most. The data 
of Anderson, Puller, Wilcox, and Rodda” have 
been accepted here. 

Various authorities’* ** •* *• •* “ largely on 
the basis of cooling curve data, have placed 
the intersection of the peritectic horizontal 
with the liquidus between 1.5% and 2.0% cop¬ 
per. According to Peirce* primary epsilon was 
found in chill cast specimens containing 
1.81% copper but not in those with 1.5% 
copper. The value 1.7% copper as plotted in 
Fig. 1 is the most probable. The course of the liquidus above the peritectic tempera¬ 
ture must be considered uncertain by several degrees, since it was determined by 
cooling curves which are subject to error by undercooling of the melt. 

The crystal structure of the eta solid solution and the epsilon phase have both 
been determined as hexagonal close packed** ’* ’•* " with lattice constants as follows: 



Pen Gent Copper 

Fig. 1<—The slnc-rich portion of the zinc- 
copper constitution diagram. 


Phase 

Ac 

Oo 

•/a 

Pure zinc. 


4.938A 

1.856 

Eta solid solution (17r Cu). 


4 896A 

1.837 

Epsilon (saturated with zinc at 200’C.)_ 

. . 2.753A 

4.290A 

1.559 


The Widmanstatten structures formed by the segregation of epsilon from eta 
have been analyzed.’* The plane of segregation is a ^ 10.4 } plane with a strong 
probability that the conjugate plane of the segregate is also a \ 10.4 } plane. 
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Constitution of Zinc-Iron Alloys 

By E. A. Anderson,* J. L. lU>dda,t and G. Edmundst 

The phase boundaries shown In Pig. 1 and 2 are derived principally from the 
work of Schramm"’" •• and of Truesdale, Wilcox and Rodda" but represent also a 
careful consideration of older data. 

There are flvett well established phases in this system (Pig. l). A new phase 
containing 6% iron and formed by a peritectic reaction at 530°C. has recently been 
proposed (Pig. 2). These phases are tabulated in Table I. To avoid confusion the 
nomenclature of Schramm and the older designations are both given. 




Fig. 2—Zeta phase of the Zinc-iron constitution diagram 


Truesdale, Wilcox and Rodda investigated the zinc end of the diagram up to 
The liquidus was determined by direct sampling of the supernatant liquid. 


*Chief and fUivestigators, Metal Section, Research Division, The New Jersey Zine Co., Palmer- 
ton, Pa. 

**'^is apparently valuable work eovered the determination of several of the phase boundaries 
m which little or no work had previously be<m rnmrted. It has also Ineluded the first report of 
would be desirable for these determinations to be checked, 
temperature body*ccntered cubie form of iron, delta, is not considered here since 
its stable reflon is above the temperatures usuaUy investigated. 
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Peritectic horizontals were fixed at 672 and 782^0. by heating curves. The solid 
solubility of iron in zinc was found by microscopic methods to lie between 0.0009 
and 0.0028% at temperatures from 150-400’'C. A eutectic was noted at about 0.018% 
iron with a eutectic lowering of less than 0.05**C. 

Above a few per cent iron, the preparation of homogeneous and nonporous zinc-; 
iron alloys is difficult. By a unique method of preparing alloys between 4 and 20% 
iron, Schramm prevented the usual expansion and excessive porosity and produced 
alloys suitable for microscopic examination. Alloys containing from 20-100% iron 
were prepared by annealing highly compressed powder mixtures of iron with a zinc- 
iron alloy containing 15% iron. The need of extremely high temperatures and 
consequent high pressures to prevent volatilization of zinc was thus avoided. Dense 
alloys appear to have been produced. Thermal arrests, micrographic, X-ray and 
magnetic methods were used to investigate the diagram. 

The solidus boimdaries of the phases r (PesZnio) and a (PeZn,) were determined 
for the first time by Schramm. The boundaries 7 (7 + F), 7 (7 -f liquid) and « (« + 
r) were determined by microscopic analysis, the last boundary being checked by 
X-ray studies. 

Table I 

Phases of the Zinc-Iron System 


Phase 

Older 

Schramm Designation 

Approximate 
Limits of 
Composition, 
% Iron 

Crystal Structure 

Description 


ij(eta) 

Zinc 

0-<0.0028 

Close packed hexag¬ 
onal 

Zinc with minute amount of iron 
in solid solution 

nzeta) 

New 

6 ± 0.25 

Pattern similar to 
delta 

Formed by peritectic 
530*C. 

reaction 

at 

S(delto) 

FeZn? 

7-11 

Hexagonal 

Formed by peritectic 
672‘’C. 

reaction 

at 

r(Oamma) 

FesZnio 

20-27 

Cubic, 52 atoms to 
unit cell 

Formed by peritectic 
782'’C. 

reaction 

at 

7 (gamma) 

7 

65-100 

Face-centered cubic 

Solid solution of zinc 

In Iron 


a (alpha) 

a 

80-100 

Body-centered cubic 

Solid solution of zinc 

in iron 



The boundaries of an (a -f 7 ) field have been drawn from meager data. This 
region needs further study, especially in view of the evidence of Jones** and of 
Svechnikov and Gridnev that the temperature of the (a — 7 ) transformation Is raised 
by the addition of zinc. The latter claim that no gamma is present in alloys over 
17% zinc. 

The peritectic temperatures of Schramm, 780 and 668 ®C. agree with the values 
of Truesdale, Wilcox and Rodda. A eutectoidal decomposition of 7 into (o -f r) at 
623®C. was demonstrated as indicated by earlier workers. This agrees with the 
temperature found by Ogawa and Murakami^* but is about 20®O. lower than the 
value of Raydt and Tammann.* 

The temperature of the magnetic transformation was determined by Raydt and 
Tammann,* Ogawa and Murakami," Pallet,** and by Schramm.” It is to be noted 
that this is not the tempera^iure of the (a — 7 ) transformation except in the region 
between the eutectoid ( 7 ) composition and F (PCaZn^o). All agree that the addition 
of zinc in solid solution lowers the temperature of the magnetic transfoimation in 
iron. 

The new zeta phase described by Schramm (Pig. 2) has a narrow compositional 
range near 6 % iron and is formed by peritectic reaction at 530®O. between 8 (PeZn,) 
and melt. The reaction involves a much larger proportion of solid than liquid, is 
sluggish and may often be almost completely suppressed. The X-ray work has 
not been reported in detail but the pattern is said to be similar to delta. The 
formation of this phase may be associated with the high rate of attack of iron 
by molten zinc observed by Grubitsch” and others” in the neighborhood of 500®O. 

The crystal structures of the phases have been investigated by a number of 
workers.”* ”* ”• ”»"• •* *• The generally accepted structures are given in Table I. 

In conclusion it may be stated that the phases present in the system appear 
to be well established, except that the newly described zeta phase should be con¬ 
firmed. The nature of the (a — 7 ) transformation and the related eutectoidal de¬ 
composition need further investigation. The suggestion of Bablik,” discussed by 
Jones” that the appearance or disappearance of some phases may be a function 
of the pressure dui^ formation, deserves consideration. It is, moreover, obvious 
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that the extension of the liquidus above about 900°C. is possible only at pressures 
greater than atmospheric, since otherwise zinc would vaporize. When dealing with 
alloys above this temperature, it must be kept in mind that the diagram as given 
represents higher than normal pressures. 
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Constitution of Zinc-Lead Alloys 

E/A« Anderson* and J. Li Roddat 


The equilibrium relations in the zinc-lead system have recently been Investigated 
in detail and the diagram obtained is given in Fig. 1. The system is a simple 
eutectic type. Tlie relations in the liquid state are complicated by the presence of 
two liquid phases over a large range of 
concentration at temperatures ranging 
from the melting points of the pure metals 
to those approaching the boiling point of 
zinc. 

Earlier investigations of this system 
were carried out by Matthiessen and von 
Bose,' Spring and Romanoff,' Wright and 
Thompson,* Amemann,* Heycock and Ne¬ 
ville,* Guertler,* Kremann and Elnabl,' and 
Peirce* 

Hodge and Heyer,* in a recent investi¬ 
gation of the lead-rich regions, place the 
eutectic concentration at 99.5% lead and 
the eutectic temperature at SIS^'C. Their 
evidence, based on slowly cooled, but not 
annealed specimens indicates that the solid 
solubility of zinc in lead at the eutectic 
temperature is 0.05%. A microscopic study 
of zinc-rich alloys in this laboratory'' in¬ 
dicates that the solid solubility of lead in 
zinc is definitely less than 0.0019% and 
possibly below 0.0002%. That a definite, 

though slight, solubility does exist is evi- l--Zinc-lead constitution dlagiam 

denced by a growth of the lead particles on annealing. 



Hass and Jellinek'* determined the mutual liquid solubility of zinc and lead 
between 400 and 750*C. by a method in which samples of the liquid were obtained 
at desired temperatures. The results obtained are in agreement with the results 
obtained by Waring, Anderson, Springer, and Wilcox” at temperatures near the 
melting point but disagree at higher temperatures. 


Waring and associates” investigated the zinc-lead system in detail with special 
reference to liquid solubility. The temperature horizontals for the zinc monotectic 
and the lead eutectic were placed at 417.8 and 318.2'*C., respectively. The liquid 
solubility curve was established by four different methods and the solubility was 
found to be higher and the temperature of complete miscibility (790*'C.) lower 
than that reported by any previous Investigator. On the basis of rather scanty 
vapor pressure data, Jellinek and Wannow'* have recently questioned these results. 
The chances of error in the, vapor pressure data and in the diagram constructed 
from these data are considered greater than in the four direct methods of Waring 
and associates. Waring and Springer'* have extrapolated the latter data, plotted as 

^ against log of the mol fraction of lead in the liquid phase,'* to the monotectic 
temperature, fixing the concentration of the monotectic at 0.9% lead. The new 
method of plotting the data alters slightly the interpolated values originally pub¬ 
lished. The new values are given below for selected temperatures. 


Temper¬ 
ature. *C. 

% Pb 
in Zn 

% Zn 
in Pb 

Temper¬ 
ature, *0. 

% Pb 
in Zn 

% Zn 

In Pb 

417J 

0.0 

2.0 

650 

■■■■■niillliHii 

8 

460 

1.3 

2.3 

700 

18 

12 

600 

8.2 

3 

750 

24 

19 

560 

3.8 

4 

775 

32 

26 

600 

8.6 

6 

790 

Oomplete miscibility 




*Chlef and tinvestigator. Metal Section. Research Division, The New Jersey Zinc Co., Palm- 
ertoD, Pa. 
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Constitution of Zinc-Magnesium Alloys 

A. Anderson* and J. L. Roddat 

The diagram in Fig. 1 of the zinc-magnesium system represents a combination 
of the data of Hume-Rothery and Rounsefell,*^ Chadwick/* and Schmid and 
Seliger* 

An intermetallic compound, MgZn, (melting point 500*’C.) is formed by primary 
separation ftom the molten alloys containing 3-46% magnesium. Two additional 
compounds, MgZn and MgZng (li^sZn„ according to Laves and St. Werner**), are 
formed through peritectic reactions of MgZn, with the melt at 354 and 380.5°C., 
respectively. Solid solution in the compoimds MgZn^ and MgZn, as claimed by 
Chadwick” has been denied by Hume-Rothery and Rounsefell.*® Botschwar and 
Welltschko** confirm Chadwick’s claim. 

A new temperature 
horizontal at about 26S*’C. 
was found by Grube and 
Burkhardt,** using electrical 
resistance measurements. O. 

Edmunds” concludes, after 
a careful examination of 
these data, that the dia¬ 
gram between 20-100% 
magnesium is more com¬ 
plicated than has hereto¬ 
fore been indicated and 
that a eutectoid inversion 
probably occurs in most of 
these alloys at about 265*^0. 

Microstructural examina¬ 
tions of alloys in this re¬ 
gion have confirmed this 
discovery, but no extensive 
investigation has been 
made which would defi¬ 
nitely establish this por¬ 
tion of the diagram. 

Schmid and Seliger,* using X-ray measurements of lattice constants, have 
determined the following values for the solid solubility of zinc in magnesium. 


Temperftture, . 340* 300 250 200 150 

% zinc . 8.4 8.0 3.3 2.0 1.7 


•Eutectic temperature. 



Fig. l~Zlnc>magneslum constitution diagram. 


Hansen,” in his review of the system, considers these determinations to be the most 
reliable. 

Evidence of a limited solid solubility (approximately 0.1% at 360®C.) of mag¬ 
nesium in zinc has been found by Chadwick” and Hume-Rothery and Rounsefell.” 
Unpublished data from the authors’ laboratory indicate that this falls off to less 
than 0.002% at room temperature. 

Prlauf** and Tarschlsch** have investigated the crystal structure of the com¬ 
pound MgZn, and found it to be hexagonal Frl^uf’s parameter values are as follows: 
a =r 6.15A. c = a.48A, c/a = 1.64. 

The compounds MgZn# and MgZn are both considered by ’Tarschlsch** to be 
hexagonal, McKeehan** concludes, after an analysis of Tarschisch’s work that these 
structures require more experimental verification before they can be regarded as 
established. 

Edmunds and Fuller” have determined the structure of lMlgZn« as a body- 
centered cube, with 52 atoms In the unit ceil. In which a = 9.44 A. Laves and 8t. 
Werner consider the compound to be MgaZni, with a simple cubic lattice containing 
38 or 39 atoms and a cell dimension of a = 8.29 A. 


^Chlef and tlnvestlgator, Metal Section, Reeearch Division, The New Jersey Zinc Co., Palm- 
erton. Pa. 
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The Zinc-Rich Portion of the Zinc-Manganese 
Constitution Diagram 

E. A. Anderson* and J. L. Boddat 

The zinc-manganese system has been studied up to about 40% manganese. The 
data are in such marked disagreement, however, that this summary will be limited 
to alloys of not over 2% manganese. Those interested in higher manganese contents 
are referred to the comprehensive review of 
Hansen.* 

The zinc end of the diagram shows a limited 
solid solubility of manganese in zinc and a slight 
depression of the meltij^ point to form a eutectic. 

The solid solubility at the eutectic temperature has 
been varioushr placed between 0.5 and 1% manga¬ 
nese** *• ** •' * and the eutectic concentration between 
0.6 and 2.0% manganese. *«*•»•* The respective 
values of 0.5 and 1% manganese seem most proba¬ 
ble. The solid solubility has been shown to decrease 
with temperature to a value near 0.1% at room tem¬ 
perature.* 

The diagram shown in Pig. 1 is taken from 
Peirce’s investigation.* 
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Pig. 1—The Zinc-rich portion of 
the zinc-manganese constitution 
diagram. 
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The High Zinc Portion of the Zinc-Nickel 
Constitution Diagram 

E. A. Anderson* and J. L. Roddat 

Most of the experimental work done on the zinc-nickel system has dealt pri¬ 
marily with the determination of the limits of the several intermediate phases. 
Only a few investigators have concerned themselves with the zinc-rich solid solution. 

The early work on the nickel-zinc system was thoroughly reviewed by Tafel* 
in 1908. Chiefly on the basis of thermal analysis, with some microscopical data, he 
concluded that a eutectic horizontal exists at 418.5 ”C., the eutectic concentration 
being about 0.25% nickel. 

Two investigations of the solid solubility boundary for the zinc-rich end of the 
system have been carried out. In the second of these investigations, the location 
of the eutectic horizontal at 418.5‘*C. was conflrmed. 

In 1922, Peirce^ concluded that the eutectic point must lie between 0.12 and 
0.25% nickel. He noted at the time a structural association of the nickel-zinc 
eutectic with the lead-zinc monotectic which may have some bearing on this portion 
of the zinc-nickel system. From microscopical studies and electrical resistivity meas¬ 
urements, Peirce concluded that the solid solubility at room temperature is less 
than 0.034% nickel and that the solubility increases with increasing temperature to 
a value of not over 0.1% nickel. 

In 1933, Heike, Schramm, and Vaupel* con¬ 
ducted an investigation on vacuum-melted alloys 
very carefully homogenized and brought to equili¬ 
brium. On a basis of microscopical examination, 
these workers placed the eutectic at 0.25% nickel. 

They found the solid solubility of nickel in zinc 
to be 0.05%, independent of the temperature. The 
X-ray methods employed by Caglioti* were unable 
to detect any solubility of nickel in the zinc 
lattice. 

Pig. 1 and 2 show the zinc-rich portion of 
the zinc-nickel system according to Peirce and 
according to Heike, Schramm, and Vaupel. 

While the main essentials of this portion of 
the diagram seem to be clearly defined, there 
seems to be necessity for further work, preferably 
with purer materials, if the exact locations of 
the eutectic and of the solid solubility boundary 
are to be determined. 
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Fig. 1—Solid solubility of nickel in 
zinc according to Peirce. 

Fig. 2—Solid solubility of nickel In 
zinc according to Heike, Schramm 
and Vaupel. 


FIgr. 1 Fig-.2 
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The Constitution of the Silver>Zinc Alloys 

4 

By E. A. Anderson* and J. L. Roddal 


The diagram shown In Pig, 1 is essentially that given in Hansen's comprehensive 
review/* but has been modified slightly to fit more recent data. Hansen's diagram 
is based on the following principal sources of data: 

Hey cock and Nevllle>: Uquldus 

O. J. Petrenko*, tfeno*: Llquidus, solidus, temperatures of perltectic reactions 
{a + melt ^ 7 + melt ^ e, £ + melt ^ 77 ), )S transformation. 

Carpenter and Whiteley*: Solubility boundaries, temperatures of perltectic reactions 
(a + melt /5, 7 + melt c. c -f melt ^ 77 ). 

Q. J. Petrenko and B. O. Petrenko^: Temperature and extent of the perltectic 
reaction, + melt 7 . A somewhat questionable transformation at 228°C. 

In the (f + 7 ) field. 




More recently Hume- 
Rothery, Mabbott and 
Evans** have determined 
the alpha solidus by 
quenching experiments and 
these data have been used 800 
in Pig. 1. The X-ray de- 
terminatlons of phase 
boundaries by Owen and 
Edmunds** have been indi¬ 
cated In the figure but it is 
to be doubted whether they 
attained equilibrium, in 
view of the short annealing 
times employed. 

The resemblance of the 
silver-zinc system to that 
of copper-zinc has been 
frequently noted. X-ray 
structural studies of the 
beta silver-zinc alloys have 
been an aid in interpreting 
the beta copper-zinc struc¬ 
tures. The transformation 
in beta silver-zinc alloys 
has recently been clarified 
by Straumanis and Weerts* 
and by Weerts.** 
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Pig. 1—Silver-zinc constitution diagram 

Above the transformation temperature, the phase is body-centered 
cubic with a random distribution of silver and zinc atoms. Quenched specimens jS' 
show the same structure with an ordered arrangement of atoms. This & phase is, 
however, in a metastable condition. The stable phase is zeta (.0 which Westgren* 
has found to be hexagonal. Zeta is formed by slow cooling through the transforma¬ 
tion temperature or by the anifftiling or drastic cold working of /3' below this 
temperature.** 

Several investigators have claimed a high solid solubility of silver in zinc. 
Owen and Edmunds'** value at 408°C. is 9.0% silver. Prom a study of microscopic 
specimens, Wilcox and Rodda** believe the solubility to be less than 5% silver at 
400*0. and approximately 3% silver at 30Q*O. 

Smith** has investigated the mechanism of the segregation of alpha from beta 
along the sloping (a + /5) —p boundary. Weerts** investigated the similar separa¬ 
tion of gamma from beta and the transformation of beta into zeta. In aU cases, 
the new phase was foimd to bear an orientation relationship to the parent crystal. 

Wckgren and Phragm6n* as well as others*- **- ** have investigated the crystal 
structures of the various phases. The phase structures are tabulated below: 


•Chief and tinyeitigator. Metal Section, Research Division, The New Jersey Zinc Co., Palm- 
ortoo. Pa. 
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Phase structure 

Atoms Per 
Unit Cell 


a Face-centered cubic .. 

fi Body-centered cubic .... 

. 2 


^ Hexagonal . 

7 Cubic .. 

e Close-packed hexagonal . 

e Close-packed hexagonal . 




The approximate axial ratios of the epsilon and eta phases are 1^6 and 1.8, respec¬ 
tively, varying slightly with composition. According to Weerts,” 0367 is the axial 
ratio of the zeta phase. 
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Constitution of Zinc-Tin Alloys 

£• A. Andenon* and J. L. Roddat 

The zinc-tin system of the eutectic tsrpe with no evidence of solid solubility 
on the zinc side and nonconcordant indications of some solubility on the tin side. 

The present diagram is substantial^ as found by earlier workers.*'*•••*• • The 
liquldus values determined by cooling curves are in substantial agreement. Before 
final acceptance, however, they should be checked by an alternative method. The 
eutectic temperature and concentration lie between 198-199®C. and 7.5-9A% tin, 
respectively. After an inspection of the data, Hansen'* chose the values 199^0. and 
9% tin as the most probable. 

Saldau“ placed the solid solubility of zinc in tin between 0.5 and 1.5% at 185*C. 
These results are to be questioned in view of his observation of two polymorphic 
changes in the zinc used in the investigation. This is quite contrary to the findings 
of present day metallurgists and would indicate that the zinc used by Saldau was 
of an impure grade. More recently Blondel and Laffltte'* have claimed a solid 
solubility of 2.5% zinc. 



Fig. l^Zinc-tin constitution diagiam. 

Peirce* placed the solid solubility of tin in zinc below 0.05%. Tammann and 
Rocha** claim the limit to lie between 0.05 and 0.1% tin. Definite effects of tin on 
the hot shortness of zinp have been observed in this laboratory at substantially less 
than 0.05% Un. If any solid solubility exists it must be less than 0.05% tin. 
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Zn 3101 


Physical Constants of Zinc 

By E. A. Anderson* and J. H. Cralrf* 

Introduction—Zinc of 99.99+% purity has been produced commercially for sev¬ 
eral years. The principal impurities are lead, cadmium, and iron. **Spectrographlcally 
pure’* zinc has been produced in laboratory quantities by the vacuum distillation of 
high grade zinc and has been used for the determination of some physical constants. 

Atomic Weight—Zinc has the atomic number 30. According to the 1939 Inter¬ 
national Table of Atomic Weights, the atomic weight of zinc is 65.38. P. W. Aston* 
reports that the isotopes of zinc are as follows, listed in the order of decreasing 
abimdance: 64, 66. 68, 67, 65, 70, and 69. The existence of isotopes 65 and 69 is 
doubted, however, by K. T. Bainbridge.* 

Crystal Structure—Zinc has the hexagonal close-packed atomic arrangement 
and has the symmetry of space group * The unit cell dimensions of the crystal 
lattice are ao = 2.6600 ± 0.0002A, Co = 4.9379 ± 0.0005A and c/a = 1A563 at 27®C. accord¬ 
ing to M. L. Puller who worked with filings of 99.99+% pure zinc. Jette and Foote, 
working with spectrographically pure zinc, report ao = 2.6597A, Co = 4.9367A and 
c/a = 1.8561 at 25*0. 

If the atomic domain of the zinc atom is considered as a prolate spheroid, it 
would have an equatorial radius of 1.3300A and an axial radius of 1A117A at 27*C. 
The density calculated from the crystal structure data is 7.126 g. per cc. at 27*0. 

Zinc exhibits no allotropy. Four papers which have appeared in the last decade 
have shown that only one crystal form exists from room temperature to the melting 
point. Peirce, Anderson and Van Dyck,* Freeman, Sillers and Brandt,* and Simon 
and Vohsen^ used the X-ray diffraction method and Anastasiadis and Guertler* used 
the method of thermal analysis. 

Specific Gravity—Chemical composition and physical state affect the specific 
gravity of zinc. Topical data from various investigators follow: 


Type and Purity of Zinc 

Temperature, ®C. 

D (g./CC.) 

Molten, 99.94% pure. 

419.4 

6.92 

(3) 

Cast, 99.993% pure. 

25 

7.131 

(6) 

Rolled, 99.993% pure. 

25 

7.142 

(3) 

Swaged, S.P. wire, 0.07 in. dla. 

25 

7.133 

(10) 


The best values for general use seem to be 7.13 for cast zinc and 7.14 for rolled 
zinc. 

Compressibility of Single Crystals—The determination of compressibility of zinc 
single crystals by P. W. Bridgman** yielded the following values at 30*0.: 


90* Orientation 1.67 X 10-»p - 0.75 X 

0® Orientation 13.50 x 10 -^ - 7.68 x 

—Av 

Volume Compression = 16.64 x 10-’,, - 9.62 x 10-”p* 

where p is In kg. per sq. cm. 


Coefficient of Thermal Expansion—The thermal expansions of single cr 3 rstals of 
zinc of high purity have been reported by several investigators. The determinations 
were made at various angles to the principal axis as shown in the following tabu¬ 
lation: 


Grade of Zinc 

Form 

Orientation 

Temperature, *C. 

Coei&etent 

- X io» 

Spectro¬ 

Rod, 

44® to the 

0-60 

4.00 

(12) 

graphically 

2.5 

principal 

0-100 

4.04 


pure 

mm. 

axis 

0-150 

4.23 



In 


0-200 

4.40 



dla. 


0-250 

4.50 





0-300 

4.80 




(Continued/ 





*Ghtof Investigator, tlsTestigator, Ifetal Seotton, Eaaaarch Dlv., Tha New Jm&f Ziao Co.. 
Palmerton, Pa. 
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B^ahlbaum'a 

Rod, 

Parallel to 

0-50 

5.40 

(12) 

Best 

2.5 

the principal 

0-100 

5.70 

(0.014% Pb, 
0.013% Od) 

mm. 

axis 

0-150 

5.74 


in 


0-200 

5.80 


dia. 


0-250 

5.81 



4 


0-300 

5.73 


Kahlbaum’s 

Rod, 

Parallel to 

18 

5.74 

(13) 

Best 

2.5 

mm. to 

hexagonal axis 





2.2 

Perpendicular 

18 

1.26 



cm. In 

to hexagonal 





dia. 

axis 





On polycrystalline cast rods, 30 cm. x 0.714 cm., of 99.993% pure zinc, the Bureau 
of Standards”* gives the following values: 

Temperature, *C. 

Coefficient 

20-100 

3.95 X 10-» 

20-150 

3.96 X 10-» 

20-200 

3.97 X KH 

20-250 

3.97 X KM 

The International Critical Tables give the following data on the thermal expan- 

Sion of zinc: 


Temperature, *C. 

Coefficient 

-170-00 

29.6 X 10-« 

0-300 

35.4 X KM 


Other values found in the literature, as sununarized by Burkhardt," range from 
17.1 X lO** to 36.4 X 10^. The Wide variation of these results was probably caused, In 
part, by differences In orientation. 

The following data on hot rolled zinc (99.94% pure) were obtained’ in the range 
of 20-40*C.: 


Direction of Test Linear Coefficient of Expansion 

* With Grain. 0.0000325 per *0. (0.000018 per ’P.) 

Across Grain ... 0.000023 per ”0. (0.000013 per ^F.) 


The coefficient of cubical expansion is given in the Smithsonian Physical Tables 
as 89.25 x 10-^ per ®C. between 0® and 100®C. 

For other values on thermal expansion, see the work of Owen and Iball,'* Owen 
and Tates,^ QrUneisen and Qoens,” and McLennan and Monkman.'* 

Melting Point^The melting point of 99.94% pure zinc has been determined* as 
419.4®C., while Roeser and WenseP* give a temperature of 419.48°C. for metal 99.993% 
pure. On spectrographically pure zinc, a melting point of 419.45®C. has been obtained 
by the authors and 419.47°C. at the Bureau of Standards.^’ 

Specific Heat—^Determinations of specific heat by various investigators are shown 
in the following table: 


,—Eastman. Williams — -.'\wbery and- 

— —WUst** - and Young^^ Griffiths- , ■ Umlno-»- 

Specific Specific Specific Specific 

Temp., *0. Heat Temp., ®C. Heat Temp.. ®C. Heat Temp., *0. Heat 


0 

0.0875 

100 

0.095 

100-200 

0.099 

50 

100 

0.0940 

0.0946 

100 

0.0965 

200 

0.100 

200-300 

0.105 

200 

300 

0.0961 

0.0981 

200 

0.1052 

300 

0.104 

300-400 

0.118 

400 

500 

0.1002 

0.1522 

300 

0.1139 

400 

0.109 

420-500 

0.092 

600 

700 

0.1473 

0.1444 

400 

0.1220 





800 

0.1423 
















PHYSICAL CONSTANTS OP ZINC 


1759 


Umlno gave the purity of his zinc as 99^48%. No mention of purity was made by 
the other investigators. 

For other data on specific heat at various temperatures, see Behrens and 
Drucker»** Keesom and van den Ende and Clusius and Karteck.^ 

Latent Heats of Fusion, Vaporization, Sublimation—In a critical review of the 
literature, C. Q. Maier” gives the following equations for the latent heats of fusion, 
vaporization, and sublimation: 

Heat of Fusion 

A Ht = 685 + 1.80T— 0.745 X 10-»T» 

Heat of Vaporization 

A Ht = 31087 — 2.09T — 0 575 X 10-»Ta 
Heat of Sublimation 

A Ht = 31772 — 0 29T — 1 32 X 10 
Where A Ht = cal. per g. atom and T = absolute temperature. 

The values derived from the foregoing equations are the most reliable obtainable. 
The latent heat of fusion thus obtained is 24.09 cal. per g. at 419.45‘'C. The latent 
heat of vaporization is 425 6 cal. per g at 905.4®C. 

Bolling Point and Vapor Pressure- The following values for the boiling point of 
zinc have been reported: C. G. Maier=^ 905 zt 2®C. and Bauer and Brunner" 907*C. 

C. G. Maler" of the United States Bureau of Mines has given the following for¬ 
mula for the vapor pressure of zinc: 

6670 

Log P = 12 0013 — 1.1265 log T 

where P = pressure In mm. of mercury and T = absolute temperature. 

Thermal Conductivity— Bidwell and Lewis" working with a single crystal of 
99.993% pure zinc, report the following values: 


Temperature, *0. 


Thermal Conductivity 
Cal. Per Sec. 

Per Sq cm. Per 
cm. Per ®C. 


-200 

0.36 

-150 

0.34 

-100 

0 33 

- 60 

0 32 

0 

0 30 

50 

0 29 

100 

0 28 


The orientation of the single crystal with respect to the direction of mea«:ure- 
ment was not stated. 

Goens and GrUnelsen*' determined the thermal conductivity of a single crystal 
of zinc (purity not mentioned) both parallel to and perpendicular to the hexagonal 
axis. Their results follow: 


Temperature, *C. 


ParallA] to 
Hexagonal Axl.s 


-Thermal Concluciivuv- 


Perpendlcular to 
Hexagonal Avis 


-252 1.69 1.86 

-190 0 316 6.328 

20 0 296 0.296 


Bidwell and Lewis" and Bailey” worked with polycrystalline zinc. The first men¬ 
tioned Investlgalois u.sed rods of 99.993®r pure zinc, cast In vacuo and also in air. 
Bailey used rods. 0 585 cm in dia.. 7-8 cm. long, turned from larger rods, of pure 
redistilled zinc. Their results follow: 


Temperature, 

•o. 

-.oiuwcii ttiiu ijrwis- 

-Thermal Conductlvitv-- 

Cast In Vacuo Cast In Air 

-joaiiey .. ... 

Temperature, Thermal 

®C. Conductivity 

-200 

0.33 

0.31 

136 

0.265 

-150 

0 31 

0.29 

163 

0.257 

-100 

0 29 

0 28 

176 

0.257 

- 50 

0 28 

0.27 

206 

0.249 

0 

0.27 

0 28 

279 

0.244 

50 

0.26 

0.25 

282 

0.241 

100 

0.26 

0.24 

313 

0.227 

150 

0.25 


367 

0.228 
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The effect of magnetic fields on the thermal conductivity of zinc was investigated 
by H. M. Brown.** He found that a longitudinal field of 10,000 gauss produced no 
change in the thermal conductivity of zinc at 0*C. which was reported as 0.280 cal. 
per sq. cm. per cm. per second per "C. 

Heat of Combustion>-C. G. Maier** reviewed the status of investigations on the 
heat of formation of zinc oxide and reported new experimental work that indicated 
definitive values. For dry oxide and wet oxide the values were AHm = —83156 and 
—83200, respectively. The free energy of formation of the oxide from cell measure¬ 
ments was shown to be = —75930 and the value calculated from entropies 

was —75979. The agreement was thought to be well within the estimated probable 
error of the calorimetric work on zinc oxide (about 50 calories). 

Optical Properties—The reflection of light rays from zinc is, of course, a function 
of the condition of the surface of the specimen. Provostaye and Desains** state that 
68% of normally incident white light is reflected by zinc. Drude** found that 77% of 
red light is reflected. In neither case is the condition of the surface specified. 

The Smithsonian Physical Tables state that the total radiation from an oxidized 
zinc surface is 0.110 as compared with a black body at 1.00. 

Burkhardt'* quotes the following data from Coblentz** on the relationship of 
reflection and wave length: 


Wave length in microns... 188 200 251 305 357 

Reflection in %. 17 22 39 48 51 


Coblentz’’ also found that the reflectivity of a polished zinc surface goes through 
a minimum at 1 micron, rising immediately and reaching a peak value beyond 2 
microns. 

Electrical Properties—A number of investigators have reported data on the 
electrical resistivity of zinc single crystals. The following table gives some charac¬ 
teristic data. 


,-Electrical Resistivity- 

(Ohms per cm.*) 

Type of Zinc Temperature, Parallel to Perpendicular to 

Investigator Used *0. Hexagonal Axis Hexagonal Axis 


Tyndall and Hoyem** 

8.P. 

20 

6.16 

X 

10-® 

5.83 

X 

10-* 

Tyndall and Hoyem** 

Kahlbaum’s 

Best 

Kahlbaum's 

Best 

20 

6.20 

X 

10~e 

6.86 

X 

10-* 

Bridgman** 

20 

6.06 

X 

10“* 

5.83 

X 

io-« 

Way^ 

99.994- 

20 

6.170 

X 

10-« 

5.842 

X 

io-« 

Poppy** 

99.99+ 

20 

6.161 

X 

10-* 

5.842 

X 

10-« 


The Bureau of Standards,” working with polycrystalline spectrographlcally pure 
zinc wire swaged to 0.07 in. dia., obtained a value of 5.916 x 10^ ohms per cm.* 
at 20^0. 

The temperature coefficient of resistivity of a single crystal of spectrographlcally 
pure zinc was determined by Hoyem** as 4.058 x 10~*. This is an average value for a 
temperature range of —170'’O.-25*C. and includes measurements made at angles 
from 1^-86A* to the hexagonal axis. Spectrographlcally pure zinc wire, swaged to 0.07 
in. dia. and drawn to 0.0089 in., was found by the Bureau of Standards” to have a 
temperature eoefQcient of resistivity of 4.19 x 10^ in the range 0*-100*0. 

The electrical conductivity of rolled zinc varies with the composition and rolling 
treatment. Determinations made at 20*0. by The New Jersey Zinc Oo.* on specimens 
cut parallel to the rolling direction are given below: 


Tjrpe of Zinc 

Treatment 



Mhos X 10* 

Relative 
(On 100) 


99.94% pure 

Hot rolled 

19.59 

28.44 


99.94% pure 

Cold rolled 

19.40 

28.27 


1.1% Pb, 0.05% Cd 

Hot rolled 

19.24 

28.17 


1.1% Pb, 0.05% Od 

Cold rolled 

19.28 

28.09 



Eleetroehemlcal Equivalent—The 1933 Smithsonian Tables give the electrochem* 
leal equivalent as 1^21950 g. per ampere hour. 
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Electrolytic Solution Potential—The single electrode potential of zinc in a solu¬ 
tion of normal metal ion concentration is given as—0.7581 by Lewis and Randall** 
and as —0.76 by Blum and Hogaboom.*' These values are based on the normal 
hydrogen electrode as zero and are calculated from measurements made on dilute 
solutions in which the metal Ion concentrations are measured. 

Thermoelectromotive Force—The Bureau of Standards” have determined the 
thermal emf. of spectroscopically pure zinc against pure No. 27 platinum wire. The 
spectroscopically pure zinc was swaged to 0.07 in. dia. and then cold drawn to 0.0365 
in. The cold Junction was at O^C. and the emf. given below is that developed at the 
temperature of the hot Junction. 


Temperature, *C. 

Emf. (Millivolts) 

Temperature, ®C. 

Emf. (MUUvolts) 

0 

0.000 

250 

2.610 

00 

0.331 

300 

3.417 

100 

0.758 

350 

4.310 

190 

1.278 

400 

5.290 

200 

1.894 

415 

6.604 


Magnetic Susceptibility—McLennan. Ruedy. and Cohen” give the following data 
on the magnetic susceptibility of zinc single crystals: Parallel to hexagonal axis = 
—1.90 X 10“^ perpen^cular to hexagonal axis = —1.45 x 10*^ 

Work in the authors' laboratory* on polycrystalline specimens, 9ZM% pure, shows 
that in the as cast condition the magnetic susceptibility is about —8.36 x 10~* while 
annealing at 375*C. for 20 hr. raises this value to about —12 x KH. 

Supra Conductivity—The resistance of zinc vanishes at 0.79* absolute, according 
to the work of W. G. Keesom” as summarized in Chemical Abstracts. The zinc used 
was high purity metal obtained from the Bureau of Standards. While not stated in 
the Abstract, it is probable that the zinc was of 99.993% purity and was tested in the 
cast form. 

Transmission of Sound-The velocity of sound in zinc has been determined by 
Masson” as 3.700 meters per sec. (16.140 ft. per sec.). The velocity of sound in air is 
332 meters per sec. While no specific statement is made, the above data probably 
refer to cast zinc at room temperature. 

Surface Tension—The Bureau of Standards” have tabulated the following values 
from various sources: 


Temperature. *C. 

Capillary 

Constant* 

A* — mm.* 

Surface 

Tension 

Dynes per cm. 

Sources 

460 


765^ 

Bogness 

477 

88.6 

753 

Hogness 

500 


761*» 

Hogness 

648 

23.6 

747 

Hogness 

690 

24.54 

707.5* 

Smith 

000 

24.99 

787« 

Bircumshaw 

700 

24.63 

763 

Bircumshaw 


= radius of capillary tube x height. 

K3alculated by means of equation r = 758 o.osu it>4i9) 
«Mean value 580>630”0. 

^Zinc used contained 0.036 Od. 0.008 Fe, 0.006 Pb. trace Cu. 
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Properties of Wrought Zinc and Zinc Alloys 

By E. H. Kelton* 

General—Wrought zinc and zinc alloys may be obtained in the form of rolled 
strip and sheet and drawn rod and wire. Wrought zinc has desirable corrosion 
resistant properties for many types of service, and as corrosion products that may 
form are colorless, they do not stain other materials. Wrought zinc has chemical 
characteristics particularly adapted to certain uses such as dry batteries and offers 
combinations of desirable physical and mechanical properties at relatively low cost. 
Practically all commercial wrought zinc contains small amoimts of natural im¬ 
purities, mainly lead, iron, and cadmium (see the article on “Zinc Industry", 
Table 1), while the present commercial alloys usually contain additions of copper 
up to about 17o and sometimes smaller amounts of other elements. 

Rolled Zinc—By far the commonest forms of wrought zinc are rolled strip and 
sheet. Rolled zinc may be fabricated by drawing, forming, stamping, bending, or 
spinning. Practically all of the companies which market rolled zinc produce a 
grade which approaches “Intermediate” in analysis and one or more others of 
higher or lower purity. The classifications used in Table I are arbitrary. The 
analyses shown are typical ones covering the range and do not necessarily Include 
every variation found among the grades produced by the various companies. Each 
grade listed is representative of one of what may be termed the standard types pro¬ 
duced by practically all zinc rollers. In addition, many producers market special 
grades which are intermediate to those listed and usually produced to meet a 
special class of business. 

Drawn Rod and Wire—Zinc and zinc alloy rod and wire are produced from rolled 
or extruded rods afterwards drawn to the desired sizes in much the same manner 
as brass. There is no wide use for zinc in this form at present but comparatively 
small quantities are produced for use in spray metal coating, and, in small sizes, 
for weaving into brake linings. 

Mechanical Properties—In the testing of zinc and zinc alloys, it is essential 
to control closely the testing temperature and speed. The values listed in Table II 
were obtained at tensile speeds of M in. per min. head speed on 2 in. gage lengths 
at a temperature of 70-80*P. 

The tensile strength values shown in Table II may be used in calculating the 
effect of intermittent loads. Due to the fact that creep is encountered in zinc at 
room temperature at loads well below the ultimate strength, entirely different data 
must be used in dealing with continuous loads. In general, the purer the zinc and 
the higher the service temperature, the lower the resistance to creep. Suppliers 
should be consulted for data applicable to particular problems where continuous 
loads are involved. For instance, 10,000 psi. is the figure usually used as the static 
strength of a zinc alloy used for roofing and rolled especially for highest static 
tensile strength. Designing on this basis rather than using a tensile strength of, 
say 35,000 psi., Insures against unsightly sagging of the sheets under static roofing 
loads. 

No true elastic limit can be determined by ordinary methods because of the 
creep phenomenon. The necessity for controlling tlie speed and temperature of 
testing is due to the same cause. 

Fabrication of Rolled Zinc and Zinc AUoys—All severe fabricating operations 
should be carried out at temperatures above TO^P. Warm soapy water (using a 
neutral soap to avoid staining) is the cheapest lubricant available and is as satis¬ 
factory as any. 

Rolled zinc and zinc alloys of the proper grades are readily drawn into a great 
variety of articles such as battery cups, eyelets, meter cases, vanity cases, flash¬ 
light reflectors, and fruit Jar caps. They are Just as readily rolled or press formed, 
stamped, or spun into a wide variety of items such as addressing machine plates, 
buckles, ferrules, cans, cases, ornaments, name plates, gaskets, weatherstripping, 
or lamps. 

Deep Drawing—In the deep drawing of rolled zinc and zinc alloys the following 
points should be observed: 

Hie reduction in diameter from blank to first cup should not exceed 40%. The 


*Re8earch Division, New Jersey Zlno Go., Palmerton, Pa. 
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reduction in diameter of succeeding cups should not exceed 20% unless holding 
sleeves on the draw punches, or their equivalents are used. 

In general, radical clearance between the punch and die on the first draw 
should equal the thickness of the stock. On succeeding draws the clearance should 
be cut down to pinch the metal slightly. 

The softer grades of rolled zinc are self annealing at the temperatures de¬ 
veloped during drawing, and hence no annealing is required between operations. 
The harder grades work harden somewhat and may require annealing if there are 
a large number of redrawing operations. Annealing at temperatures slightly above 
212®P. is usually sufficient. 

Table n 

Mechanical Properties of Wrought Zinc and Zinc Alloys 


with Grain* 


Composition, % 

Rolling 

Treatment 

Scleroscope 

Hardness 

Ultimate Tensile 
Strength, Psl 

EHongatiori 
in 2 In., 

Pb 

0.05 max. 1 





Pe 

0.010 max. 

All 

13-15 

16,000 19,000 

40-70 

Cd 

0.005 max. J 





Pb 

0.12 max. 1 

1 Hot 

14-15 

17,000-20.000 

40-70 

Pe 

0.012 max. 

Cold 

15-18 

18,000-23,000 

30^60 

Cd 

0.005 max. J 

I 




Pb 

0.15-1.0 

Hot 

15-17 

19,000-23,000 

30-60 

Pe 

0.020 max. 

Cold 

17-21 

20.000-26,000 

30-60 

Cd 

0.10-0.35 J 





Pb 

0-1.0 





Pe 

0.020 max. 

Hot 

15-22 

21.000-40.000 

20-60 

Cd 

0-0.35 

Cold 

18-30 

26,000-50,000 

20-60 

Cu 

0.65-1.25 

Annealed 

14-18 

18,000-30,000 

20-50 

Mg 

0-0.025 

250*0. 





'Across grain tensile values average roughly 20% higher than the with grain values in 
strip rolled metal. The elongations are correspondingly lower. 

The properties In Table n are the average limiting values to be secured by ordinary sheet or 
strip rolling methods. The wide ranges of values are secured by varying the analysis of the 
metal, the rolling treatments and, except In the case of the hardness, the direction of testing. 


Some of the rolled zinc alloys have very marked work hardening characteristics 
and require annealing at temperatures of 400-500®P. to carry out a series of redraw¬ 
ing operations successfully. For instance, a certain article may require a cupping 
operation followed by four redrawing operations. If the cupping operation involves 
a 42% take-in and the redraws 15-20% take-ins. the cups may start to split at 
the tops on the third redraw. It is usually more economical to anneal the second 
redraw cups than to redesign the tools to lighter take-ins and add another redraw¬ 
ing operation. In this annealing, it is only necessary to bring the cups to the 
required temperature, but it is customary to leave them in the furnace for several 
hours to insure that all of the cups reach the desired temperature. It may be 
necessary to exert some care to prevent extremely coarse recrystallization and con¬ 
sequent weakening of the sections of the cup which have not been severely worked. 
These details must be worked out separately for each article and each alloy, but 
coarse crystal growth can generally be prevented by utilizing the lowest practicable 
annealing temperature and spreading out the cups so that the shortest possible 
annealing time can be employed. 

Soldering—Rolled zinc and zinc alloys are easily soldered by conventional 
methods. The usual precautions regarding proper cleaning and fluxing should be 
observed. To prevent overheating and consequent loss of physical properties the 
soldering should be done as rapidly as possible. 

Machining—Observe the same principles for machining as set forth in the 
article on '*Zinc Die Castlngs*^ 

Plating, Painting* Lacquering and Enameling—In general, the same methods 
are used in the flni^hing of wrought zinc and zinc alloys as are used in Uniting 
zinc base die castings. See the article on **Zinc Die Castings’*. However, greater 
caution should be exercised in baked enameling not to exceed temperatures which 
will impair the mechanical properties. For this reason, air dried finishes are prefer¬ 
able. 

Marking—Zinc may be easily marked by the use of commercially prepared 
metal inks. Such markings are waterproof. 
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Polishing of Zinc and Its Alloys for 
Metallographic Examination 

By E. A. Anderson* and J. L. Boddat 

The preparation of adno for metallographic examination requires care, not only 
by reason of the relative softness of the pure metal but because slight distortion will 
readily cause the formation of mechanical twins. In fact, the presence or absence 
of twinning may frequently be used as a measure of the care used in preparing the 
mdrospecimen. The susceptibility to distortion or mechanical twinning naturally 
decreases as the hardness of the zinc is increased by alloying or refinement of grain 
size. 

Not infrequently instructions for preparing mlcrosections will be found in which 
it is directed to continue polishing until scratches from the preceding operation have 
been removed, although many metallurgists have recognized that this is not suffi¬ 
cient. Experiment has shown’ that during the normal polishing of cast zinc, distor¬ 
tion may occur to a depth of from 20-100 times as great as the deepest scratch. Since 
the time required to produce an ideal surface by polishing alone, particularly during 
the final stages, would be excessive, a saving can be made by etching away some 
of the metal between polishing steps. This method obviously cannot be used on speci¬ 
mens having relatively large areas of phases having different etching characteristics, 
since a strong relief once developed cannot be removed on a yielding cloth lap. 

Preparation of the surface can be divided into three stages; (1) Rough grinding, 
preferably on a belt sanding machine; (2) fine grinding by hand on abrasive papers, 
and (3) polishing on rotati^ cloth covered discs 

For grinding on the sander the following four grades of belts have been found 
satisfactory: ‘*No-lap*' No. 30, 60,120, and 240. Undue heating of the specimen must 
be avoided since commercial grades of imalloyed zinc recrystallize at temperatures 
easily attained at the surface during grinding. Preliminary surfacing on the sander 
must be carried far enough that distortion from a previous cutting or sawing oper- 
ation i s removed. At least ^ in. should be removed for this purpose. 

band polishing may be satisfactorily carried out with a series of three or four 
polishing papers such as '*Speed-wet’* No. 280, 320, and 400 or Behr-Mannlng No. 1, 
0, 00, and 000. The paper should be backed by a flat surface such as plate glass. 

For wet polishing, the use of specially graded abrasives is highly desirable. 
Methods of preparation and use have been described.' Briefly, the method consists 
of di^rsing the commercial abrasive (alumina) in water with a peptizing agent** 
in a ball mill, then transferring to a beaker. Portions of the supernatant suspension 
are drawn off at stated intervals so that particles in suspensions for the respective 
wheels have the following maximum settling rates: No. 1 wheel—1 in. in 20 sec.; 
No. 2 wheel—1 in. in 3 min.; No. 3 wheel—1 in. in 30 min.; and No. 4 wheel—1 in. in 
4 hr. The settling rates from one wheel to the next thus decrease in the approximate 
ratio of 9-1 while the particle diameter decreases in about the ratio 3-1. 

The first two polishing wheels may be covered with white duck. Either a good 
grade of broadcloth or billiard cloth is suitable for the last two wheels. Finishing 
on billiard cloth is preferable. The operator's hands and the specimen should be 
washed with soap and water between operations to avoid the introduction of coarser 
grit to any wheel. 

Using a solution containing 200 g. pure chromic anhydride (CrO„), 15 g. sodium 
sulphate (anhydrous), or 34 g. NatSOvlOHsO, 1000 cc. water, the following etching 
schedule has been foimd satisfactory for removing most of the metal distorted by 
polishing. As previously noted, this procedure cannot be used where large particles 
are present of another phase having different etching characteristics. 


Stch minutes after final hand polishing 
minutes after No. 1 wheel 
30 seconds after No. 3 wheel 
10 seconds after No. 8 wheel 


After polishing on the fourth wheel the specimen may be etched for microscopic 
examination. (The etching procedure is described in the following article.) 

*Chlef, and tXavestlgator, Metal Section, Research Div., The New Jersey Zinc Oo., Palmerton, Pa. 

**An agent called **Darvan’', used In the rubber trade, has been found better than the sodium 
silicate first used. Other satisfactory agents are doubtless available. 
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MonntiiiK Speoimetu)—A brief description of mounting metbods may be useful. 
Rolled metal is commonly polished on a wlth-graln edge section and may be con¬ 
veniently mounted in a screw clamp with thin spacers of soft dne between qteci- 
mens and heavy strips of zinc outside ttie assembly. The assonbly is ti^ditly damped 
to prevent seepage of etching reagents between specimens. The zinc spacers, whose 
structure is known, serve as a convenient standard of comparison to determine 
whether or not preparation of the specimens has been properly carried out 

Some of the synthetic resins such as Luclte or Bakellte are cmvenlent mounting 
media* for brittle or irregularly shaped specimens, particularly when micro«ninina- 
tion to the very edge is required. With these transparent media, die Shape of the 
specimen can be observed and surface features correlated with mlcrostrueture. Tfot 
many purposes the mounting temperature and time are such that no marlwd struc¬ 
tural changes occur. Convenient presses for the purpose are available on the 
maricet. 


References 

V. Ii. Rodds, Prepantton of Oraded Abrasires for MetaUographle POIliMng, Tram. AXILR, 
IMS, ▼. W, p. 149. 

Hfapubllihed data, The New Jersey Zinc Co., Palmerton, Pa. 

■Molded Plastle Hountlass for Zinc Mleroseetions, The iUloy Pot. 19ST, v. 5, No. S. 
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Etching of Zinc and Zinc Alloys for 
Metallographic Examination 

By £. A. Anderson* and J. L. Roddat 

The most useful etching reagent for zinc is a solution of pure chromic anhydride, 
CrO, (commonly called chromic acid) to which pure sodium sulphate has been added.' 
A pure chromic anhydride solution will not etch zinc. Sulphates and certain other 
ions appear to act as catalysts, permitting the zinc to be dissolved and the hexa- 
valent chromium reduced. Accurate control of the relative proportions and absolute 
amoimts of chromic anhydride and sulphate is essential to the production of depend¬ 
able structures and etching rates. Since commercial grades of chromic anhydride 
frequently contain sulphate as an impurity, it is essential that pure chemicals be 
used. A grade of chromic acid used for plating has been found satisfactory. Chromic 
anhydride may be readily tested for the presence of sulphate or other catalyzing 
ions since a solution of the pure chemical will not etch zinc. 

Final polishing of the specimen is best done Just before etching. The tip of 
the finger dipped in alcohol and rubbed over the surface of the specimen will remove 
any loose abrasive. The specimen should be cleaned by dipping successively in alco¬ 
hol, ether, alcohol, then in a strong stream of water, excess water shaken off and 
the specimen etched. 

The most useful etching composition for commercial grades of zinc is as follows: 


Solution No. 1 


Solution No. 2 


200 g. pure CrOs 


200 g. pure CrOa 


15 g. Nas804 or 34 g. NaaSOt.lOH^O 
1000 CC. water 


iOOO cc water 



Fifteen seconds immersion will be adequate for examination at 100 dla. At 1000 dia 
etching for periods longer than one second will frequently cause too much relief. 

Certain chromic anhydride-sulphate mixtures, some of which may be produced 
by diluting the reagent with water, produce a stain film on zinc. This film is soluble 
in a pure CrO, solution which itself will not etch or stain. Use of solution No. 1 or 
others containing chromic anhydride should therefore be followed immediately by 
rinsing in solution No. 2. This rinse is followed by thorough washing in a strong 
stream of water, dipping in alcohol, then ether and drying with a warm blast of 
clean air. 

Etching Copper-Zinc Alloys—*For zinc containing copper in solid solution a re¬ 
duction in the sulphate content of solution No. 1 produces better contrast: 


Solution No. 3 


200 g. CrOs 
7.5 g. Na2304 
1000 cc. water 


Electrolytic etching’ in a solution of 200 g. CrOs and 1000 cc. water has been found 
useful in studying other copper-zinc phases, particularly gamma and epsilon. The 
etching results depend somewhat upon the grain size and distribution of the phases 
and some experience is required in interpreting the results. In general, however, at 
current densities greater than 1.5 amperes per sq. in. gamma will be attacked in pref¬ 
erence to epsilon; at lower current densities epsilon will be attacked in preference 
to gamma. Platinum foil or wire may serve as cathode and the current should be 
on when the specimen is dipped into the solution. Five seconds etching is usually 
adequate at the higher current densities. 

Die Casting AOoys—-Structures developed on die casting alloys by solution No. 1 
are somewhat unsatisfactory in that the aluminum-rich phase (gamma) is not at¬ 
tacked. G. Edmunds and O. W. Bartholomew^ have found that, in the presence of 
sodium fluoride, a chromic anhydride solution will etch gamma. By a combination 


•Ohlot and flnvestlgator. Metal Section, Research Dlv., The New Jersey Zinc Oo., Palmerton, Pa. 
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of the sulphate and fluoride catalysts the desired result Is obtained. The recom¬ 
mended concentrations are: 


Solution No. 4 


200 g. OrOt 
7 g. Na9S04 
2 g. NaP 
1000 cc. water 


Some slight staining results with alloys containing copper. This may be prevented 
by transferring the specimen, without washing, to a solution of: 


Solution No. 5 


50 g. CrOii 
4 g. Na2S04 
1000 cc. water 


Since this also is an active etching reagent immersion should be brief. Two seconds 
in No. 4 and one second in No. 5 is usually satisfactory for photographing at lOOOX. 
This treatment should be followed by the usual rinse in solution No. 2 before washing 
and drying. 

Macroetching-~Concentrated hydrochloric acid produces good grain contrast 
on zinc. 


References 
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Manufacture and Properties of Zinc Die Castings 

By E. A. Anderson* and Marc Stern^ 

The Die CastlniT Process—The die casting process may be defined as the method 
of making reproducible shapes by casting in a metal die or mold with pressures 
exceeding those due to gravity. The die casting machine consists of a pot in which 
to melt the alloy and hold it at the desired casting temperature and a means of 
forcing the molten metal under high pressure into a die held in a suitable frame 
which permits it to be opened and closed at will. By suitable use of retractable 
cores a wide range of shapes may be produced by this method. 

Applications—Die castings offer certain distinct economies. Where a number 
of parts of the same design are required, the use of die castings permits large 
reductions In machining costs. Parts of intricate ornamental design may be 
produced at low cost. Several parts may be combined in one die cast, thus reducing 
assembly costs. When desired, the die castings may be plated, chemically treated, 
lacquered, enameled, painted, or coated with other organic finishes. 

Of the various metals suitable for pressure die castings, zinc has the ad¬ 
vantage of low material cost. Furthermore, because of the low melting point 
of zinc alloys, good die life may be obtained with dies of plain carbon steel and it is 
not necessary to give the dies special heat treatment. 

The foDowlng established uses give a general idea of the wide range of 
suitable applications. In the automotive field body hardware, carburetors, fuel 
pumps, radiator ornaments, speedometer frames and taxi meter housings and parts 
are commonly die cast from zinc alloys. Gears for many uses including washing 
machine and electric hoist gears have proven successful. Refrigerator hardware, 
door checks, and other interior hardware in the building field; small motor frames, 
radio chassis and parts in the electrical industry and various housings and brackets, 
in business equipment offer further examples. 

Design—The limitation of size has not been reached. Typewriter frames and 
radio chassis are fair examples of large castings. The die cast cowl bar weighing 
14 lb., with an over-all length of 41 in. and die cast radiator grilles weighing 20-30 lb. 
represent even larger parts which have come into use. Parts such as the individual 
units In die cast slide fasteners represent a large field of very small die castings. 

The accuracy of dimensions ordinarily attained is ±0.002 In. per in. of length 
or fraction thereof up to 3 in. and ±0.001 in. per in. for each additional inch. 
Dimensions intercepted by the parting line of the die will show a greater variation, 
but proper die design will usually avoid having the parting line intercept important 
dimensions. A draft of 0.001 in. per in. on cores is the minimum desirable allowance. 

Alloys—While a number of zinc alloys have been employed in the past, modern 
die casting practice recognizes only three alloys, all of which have been covered by 
S.AB. specifications* and are Included in A.S.T.M. specification B86-38T. The com¬ 
positional limits for these three alloys are given under their specification designations 
in Table I. 


Table I 

Compqsltion of Zinc Die Casting Alloys 


S.A.S. No. 903 S.A.E. No. 921 S A.E No. 925 

A.S.T.M. No. XXIII A.S.T.M. No. XXI A.S.T.M. No. XXV 


Copper . 0.10 Max. 2.5-2.5 0.75-1.25 

Aluminum . 3.5-4.3 3.6-4.5 3.5-4.3 

Magnesium . 0.03-0.08 0.02-0.10 0.02-0.08 

Iron—Max. 0,100 0.100 0.100 

Lead—Max. 0.007 0.007 0.007 

Cadmium—Max. 0.005 0.005 0.005 

Tin—Max. 0.005 0.005 0.002 

Zinc . Remainder Remainder Remainder 


Note: A.ST.M. Alloy No. XXIII, S.A.E. No. 903, is covered by U. S. Patent No. 1,779,525. 
A.S.T.M. AUoy No. XXI, S.A.B. No. 921, is covered by U. 8. Patent No. 1,596,761. A S.T.M. Alloy 
No. XXV, S.A.E. Alloy No. 925 is covered by U. S. Patent No. 1,852,441. 


Properties—The physical and mechanical properties of these alloys are given in 
Table IL 


>Oixlef, Metal Section Refeareh Division, The New Jersey Zinc Co., Palmerton, Pa. 
^Dle Casting Engineer, A. C. Spark Plug Co., Flint, Mich. 

•8.A.B. Handbook, 1937 Edition, pages &4-426. 
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Table II 

Physical and Mechanical Properties of Zinc Die Casting: Alloys 



A.S.T.M. 
No. XXIII, 

s.a.e: 

No. 903 

A.S.T.M. 
No XXI, 
S.A.E. 
No. 921 

AJS.T.M. 
No. XXV 
S.A.E. 
No. 925 

Tensile strength, psl. 

40,300 

47 900 

44 500 

Impact strength, ft-lb.». 

* 20 

19 

17 

Elongation. % In 2 In. 

4 7 

5 1 

3 0 

Transverse deflection. In. 

0 27 

0 22 

0 16 

Modulus of rupture, psl. 

QS non 

11A nno 

1A.S AAA 

Compressive strength, psl. 

so fiOO 

83 100 

87 300 

Shearing strength, psl.? 

30 900 

45 800 


Electrical resistivity, ohms per cm.3 at 77‘’P... 

Electrical conductivity, mhos oer cm.’ at 77’P . . 

wU.ifUV 

0.0000064 

155,000 

0.27 

0 0000274 

0 0000152 

A A 

0.0000089 

144.000 

0.25 

0.0000277 

0.0000154 

A t 

p p p 

bo b 

S Si 

Thermal conductivity, calories per sec./cm.V^C. (25-100° C.) 

Thermal expansion/unit length/“C. 

Thermal expanslon/unit length/'T. 

Specific gravity. 

Specific heat cal./g./*o. 

Melting point. ®P. 

Solidification shrinkage, In. per ft. 

Brinell hardness^^. 

0.0 
0.10 
717 6 
0.14 
60-90 

0 . I 
0.10 
715.1 
0.15 
75-100 

0.10 

717.1 

0.14 

70-85 


•On unnotchcd V 4 x Vk In. sq. bar, Charpy test. 

J’Brlnell or Rockwell hardness tests on die castings are generally considered unreliable 

average figures for alloys as die cast. For Information on 
lower limit of properties to be expected In commercial castings, see A.ST.M. Specification B86>38T. 


While the above alloys compare fairly closely in composition, the variations in 
copper content induce differences in properties which should be taken into consid¬ 
eration in selecting an alloy for a given application. General information concerning 
the.^e differences Is given below. 

A.S,T,M. Alloy No, XXIII (S.A.E. No, 903) —^Thls alloy is the most permanent 
»vivh regard to dimensions and ductility of the commercially used alloys. Its impact 
strength should not change appreciably under any ordinary service conditions. No 
dimensional change exceeding 0.001 in. per in. is to be expected in castings of this 
alloy under normal service conditions. The extent of this dimensional change can 
be materially reduced by an inexpensive heat treatment. 

A.S.T.M. Alloy No. XXI (S.A.E, No. 921 )— This alloy has the highest tensile 
strength and hardness of the commercial zinc alloys. It Is inferior to S.A.E. alloys 
No. 903 and 925 in permanence of dimensions and retention of Impact strength at 
room and elevated temperatures. 

A.S.T.M, Alloy No, XXV (S.A.E. No. 925) —^Thls alloy is Intermediate between 
Alloys No. 903 and 921 in tensile strength and hardness. At room temperature, it is 
equal to Alloy No. 903 in permanence of dimensions and impact strength. At elevated 
temperatures, it is subject to growth in dimensions and loss in impact strength of 
lesser magnitude and slower rate than AUoy No. 921. It is somewhat more resistant 
to surface corrosion than Alloy No, 903. It may be used in virtually any application 
to which Alloy No. 921 is suited and in place of Alloy No. 903 when additional surface 
corrosion resistance is required in addition to better permanence than can be ob¬ 
tained with Alloy No. 921. 

Steam Test—An exposure in an atmosphere saturated with water vapor at 
for a period of ten days is accepted by the A.S.T.M. as a check on the freedom of the 
alloy from excessive contents of lead, cadmium, and tin. No undesirable corrosion 
will take place in this test if the alloys are made to the compositional limits given 
in Table I. 

General—It is generally believed that the physical properties of a cast metal are 
dependent in a large degree on the casting conditions and the design of the castings. 
This is particularly true in die castings where there is opportunity for a wide 
variation in metal flow and chill due to the design, cooling, and operating tem¬ 
perature of the die. The zinc alloys mentioned above are affected bv such conditions. 
For example, the tensile strength may be increased by unusual chilling or lowered 
through casting in an unusually hot die. The Impact strength usually tends to 
increase with increasing die temperature up to some maximum fixed by the die 
design, after which a reduction in impact strength may take place with further 
increases in die temperature. 

Die castings are usually of such size and shape that test specimens caxmot 
be machined for actual die cast parts. A standard die for casting tensile and 
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impact specimens has, therefore, been recommended by Committee B-6 of the 
AB.TM. and widely adopted. The tensile specimen is round with a ^ in. reduced 
section. The standard unnotched ^ by % in. impact specimen is used. 

The data on physical properties given in Table II are based on specimens cast in 
such dies under aversyge conditions. It must be recognized that various sections of 
commercial castings may differ considerably in properties from these figures due to 

Machining—A primary machining re¬ 
quirement is the maintenance of a keen, 
smooth cutting edge. High speed steels are 
usually satisfactory, but for exacting di¬ 
mensional requirements special cutting 
tools, such as tungsten carbide, are effec¬ 
tive. Cutting angles for machining zinc 
are given in Fig. 1. 

Milling cutters, end mills, reamers, and 
similar tools produce the best results when 
they are of coarse tooth spiral or helical 
design with appreciable top and side rake. 
Two-fluted spiral taps with ground and 
relieved threads which provide ample chip 
clearance and rapid chip removal have 
been foimd satisfactory. 

The same principle applies to drills 
where two-fluted drills, with spiral angles 
about double the usual 24*, are satisfac¬ 
tory. The included angle of the cutting edges may be advantageously reduced. The 
clearance angle may be increased to 15* at the periphery of the drill and gradually 
increased still further as the drill point is approached. Beveling off the end of the 
flute back of each cutting edge provides more chiP' clearance for rapid work. 

Finishing— Baectroplated finishes are largely employed in finishing zinc base 
die castings. The degree of protection against various exposure conditions which 
can be obtained by plating is dependent in the case of zinc die castings as in 
the case of other metals upon the .quality and weight of plating. In present prac¬ 
tice, coatings in the order of 0.001 in. in thickness are considered necessary for 
satisfactory protection under conditions of outdoor exposure. 

While nickel is widely used as the first coat under chromium finish coatings, 
it is impossible to safely produce heavy coatings with a single deposit of nickel. 
Any warm nickel solution which contains no sodium sulphate and operates above 
pH 4.8 may be used in producing heavy deposits on zinc, provided a protective strike 
coating is first applied. This strike coating may be either copper or nickel. For 
copper plating a cyanide solution containing Rochelle salt is widely used. A solu¬ 
tion suitable for nickel strike plating is as follows: 

Single nickel salt#—10 os. per gal. (75 g. per 1.) 

Anhydrous sodium sulphate*—15 oz. per gal. (112 g. per 1.) 

Ammonium chloride—2 os. per gal. (15 g. per 1.) 

Boric acid—2 oz. per gal. (15 g. per 1.) 

Temperature—^Boom temperature. 

Current density—8 to 30 amperes per sq. tt. 

After strike plating for 6 min. in the above solution, the work is rinsed in 
cold water and transferred to a warm nickel solution for completion of the 
plating. Work which has received a copper strike is rinsed thoroughly, dipped briefly 
in a 5-20% sulphuric acid solution, again rinsed, and placed in the warm nickel 
solution. 

The preparation of the castings for plating does not present any unusual prob¬ 
lems. It is best to avoid deep grinding which may cut through the surface layer 
which offers the best surface for plating. Any suitable proprietary cleaner may 
be used. The following solution used as an electrocleaner at 170-180*0. has operated 
successfully: 

6 os. of trisodium phosphate per gal. of water (45 g. per liter). 

Oare should be taken to avoid overcleaning and the work should be given a brief 
dip in 6% hydrochloric or 5% sulphuric acid to neutralize alkaline films before 
plating. 


•Use se 01. per gaL If lurdreu iMUiim snlpteto Is aasi. 


differences in chill and metal flow. 
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m3 


Organic finishes will normally require chemical pretreatment to Insure satisfac¬ 
tory adherence. Of those tested, the phosphate type of pretreatment appears to be 
the most effective. Lacquers may be used effectively but better adherence qualities 
are obtainable with baking finishes. Baking finishes are available which may be 
applied at baking temperatures as low as 250 °^ The use of higher temperatures is 
possible under some conditions, although the possible effect of the temperature on 
the physical properties should be taken into consideration. With excessive tempera¬ 
tures, there is danger of blisters forming as the result of the expansion of any air 
bubbles near the surface of the casting. 
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